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ABSTRACT 

Autism spectrum disorder is a complex neurodevelopmental disorder associated 

with a range of early-onset social, behavioural and cognitive impairments. Atypical 

neuronal connectivity underlies one of the most consistent theories to explain the 

neurobiological basis of ASD. Increasing evidence of dysfunctional long-range 

connectivity of the prefrontal cortex (PFC) places this brain region at the core of this 

theory. The PFC is a major hub for connectivity, and both clinical and preclinical 

studies on ASD have correlated alterations in PFC structure with a range of symptoms 

related to its function, including deficits in executive, emotional and cognitive features 

such as working memory, decision-making, inhibitory control, social communication 

and attention. Accumulating evidence point to a requirement for attention, mediated in 

part by the anterior cingulate cortex (ACC; a part of the PFC) during trace fear 

conditioning (TFC) in mice, as well as in humans. Notably, Fmr1 knock-out (KO) mice, 

a model for studying fragile X syndrome, which is the most common and best 

characterized genetic cause of ASD, exhibits defects in TFC, coupled to a decrease in 

long-term potentiation within the ACC. To date, no study has directly related cognitive 

deficits to changes in ACC circuits in ASD. Thus, the main goal of this study was to 

identify and quantify the specific structural and functional alterations of ACC 

connectivity in the Fmr1KO mouse model. To address this question, we employed a 

novel strategy using rabies virus-mediated mono-trans-synaptic tracing, combined with 

c-fos-based tet-tagging to label the inputs into ACC neurons implicated in TFC. Using 

rapid acquisition scanning microscopy and custom-made quantification approaches, 

these neural connections were mapped to identify alterations in the input maps of ACC 

neurons in Fmr1KO mice. Functional consequences of altered connectivity on 

behavioural outcome were explored by DREADD-dependent manipulation of specific 

pathways providing input into ACC neurons. Our findings suggest both an increase and 

a reduction in inputs from specific thalamic nuclei. Yet, our analysis regarding the 

implication of this specific input disruption on Fmr1KO phenotype is preliminary and 

nonconclusive. Further experiments should be carried out. 

 
Keywords: Autism spectrum disorder; Anterior cingulate cortex; Cognition; Fragile X 
syndrome; Neural circuits 
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RESUMO 

O transtorno do espectro do autismo (ASD) é um conjunto de distúrbios do 

neurodesenvolvimento caracterizados por aterações sociais, comportamentais e 

cognitivas precoces. A existência de alterações na conectividade neuronal apresenta-

se como uma das teorias mais consistentes para explicar a base neurobiológica do 

ASD. Evidências crescentes que sugerem a prevalência de uma conectividade de 

longo alcance disfuncional no córtex pré-frontal (PFC), colocam esta região do cérebro 

no centro desta teoria. O PFC é um centro fundamental de conectividade cerebral, e 

estudos sobre ASD, quer sejam clínicos ou pré-clínicos, têm correlacionado alterações 

na estrutura do PFC com uma série de sintomas associados à sua função, incluindo 

deficiências nos processos executivos, emocionais e cognitivos, tais como a memória 

de trabalho, a capacidade de tomar decisões, o controlo inibitório, a comunicação 

social e a atenção. Estudos anteriores apontam para a necessidade de atenção, 

mediada em parte pelo córtex do cíngulo anterior (ACC; uma parte do PFC) durante 

trace fear conditioning (TFC), tanto em modelos animais como em seres humanos. O 

ratinho Fmr1 knock-out (Fmr1KO) – usado no estudo da síndrome do X-Frágil, 

amplamente descrita como sendo a causa genética mais comum do ASD – apresenta 

defeitos em TFC, associados a uma diminuição da potenciação de longa duração ao 

nível do ACC. Até à data, nenhum estudo relativo ao ASD relacionou diretamente os 

défices cognitivos com alterações nos circuitos neuronais do ACC. O principal objetivo 

deste estudo foi identificar e quantificar as alterações estruturais e funcionais 

específicas da conectividade do ACC nos ratinhos Fmr1KO. Para isso, foi aplicada 

uma nova estratégia que combina rabies virus-mediated mono-trans-synaptic tracing e 

c-fos-based tet-tagging para identificar os eferentes dos neurónios do ACC implicados 

no TFC. Estas conexões neurais foram mapeadas para identificar alterações no 

circuito neuronal do ACC do Fmr1KO. As consequências funcionais que estas 

alterações podem ter no fenótipo do Fmr1KO foram exploradas através da 

manipulação (dependente da expressão DREADDs) de circuitos específicos que 

representam inputs nos neurónios do ACC ativados durante TFC. Os resultados 

sugerem, tanto um aumento, como uma diminuição nas projeções neuronais que 

partem de núcleos talâmicos específicos. Contudo, a análise efetuada sobre a 

implicação desta alteração do circuito neuronal do Fmr1KO no seu comportamento é 

preliminar e inconclusiva. Outros estudos devem ser levados a cabo. 

 
Palavras-chave: Circuitos neuronais; Cognição; Córtex cíngulo anterior; Síndrome do 
X-Frágil; Transtorno do espectro do autismo 
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1. INTRODUCTION 

Autism spectrum disorder (ASD) is a genetically and clinically heterogeneous 

neurodevelopmental disorder, clinically characterized by early-onset deficits in social 

behaviour, and verbal and non-verbal communication, restrictive interests, and 

repetitive behaviour 1–3.  

The clinical features of ASD represent a worrying, significant cause of lifetime 

neuropsychiatric morbidity due to their lifelong persistence and high level of associated 

comorbidities 4,5, as well as  the absence of effective treatment strategies. Additionally, 

the worldwide prevalence of this disorder is substantially increasing 6.  

ASD diagnosis is mainly based on the clinical evaluation of behaviour together 

with the assessment of developmental levels (by testing cognition, language, speech 

and motor function, for example), and medical and family history information. 

Nevertheless, genetic and neuroimaging studies also provide strong support for a 

neurobiological cause underlying this behavioural biomarker 1,7. Atypical neuronal 

connectivity is one of the most consistent theories for explaining the neurobiological 

basis of ASD 8,9 and has particular pertinence for forward and reverse translational 

studies in human subjects. In particular, a pattern of reduced long-range connectivity 

and increased local connectivity has been suggested to explain the behavioural and 

cognitive features of the disorder 8,10.  

As a major hub for brain connectivity 11–13, prefrontal cortex (PFC) structure and 

function has demonstrated to be relevant for the understanding of the neurobiological  

underpinnings of ASD. Clinical and preclinical results have correlated alterations of this 

brain area with deficits in executive, emotional and cognitive features such as working 

memory, decision-making, inhibitory control, social communication and attention 8,9,14,15.  

The anterior cingulate cortex (ACC) is a prefrontal region consistently reported as 

functional and structural modified in imaging and post-mortem analysis of ASD patients 

1,7,16,17.  Interestingly, ACC has been extensively implicated in a range of functions 

strongly related to a number of core features of ASD as well as related comorbidities. 

Namely,  social interaction, emotional learning, long-term socio-emotional attachments, 

adaptive responses to changing conditions, conflict processing and motor coordination 

16–20. 

This first chapter aims to review the existing knowledge in the field of ASD 

neurobiology, with a special focus on the disruption of neural circuits associated with 

altered PFC function. 
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1.1  AUTISM SPECTRUM DISORDER 

 

1.1.1. CLINICAL FEATURES AND DIAGNOSIS 

In 1943, Leo Kanner used for the first time the term “autism” (previously created 

by Eugen Bleuler to define symptoms of schizophrenia) in its modern meaning while 

clinically describing 11 young people who presented affective disturbances and had 

pronounced social isolation 1. 

From the 1950s to the 1970s, autism was essentially considered a form of 

psychosis similar to childhood schizophrenia 1. It was only with the publication of the 

DSM-3 that autism began to be qualified as a development disorder and that specific 

diagnostic criteria were suggested 1. 

In 2013, when the DSM-5 was published, the category “Autism Spectrum 

Disorder” was adopted to include the notion of a spectrum encompassing distinct 

etiologies and pathophysiological entities with multiple genetic and environmental 

contributions 1,21. Thus, the extensive categorization of ASD combines numerous 

disorders that were previously separated into Kanner’s Autism, Asperger’s Syndrome, 

Childhood Autism, Atypical Autism, Heller’s Syndrome and Pervasive developmental 

disorder – not otherwise specified (PDD-NOS) 21.   

Currently, according to DSM-5, the diagnostic criteria for ASD are (1) «persistent 

deficits in social communication and social interaction across multiple contexts»; (2) 

«restricted, repetitive patterns of behaviour, interests or activities»; (3) «the presence of 

symptoms in early developmental period»; (4) «core symptoms must cause significant 

impairment in social, occupational, or other important areas of current functioning»; and 

(5) «cannot be better explained by intellectual disability or global developmental delay» 

1,21. The first criterion includes deficits in social-emotional reciprocity like the decrease 

of sharing facts such as interests or sensations like emotions and affection; deficits in 

nonverbal communicative behaviours used for social interaction; and deficits in 

developing, maintaining, or even understanding relationships. The second refers to 

stereotyped or repetitive motor movements, use for objects or speech; insistence on 

sameness, inflexible adherence to routines or customary patterns, and/or verbal 

nonverbal behaviour; extremely restricted and fixated interests that are regarded with 

unexpected and uncommon intensity or focus; and hyper- or hyporeactivity to sensory 

input and/or unusual interests in sensory aspects of the environment 21. As a result of 

this revised definition, a delay in the development of linguistic capacities (previously 

considered a main criterion) now has reduced importance and it is included in the 

deficits in social interactions criterion 21.  
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The severity and nature of the deficit in social interactions may differ with age and 

developmental stages but it frequently compromises interactions in a familiar 

environment, at school and in the community 21. Clinical heterogeneity is present not 

only in symptom severity, but also in language ability, cognitive functioning, co-

occurring diagnosis, and functional outcome 1,21–23. 

DSM-5 also incorporates the utilization of specifiers that aim at a more detailed 

diagnosis of ASD, particularly when there is an association with intellectual impairment; 

language impairment; another neurodevelopmental, mental or behavioural disorder; a 

known medical or genetic conditions (such as Down Syndrome, Rett Syndrome and 

Fragile X Syndrome) or an exposure to environmental risk factors 21. 

 

1.1.2. EPIDEMIOLOGY 

The most recent epidemiological studies indicate that ASD prevalence is 

increasing globally.  For instance, it is estimated that that 1 in 59 children in the United 

States and on average 1 in 89 children in Europe (varying among countries) have ASD 

6,24,25. These numbers can be explained not only by improved awareness and reporting, 

better diagnostic tools and changes in diagnostic criteria, but also by an increase in risk 

factors, particularly environmental pollution and advanced paternal age 1,7,24,25.  

According to the same studies, a strong male bias has also been observed, with 

male-to-female registered ratios of 4 to 1 (4 affected males for every 1 affected female) 

1,7,26,27. This male predominance in ASD might result from differences in phenotypic 

presentation, meaning that, for example, fewer restricted and repetitive behaviours 

have been observed by in female subjects 1,26. Evidence suggests that sex 

chromosomal gene dosage and/or sex hormone levels, especially testosterone, may 

modulate the presentation of the autistic phenotype 1,26,27. Yet, future work is needed 

for a better understanding of the biological basis of this sex-differential risk 1,26. 

 

1.1.3. ETIOLOGY 

ASD is considered a multi-factorial disorder resulting from genetic, epigenetic and 

non-genetic risk factors, and their interaction 1,7,28,29. Twin and family studies support 

the notion that ASD susceptibility is highly heritable 7,28–30. Early signs of ASD in 

siblings of individuals with autism were detected with a recurrence rate of 10%-20% 

1,29,31. The concordance rate increases to 82%-92% in monozygotic, compared with 

only 20% in dizygotic twins 1,29,31. The lack of a complete concordance in monozygotic 

twins points to an interaction between genetic, epigenetic and/or environmental risk 
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factors in the pathogenesis of ASD 29–31. In addition, it could also be explained by 

situations in which the monozygotic twin presents some of the features associated with 

ASD but doesn’t meet all the criteria required  for a full diagnosis 29–31. 

Although there is clearly a strong genetic contribution to ASD, the underlying 

etiology of ASD is complex, involving many genes, some of which represent common 

genetic variations that affect limited biological pathways of brain development and 

plasticity 7,28,30,32. Genetic studies have identified gene mutations and chromosomal 

anomalies – frequently gene copy-number variations – that specifically interfere with 

multiple cellular pathways. Such pathways impinge on mRNA translation, cell 

metabolism, synaptogenesis and axonal mobility and thus lead to the disruption of 

neuronal connections, brain growth and synaptic/dendritic morphology 1,7,28,30,32. The 

expression of ASD-related genes is widely detected throughout the brain, explaining 

the variety of symptoms observed in ASD subjects 32. 

Secondary forms of ASD (also referred as syndromic autism) have been 

correlated with genetic diseases, namely tuberous sclerosis (TSC1 and TSC2 genes), 

neurofibromatosis (NF1 gene), Rett syndrome (MECP2 gene), Cowden syndrome 

(PTEN gene, involved on the regulation of mTOR signaling), Phelan-McDermid 

syndrome (SHANK3 gene), cortical dysplasia-focal epilepsy syndrome (CNTNAP2 

gene) and Fragile X syndrome (FMR1 gene) 7,27,29,31–35.  

Fragile X syndrome (FXS) is the most common and best characterized genetic 

cause of ASD (between 2 and 5% of ASD cases are attributed to FXS) 29,31,32,36. This 

neurodevelopmental disorder is caused by a trinucleotide expansion in the FMR1 gene, 

which leads to the loss or significant reduction in the expression of the fragile X mental 

retardation protein (FMRP) 29,31,32,36. FMRP is a RNA-binding protein that regulates a 

myriad of different RNA transcripts, thus implicated in a number of pathological 

pathways  inherent to ASD etiology 29,31,32,36.  

Non-syndromic forms of autism involve mutations in synaptic genes such as 

NLGN3, NLGN4X, SHANK2 or NRXN1 7,27,37,38,28–35. Recent exome sequencing 

analysis have detected de novo or noninherited mutations in both the CDH5 and CDH8 

genes – which encode DNA helicases that act as chromatin remodeling factors and 

regulate transcription –, confirming that epigenetic events also contribute to ASD 

development 29,32,33. Another example is the pronounced correlation between ASD and 

alterations in the ß-catenin network, revealing mutations in CTNNB1 (the ß-catenin 

gene), and ß-catenin interacting proteins (Shank3 and APC) and transcriptional 

regulator (CDH8) 33,37.  

It is estimated that a total of 1000 or more genes may be linked to ASD, meaning 

that each gene may contribute to less than 1% of the cases 7,28,30–32. The relevance of 
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the vast majority of the identified genetic variants remains unknown, in particular due to 

of the diversity of sample size, study designs, control subjects, and statistical models 

used for genomic assays 39. In addition, multiple variants of a candidate gene may 

present its own associated risk 7,27,37,38,28–35. Further quantitative assessment of ASD 

risk genes through the transmission and de novo association (TADA) analysis, and 

whole exome sequencing (WES) studies of ASD genetic samples, partially overcome 

this diversity 39,40. A number of strategies have been developed in order to evaluate the 

importance and contribution of risk genes. For example, the SFARI gene platform 

(https://gene.sfari.org/) provides a curated database of ASD risk genes, using scoring 

criteria mainly based on relative value of sample size, statistical significance, 

replication and functional evidence, to assess the significance for ASD 41. This 

database accords particular value to human genomic studies41 thus classifying genes 

associated with ASD into six main categories: «high confidence», «strong candidate», 

«suggestive evidence», «minimal evidence», «hypothesized but untested», and 

«evidence does not support a role» 41. A total of 25 genes, including FMR1, PTEN, 

SHANK3 and CDH8, are classify as «high confidence genes»; and 66 genes as 

«strong candidate», including CNTNAP2, SHANK2, NLGN3, NRXN1 41. 

Alongside, pre-, peri- and post-natal non-genetic factors also contribute to ASD 

1,30,31. Environmental factors can affect gene expression during critical periods of 

embryo development through epigenetic mechanisms, such as DNA methylation, 

changes in histone proteins and expression of noncoding RNA 1,7,30,42. Maternal 

physical and mental health, exposure to thalidomide or valproic acid, viral infections, 

abnormal gestational age, low birth weight and size, hypoxia, or post-natal autoimmune 

disease are examples of environmental risk factors involved in the incidence of ASD 

1,7,30,31,42. 

 

1.1.4. NEUROBIOLOGY 

Post-mortem histological analyses and neuroimaging studies have provided 

important macro- and microscopic insights into the neuropathological changes 

underlying ASD clinical features 1,22,43–45.  

Clinical and pre-clinical studies on ASD have identified widespread alterations on 

neuronal morphology, function and connectivity, as consequence of an early, abnormal 

brain maturation. The affected stages of neurodevelopment include prenatal events of 

neuronal migration and axonal pathfinding, and postnatal dendritic development, 

synaptogenesis and pruning 22,23,43–46 

https://gene.sfari.org/
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Preliminary morphometric and structural neuroimaging data revealed that both 

brain size and head circumference are increased during early childhood in ASD 

patients, when compared to normal age-based values,  22,23,43,45,47. Subsequent post-

mortem studies support the notion that this phenotype reflects an augmentation of 

cerebral grey and white matter tracts – even though an increase in pathway volume 

and fiber number was observed in the absence of brain volume alterations 22,23,43,45,48. 

The grey and white matter thickness and organization are altered as a consequence of 

developmental alterations in neuronal and glial density and size, axonal guidance, 

synaptogenesis, axonal pruning, and neuronal myelination 22,23,43,45. The presence of 

these neurodevelopmental impairments in ASD was confirmed by results from 

magnetic resonance spectroscopy, which revealed that molecular markers of enhanced 

neuronal and synaptic density are often decreased 23. 

Cortical dysplasia and nodules of neuronal heterotopy are the most consistent 

abnormalities reported in post-mortem microscopic analysis 10,23,44,45. These defects 

point to alterations in precursor proliferation, programmed cell death, axodendritic 

outgrowth, and neuronal migration and maturation 23,44. 

In ASD patients, neocortical minicolumns – vertical structural arrays of inter-

connected neurons comprising the basic modular units for information processing – are 

small and present in larger numbers compared with typically developing individual (see 

Casanova et al., 2002) 49.  At the histological level these columns exhibit reduced 

neuropil space, and are constituted by more dispersed neurons with  smaller soma and 

nucleus 22,23,44,45,49. Minicolumnar pathology can explain grey and white matter 

abnormalities, the imbalance between neuronal excitation and inhibition, or excess 

local connectivity 22,44–49.  

As alluded to above, alterations in excitatory/inhibitory (E/I) balance (including 

altered GABAergic function and glutamatergic hypofunction) are popular alternative 

theories for explaining the autism phenotype 50,51  . Changes in the E/I balance 

involving the circuits that mediate language, and social behaviour has been 

hypothesized as a neurobiological cause for ASD 46,50–52. Early evidence of altered EI 

balance come from data revealing decreased levels of neuronal synchronization during 

response inhibition tasks 50,53. In addition, a reduction of the neuropil space occupied 

by inhibitory interneurons, as a consequence of minicolumn narrowing, can reflect a 

deficit in cortical inhibition 23,45,50. Clinical and preclinical molecular studies have 

identified downregulation of inhibitory biomarkers and receptors, genetic mutations 

involved with the outgrowth of inhibitory neurons and inhibitory synaptogenesis and a 

reduction in interneuron numbers (e.g.: El Idrissi et al., 2005; Gibson et al, 2008; 

Gogolla et al., 2011; Peñagarikano et al., 2011; Hashemi et al., 2017) 54–58. As a 
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corollary, alterations in E/I can be expected to impact on many aspects of neuronal 

circuit function, including the maturation of neuronal circuits. 

Current research also indicates that cerebellar dysfunction leads to the functional 

disruption of specific cerebellar circuits, which contribute to cognitive, motor and social 

reward deficits in ASD 59,60. Cerebellar hypoplasia, reduced number of Purkinje cells, 

age-related changes in cerebellar nuclei and inferior olive, smaller cerebellar volume 

and altered activation of cerebello circuits during task-based fMRI are some of the 

evidence supporting this theory  23,60. 

Concomitantly, atypical neuronal connectivity is one of the most consistent 

theories explaining the neurobiological basis of ASD 10,22,46,61,62. Specifically, a pattern 

of reduced long-range connectivity and increased local connectivity has been 

suggested to explain the social, behavioural and cognitive phenotype of the disorder 

8,10,22,46,61–63. From a neurobiological perspective, differences in brain connectivity may 

be a consequence of the previous described abnormalities in white matter tracts, 

specifically decreased axon diameter and/or decreased myelination that reduce axon 

volume/axon density 22,45,61. Yet, neurophysiological basis and genetic etiologies 

underlying  alterations of neuronal connectivity are poorly known  61,63,64. 

ASD children show reduced functional cortico-cortical and cortico-subcortical 

connectivity (long-range connectivity), and aberrant our excessive activation and 

increased synchrony within specific brain networks (local connectivity) during distinct 

task-based fMRI and resting state studies 8,10,22,61,63. Structural imaging data has also 

revealed alterations in deep white matter tracts, suggesting compromised composition 

and/or structural integrity of long-distance pathways 8,10,22,61,63; and expanded white 

matter volume related to fibres connecting neighbouring regions, suggesting local 

overconnectivity 22,23,43,45,48. While numerous clinical studies support this notion, other 

studies point to a more heterogenous or nuanced pattern of connectivity changes. For 

instance, functional and structural neuroimaging results have also showed long-range 

overconnectivity, or a mixture of local over- and underconnectivity 22,64–69. According to 

Vasa, et al. (2016), these inconsistent findings can be explained by possible artefacts 

related to each connectivity measure, methodological heterogeneity, and the 

pronounced variability of clinical phenotype and etiology in ASD 22,63. To those it can 

also be added factors like the choice of control group, age or deliberate decisions to 

only include specific ASD subgroups e.g. high performing ASD patients 22,63. In recent 

years, the development of methodology (such as small animal MRI or sophisticated 

viral tracing approaches) has permitted the study of mesoscale changes in connectivity 

in animal models of ASD. 
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1.1.5. BIOMARKERS 

ASD is characterized by significant clinical and etiological heterogeneity.  This 

heterogeneity reinforces the need for biomarkers – parameters that can be objectively 

measured and evaluated – as sensitive, valid and reliable outcome measures for an 

earlier and reproducible diagnosis 70–73. Moreover, ASD biomarkers permit the 

stratification of ASD patients according to etiology or neuropathological pathways 

thereby improving clinical treatment response, drug dosage and treatment evaluation in 

clinical trials  70–73. 

Potential ASD biomarkers include genetic, epigenetic, hormonal, metabolic, 

behavioural, and brain anatomy and activity markers 72–74. Genetic and epigenetic 

markers refer, respectively, to genetic tests based on the clustering of genes 

presenting a strong correlation with ASD and to the recognition of DNA methylation 

patterns. Hormonal markers, on the other hand, indicate imbalances such as 

decreases in plasma levels of oxytocin and/or melatonin. Metabolic markers can range 

from indicators of immune dysregulation, to fatty acid analysis, to markers of oxidative 

stress, mitochondrial dysfunction or neurotransmitter function. Behavioural markers 

include intelligence quotient tests (e.g.: Wechsler Adult Intelligence Scale), verbal 

language and social deficits scores (e.g.:  Social Responsiveness Scale and Behaviour 

Rating Inventory of Executive Function-Adult), evaluation of sensory processing (e.g.: 

Adolescent/Adult Sensory Profile) and the Autism Diagnostic Interview 72–74. Lastly, 

markers of brain anatomy and activity refer to morphometric and functional 

neuroimaging, and EEG (summarized in Ruggeri et al., 2013)  73. 

A major limitation of most of the previous described biomarkers is their lack of 

reproducibility.  For instance, Goldani et al. (2014) defends that ASD biomarkers 

translate genetic, epigenetic or neurobiological changes/processes that are 

present/activate during a specific time-window, thus they do not define the disorder, 

only the underlying mechanism 74. Additionally, common genetic variants, beyond 

known ASD forms related to genetic syndromes,  have not been consistently identified 

73–75; and metabolic biomarkers, for example, only provide a baseline for evaluating 

disease progression over time 74.   

Excluding significant interindividual differences, neuroanatomical findings across 

groups tend to be characteristic, objectively measurable and reflect the underlying 

neuropathobiology of the disorder. Neuroanatomical findings can thus overcome 

variations due to gene or chromosomal mutations 73,75. Emerging data from functional 

brain connectivity analysis support a role for brain connectivity as a ASD biomarker, 

describing it as a tool for early diagnosis and prognosis of children with ASD 75–78. For 
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instance, Anderson, et al. (2011) conclude that functional connectivity MRI is a feasible 

diagnostic assay for ASD 79. Keown, et al. (2013) have correlated symptomatology 

severity with different patterns of local connectivity using the same imaging technique 

78. 

 

1.1.6. EXPERIMENTAL MODELS 

In order to correlate risk factors for ASD with the disease neurobiology, different 

molecules, cells, and circuits can be dissected through the employment of 

computational, cellular, and animal model systems. Their use is particularly important 

in the understanding of how and when risk factors can affect brain development and 

contribute to subsequent changes in behaviour and physiology. 

Recently introduced techniques using human cell lines are being used to explore 

the molecular consequences of genetic risk variants. Human models consist of cells 

derived from patients that have been reprogrammed into induced pluripotent stem cells 

and then differentiated into individual neuronal lineages. They allow the identification of 

deficits and the evaluation of therapeutic interventions, and represent testable targets 

and hypotheses for clinical research trials  31,80. For example, Yi et al (2016) used gene 

editing to introduce a mutation associated with Phelan-McDermid syndrome 81.  By 

comparing the physiological phenotype of induced neurons carrying this mutation with 

isotype controls, they described a novel non-synaptic mechanism which might be 

amenable to pharmacological interventions 81. In addition, brain organoids derived from 

human pluripotent stem cells are being used for ASD modeling 82. These are three-

dimensional cell cultures composed of progenitor, neuronal and glia cell types thus 

able to generally recapitulate the brain development and circuit structure (i.e.: greater 

degree of complexity; details in Qian et al., 2019) 82,83. While it must be stated that 

these models are more similar to human neurons than other kinds of differentiated 

neuronal-like cultures, these ‘induced’ neurons have until now been confined to early 

stages of brain development, represent a limited number of cell types, sometimes 

suffer from lack of reproducibility and lack isotype controls (unless gene editing 

techniques are used) 31,81.   

Animal models permit an elucidation of the consequences of a genetic variant or 

environmental manipulation on brain structures and cell types. Since each ASD core 

symptom domain is characterized by a multifactorial etiology and an extensive 

phenotypic diversity, it is clear and understandable that there is no single animal model 

that can capture all cellular, molecular, or systems-level features of ASD. Because of 

the complexity of this disorder, researchers focused on the use of approaches that 
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allow the investigation of specific aspects of the disorder as well as an examination of 

the underlying mechanisms. 

The value of information derived from this type of experimental models mainly 

depends on their validity. The validation process of an animal model usually considers 

three major aspects: construct validity, face validity and predictive validity 84. Construct 

validity refers to the similarity between the mechanism underlying the disease 

phenotype in the experimental model, and the known disease etiology in humans; face 

validity evaluates how well an animal model replicates the diseases phenotype in 

humans; and predictive validity establishes the value that an outcome obtained in a 

model has to predict currently unknown aspects of the modeled condition 84. 

Beside its small size, low-cost, high fertility rate and rapid development, zebrafish 

is consider a relevant model of ASD, in particular because of its ability to display social 

behavioural phenotypes from early life onwards 85,86. Alterations in zebrafish sociability 

are easily observed thus multiple tests have been developed to define ASD-like 

behavioural phenotypes based, for example, on zebrafish predisposition to swim 

toward other fish, engage in dominance or freeze 85. Moreover, the transparency of 

larvae and some adult strains make zebrafish a good model for imaging approaches 

evaluating the consequences of neural genetic manipulation on behaviour outcome 

85,86. Zebrafish is also a very useful model for pharmacological studies given that drug 

administration is simple (e.g.: drug diffuses through the gill into the bloodstream) 85. 

Nonetheless, the lack of correlation between the behavioural phenotype detected in 

zebrafish models of ASD and the human behaviour (i.e.: lack of face validity), as well 

as the significant anatomical differences between species limits its translational value 

85,86.   

Drosophila has been widely used in studies of many ASD-associated genes 

involved on synaptic structure and turn-over (reviewed in Tian, et al., 2017) 87. In fact, 

Drosophila is a low-cost, highly prolific and genetically accessible animal model that 

conserves many molecular, cellular and synaptic processes present in higher 

organisms 87,88. For instance, Drosophila neuromuscular junctions share many features 

with synapses of vertebrates’ central nervous system. Its multidendritric neurons permit 

an analysis of the developmental, morphological and functional alteration of dendrites. 

In additions, the reduced complexity of its brain simplifies electrophysiological 

recordings and calcium imaging. Finally, the mushroom body (composed of cell axons) 

has been implicated in learning and memory processes during olfactory and courtship 

conditioning paradigms 88. Thereby Drosophila models for ASD enable the elucidation 

of important molecular, cellular and behavioural aspects of the ASD pathophysiology. 
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Primate and rodent models have a higher biological resemblance to humans and 

can display behaviour that better corresponds to social or repetitive human behaviours. 

Even though primate models are the most similar in biology and behaviour to humans, 

their high cost combined with several ethical issues and the long timeframe needed to 

evaluate the progression of the disorder have limited their extensive application 31,89. 

For that reason, researchers opt for mouse models which, although having a brain that 

is less complex than the human brain, allow the recapitulation of a human gene variant 

in a more cost-efficient and time-saving way while still providing a developmental 

context required to observe the effect of risk factors on specific cells, tissues, and 

organs 31,90. 

The development of a substantial number of mouse models that contribute to the 

validation of the genetic pathways is an important aspect of preclinical research. 

Studies in genetically modified mouse models are important not only for linking the loss 

of function of specific risk genes to core neuropathological, and social, cognitive and 

behavioural features of ASD, but also for identifying common phenotypes among 

different genetic causes 91. For instance, Huguet, et al. (2013) observed that models 

carrying mutations in genes MECP2, CNTNAP2, SHANK2, and SHANK3 display both 

decreases and increases in the density of synapses 29. Simultaneously, these four 

mouse models presented behavioural impairments related to ASD core diagnostic 

criteria, suggesting that the implicated genes are crucial to the neural circuits involved 

in both social communication and repetitive behaviours 29. In fact, alterations in the 

number and morphology of dendritic spines (which were previously identified in clinical 

research 92,93) may compromise the strength and stability of synaptic transmission and 

thereby impair neuronal plasticity and connectivity 92–94. Since changes in both 

neuronal plasticity and connectivity are suggested to explain the social, behavioural 

and cognitive phenotype of the disorder, such changes in dendritic spine morphology 

may be strongly correlated with other aspects of ASD pathophysiology 10,22,46,50,52,61,62. 

Since FXS patients display a range of symptoms which overlap with those of 

ASD, mice modeling loss of function of the Fmr1 gene (FMR1 in humans), have been 

commonly used to model the disorder 36,44,60. Fmr1 knockout (Fmr1KO) mice exhibits 

multiple ASD-like behavioural alterations (e.g.: hyperactivity, perseverative and 

repetitive behaviour, atypical sensory responsiveness, as well as cognitive deficits such 

as decreased spatial learning abilities and reduced fear memory), and usually display 

age-dependent spine length and density abnormalities 44,95–97. Histological and 

anatomical neocortical abnormalities have also been reported in this mouse model 

9,44,60,95, as well as evidence of altered neocortical connectivity 15,62. 
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Beside genetic models, models of environmental risk – obtained through prenatal 

exposure to sodium valproate, maternal autoantibodies administration or maternal 

immune activation – can be used in ASD- related studies. Pregnant women exposed to 

sodium valproate (usually prescribed as an anti-epileptic drug or mood stabilizer, and 

known as a human teratogen), exhibit nearly three times the risk of having a child with 

ASD. Therefore, rodent models with prenatal valproic acid exposure have been 

exploited in numerous studies and ASD-like behavioural phenotypes have been 

reported 98,99. Additionally, ASD has also been associated with prenatal exposure to 

maternal antibodies against fetal brain proteins 100,101.  The exposure of experimental 

mice to maternal autoantibodies in utero show, during cortical neurogenesis, increased 

cell proliferation and, in adulthood, increased neuronal and brain size 102, as it is 

described in children with autism born to mothers possessing the same autoantibodies 

45. Since autism has also been associated with early prenatal exposure to maternal 

infection or fever 103, rodents and non-human primates with several autism models of 

prenatal exposure to maternal infection have been developed. The maternal immune 

activation mice, for example, as demonstrated by some ASD studies, are induced by 

influenza- infection or synthetic double-stranded RNA to mimic viral infection 104. 

Ideally mouse models of ASD demonstrate adequate face validity in addition to 

construct validity. Face validity may be evaluated by the expression of a behavioural 

phenotype recapitulating core features of the disorder – reciprocal social interactions, 

social communication, and repetitive behaviours and/or restricted interests including 

atypical sensory features. In order to evaluate behavioural abnormalities in these 

domains, specific tasks have been developed to evaluate behavioural features in a 

species-relevant manner 23,105,106.  Social interaction, social recognition and social 

memory are evaluated through the tendency of mice to spend time with another animal 

rather than non-social novel objects 23,107; for the analysis of social communication in 

mice olfactory and auditory communication may be evaluated using measures such as 

scent marking and ultrasonic vocalizations 23,107–110. For phenotypes recapitulating the 

repetitive behavioural patterns, perseveration, and narrow interests aspects of ASD, 

exploratory choices and reversal tasks and tests targeting innate behaviours like self-

grooming, rearing, marble burying and nest building are often used 23,105,111. Atypical 

sensory features may be evaluated using measures of reactivity to sensory stimuli such 

as acoustic and/or tactile startle (e.g. Orefice, et al., 2016) 112. It is also important to 

note that behavioural tests in mice may reflect symptom domains of ASD or human 

social cognition in general in a non-accurate way, but allow the observation of 

hyperactivity, repetitive behaviours, and/or learning deficits reminiscent of the human 

phenotype on these animals, which can be useful to evaluate, develop and promote 
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potential treatments for core symptoms of ASD 23,31. Physiological measures such as 

EEG also provide measures of face validity that are both quantitively and highly 

translational between mouse and humans (e.g.: Sahin and Modi, 2017; Sinclair et al., 

2017; Lovelace et al., 2018; Wen et al., 2019) 113–116. Lastly, mouse models response 

to drugs (e.g.: risperidone, Peñagarikano et al, 2011) 57 and strategies (e.g.: 

environmental enrichment, Oddi et al., 2015) 117 approved for ASD therapeutic 

treatment supports its predictive validity. 

 

 

1.2  PREFRONTAL CORTEX 

 

1.2.1 DEFINITION, STRUCTURA AND FUNCTIONS 

The prefrontal cortex (PFC) is defined as the most anterior cortical part of the 

frontal lobe. In agreement with its classical definition of a cortex strongly and 

reciprocally connected with the mediodorsal thalamic nucleus, this brain region is 

broadly divided into medial (mPFC), lateral (LPFC) and ventral orbital PFC 11,118. The 

mPFC is further subdivided into a dorsal region (dorsal mPFC) that includes the 

secondary motor cortex (MOs, also known as medial agranular cortex, medial 

precentral cortex or second frontal area) and the anterior cingulate cortex (ACC); and a 

ventral region (ventral mPFC) encompassing the prelimbic (PL), infralimbic (IL) and 

medial orbital cortices 11,118–120. Although PFC cytoarchitecture features (granular vs 

agranular regions) and connectivity patterns can have differences across species, its 

distinct subregions are identifiable in rodents, primates and humans 11,120,121. 

Nevertheless, there is no consensus about what constitutes the rodent PFC, the 

nomenclature used to describe it, and how it correlates with the PFC of monkeys and 

humans 11,121,122. 

Several clinical and pre-clinical studies have proven that the PFC is  crucial 

in the higher-level control of executive, emotional and cognitive brain functions such as 

resistance to interference, planning and decision-making, task switching, monitoring or 

working memory (reviewed in Fuster, 2001 and Dalley, et al., 2004) 1,16,105. It is thus not 

surprising that the PFC has critical implications in several neuropsychiatric disorders.  

A range of functions that includes social interaction, emotional learning, long-term 

socio-emotional attachments, adaptive responses to changing conditions, conflict 

processing and motor coordination have been attributed to the mPFC and specifically 

to the ACC 16–20,123. Lesions affecting the ACC result not only in apathy, loss of social 

skills and abnormal social responsivity, but also in an inability to maintain attention on 
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behavioural and cognitive tasks 19,44,118. Moreover, functional neuroimaging data 

revealed ACC activity during sustained effort and concentrated attention, reflecting the 

need for ACC in attentional selectivity 118,123,124; and Han, et al. (2003) pointed to a 

requirement for the ACC during trace fear conditioning (TFC) – a reliable model of 

attention-dependent associative learning – in mice, as well as in humans 125. 

Disturbances in any of these functions can thus strongly contribute to a number of core 

features of ASD as well as related comorbidities (e.g.: intellectual disability, attention 

deficit hyperactivity disorder or motor impairments). 

Due to its implications in the processing of a wide range of cognitive, social and 

emotional information, the ACC might be a central hub in the brain circuitry underlying 

ASD symptoms, and therefore it is the main focus of the follow subchapters (i.e.: 

Afferent Connectivity and Structural and Functional Alterations related to Autism 

Spectrum Disorder). 

 

1.2.2 AFFERENT CONNECTIVITY  

The PFC sends and receives axonal projections from virtually all cortical sensory 

and motor systems, and many subcortical structures 11,118. The different  prefrontal 

areas (i.e.: mPFC, LPFC and ventral orbital PFC) and their subregions are further intra- 

and interconnected 11,118,126–129.  

Trancing studies in rodents have shown the afferent projections to each main 

mPFC subdivision 126–129. Cortical and thalamic regions were identified as major 

sources of medial prefrontal inputs. 

ACC primary cortical afferents came from the auditory, frontal polar, motor, 

parietal associative, somatosensory, retrosplenial, temporal, ventral orbital and visual 

cortices, other regions of mPFC (mostly PL cortex and ACC itself), and from 

parahippocampal cortices such as the ectorhinal, entorhinal and perirhinal cortices 

126,127. ACC also receives moderate cortical inputs from the hippocampal formation, 

claustrum and taenia tecta 126,127. A significant part of ACC thalamic afferents is from 

anterior nuclei of the thalamus, including the anterodorsal, anteromedial, anteroventral, 

interanterodorsal and interanteromedial nuclei 126–128. Additional thalamic inputs include 

projections from the mediodorsal nucleus; midline nuclei; central lateral, central medial, 

paracentral and rhomboid nuclei of the intralaminar group; posterior complex of the 

lateral group; and ventral medial nucleus and ventral anterior-lateral complex of the 

ventral thalamus 126,127.  

Other ACC input sources are mainly the basolateral and basomedial amygdalar 

nucleus; substantia innominate and magnocellular nucleus, globus pallidus, and medial 
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septal nucleus of the ventral, dorsal and medial pallidum, respectively; lateral 

hypothalamus and posterior hypothalamic nucleus; substantia nigra, pars compacta, 

periaqueductal gray, and ventral tegmental area of the midbrain; and dorsal raphe 

nucleus and locus coeruleus of the hindbrain 126,127. 

Likewise, MOs receives auditory, somatosensory, parietal, restrosplenial, orbital 

and visual inputs, as well as inputs from the primary motor cortex 127,130. Its cortical 

afferents also include projections from the insular and frontal polar cortices127,130. The 

mediodorsal nucleus, and nuclei of the central and ventral thalamus are considered 

prime thalamic afferents to the MOs 127,130. Other subcortical inputs include structures 

such as the claustrum, basolateral amygdalar nucleus, ventral tegmental area or 

substantia nigra, pars compacta 127.  

Generally, the ventral mPFC (i.e.: PL, IL and medial orbital cortices) have fewer 

cortical afferents, especially those from sensory, motor and associative cortices, 

comparing to ACC 127–129. Cortical projections to PL and IL cortices predominantly 

originate from limbic cortices 127,128, e.g.: agranular insular, ectorhinal, perirhinal, 

piriform and ventral orbital cortices, the hippocampal formation, and PL and IL cortices 

themselves. Major thalamic inputs to the ventral mPFC are from the midline thalamus, 

and amygdalar projections to these prefrontal cortices are heavily 127–129. 

The development of the PFC is complex and proceeds in a number of distinct 

phases that are not completed before early adulthood in humans. Earliest phases of its 

basic connectivity formation start in the early childhood 118,131. Thus, early aversive 

experiences affecting PFC have lifelong consequences on behaviour, emotion and 

cognition 131. 

 

1.2.3 STRUCTURAL AND FUNCTIONAL ALTERATIONS RELATED TO 

AUTISM SPECTRUM DISORDER 

Functional and structural alterations of the PFC have been detected in ASD 

subjects and experimental models, and related with executive, emotional and cognitive 

deficits commonly related to the disease. 

Anatomical, histological and molecular alterations 

Neuroimaging and neurophysiological studies indicate that the pathological brain 

overgrowth observed in ASD children is mainly caused by the increased volume of the 

frontal cortex mainly due to abnormally large white and grey matter in the PFC 8,44,61. 

Histological reports reveal increased cellular density and reduced neuronal size, 

laminar disorganization, clusters of neurons arrested in migration, and evidence of 

minicolumnar pathology within the PFC 8,44,61,132. Altered cytoarchitecture and changes 
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in neuronal amount and size were also observed in the ACC 16,133,134. This evidence 

points to prefrontal defects in neurogenesis, synaptogenesis, neuronal migration, 

axonal pathfinding and myelination, and synaptic pruning. 

Based on these reported changes in neuron density and morphology, and 

laminar and columnar distribution, it was hypothesized that subsequent prefrontal 

imbalance of excitation and inhibition can occur. A possible contribution to this 

imbalance might be the deficit of cortical inhibition resulting from the reduced neuropil 

space surrounding the minicolumn – where inhibitory interneurons are normally present 

8,23,45,50. Additionally, impairments of prefrontal neuronal communication is suggested 

by changes in spine number and maturation (which underlie grey matter abnormalities) 

observed in PFC, which affect density and efficiency of both excitatory and inhibitory 

synapses on prefrontal dendritic segments 92,93. Notably, the Fmr1 KO mice showed a 

decrease in long-term potentiation within the ACC 135,136, also coupled to impairments in 

trace fear conditioning (i.e.: attention-dependent associative learning) 137. 

Vargas, et al. (2005) presented cellular and molecular proof of an ongoing 

neuroinflammation in the PFC of patients with ASD 138. Since glial cells are important in 

neuronal migration, axonal guidance, minicolumn development and apoptosis, chronic 

activation of glia cells during brain development may be linked to the neuronal 

abnormalities observed in prefrontal regions 8,138. 

Krueger, et al. (2010) reported that the Fmr1 KO mouse model displays visual-

spatial discrimination deficits correlated with changes in synaptic composition 

(decreased  post-synaptic proteins and NMDA receptor subunits) within the mPFC 14. 

And other molecular abnormalities have been specifically identified in the ACC of ASD 

subjects, reinforcing its role in the symptomatology of this disease 16. For example, 

reduced density of serotonin receptors were observed in a SPECT (single photon 

emission computed tomography) study, and correlated with abnormal reciprocal social 

interaction 139; and a PET analysis detected a decrease in glucose metabolism 

throughout the entire cingulate gyrus, including the ACC 140. 

 

Neural connectivity alterations 

Functional and structural imaging from ASD children and adults along with post-

mortem data demonstrate a pattern of local overconnectivity and long-distance 

disconnection, specifically in prefrontal subregions. Broadly speaking, activity of long-

range connections of the PFC is dysregulated, unsynchronized and reduced, causing 

diminished information processing in these circuits. Local connectivity, in contrast, is 

aberrantly activated and hyper-synchronized and both conditions are accompanied by 

cyto-architectural and cell morphology changes 8–10,44,48,67,141. Visualization of individual 
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axons by high resolution methods revealed an increase in the amount of myelinated 

neurons and their axonal branching in superficial white matter below the ACC of adults 

with ASD, supporting local overconnectivity in this prefrontal brain region 44,46,134. 

Conversely, in agreement with the long-range underconnectivity hypothesis, the 

number of myelinated neurons in the deep white matter below the ACC is decreased 

46,48. Axon pathology of long-range connectivity is proved to affect ACC bidirectional 

connections with distant brain regions (e.g.: temporal cortex and amygdala) 134,142,143. 

Alterations specifically in the ACC circuitry have been related to social and 

cognitive tasks. Zhou, et al. (2016) detected ASD-related reductions in functional 

connectivity between the ACC and the rolandic operculum, insula, post-central gyrus, 

superior temporal gyrus, and the middle temporal gyrus, which are mostly sensorimotor 

networks involved in social behaviour 17. Kana, et al. (2007) found functional 

underconnectivity between the ACC and both the right parietal lobe and the frontal 

gyrus when ASD patients performed a task implying response inhibition 144. Despite the 

broadly attested role of ACC in attention for learning 118,123–125,145, ASD-related 

attentional/learning deficits were only been correlated with ACC plasticity alterations 137 

and not directly with ACC circuitry changes. 

Beyond the aforementioned impairments in neurogenesis, synaptogenesis, 

axonal guidance, neuronal pruning and myelinization, Courchesne and Pierce (2005) 

suggest that the functional under-selectivity of prefrontal minicolumns can also 

contribute to brain connectivity impairment. Specifically, the decrease of inhibitory 

control inter- and intra-minicolumns negatively affects long-range cortico-cortical 

communication, leading to consequent loss of connectivity. In contrast, the sustained 

local excitation favours local and short-distance connections 8. Based on this, the 

prefrontal excitatory and inhibitory imbalance can be seen as a contributor for 

prefrontal connectivity aberrations. 

Preclinical studies have also reported alterations of prefrontal connectivity and 

consequently cognitive and social behavioural deficits in different genetic mouse 

models of ASD. For instance, a pattern of reduced local and long-range prefrontal 

connectivity in the CNTNAP2 mouse model has been associated it with social 

impairments 134; prefrontal underconnectivity and socio-communicative problems were 

correlated by Pagani, et al. (2018) 133; hyperconnectivity of projections from the PFC to 

amygdala and social behaviour impairment were also described in the heterozygous 

mutant mice for PTEN gene 146; heterozygous mutation in the autism-associated NF1 

gene showed increase functional prefrontal-striatal connectivity that may underlie 

working-memory defects detected in this genotype 147; prefrontal hypoconnectivity with 

parieto-temporal regions was observed in the 16p11.2 deletion and pointed as a 
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contribute to cognitive and social dysfunction 148; and Rinaldi, et al. (2008) reported 

overconnectivity on the mPFC of the valproic acid animal model of autism 149. 

 

1.3  NEURAL CIRCUIT MAPPING AND CHARACTERIZATION 

Currently it is well recognized that altered patterns of neuronal connectivity 

contribute for ASD neuropathology. Although numerous clinical studies support a 

pattern of long-range hypoconnectivity and local hyperconnectivity, findings diverge 

and point to the opposite or to a mixture of over- and underconnectivity22,63,65–69. 

Several methods can be applied for identification and exploring of the functional 

consequences of mesoscale changes in connectivity in animal models of ASD, thereby 

providing some clarification about neural circuit connectivity in ASD. 

 

1.3.1 BRAIN IMAGING 

Alterations in cerebral blood oxygenation, volume and flow, captured by fMRI 

provide indirect spatially and temporally information about neuronal activation 150–152. 

Specifically, fMRI connectivity analysis detects interactions between different brain 

areas in a task- or stimulus-related manner, during rest (resting-state), or as a 

response to drug treatments 63,151. fMRI clinical and preclinical studies have shown to 

be sensitive to alteration of brain circuitry function related to neuropsychiatric disorders, 

pharmacological manipulation and genetic differences 63,150–152. In particular, preclinical 

neuroimaging allows the correlation of alterations of neural connectivity to concrete 

genetic and non-genetic risk factors, under controlled experimental conditions 63. 

Compared with other techniques used to measure brain functional connectivity, 

namely EEG and MEG, fMRI has low temporal resolution, yet provides high three-

dimensional spatial resolution 151. Moreover, fMRI do not use radioactive compounds 

(as PET) or ionizing radiation (as computed tomography) 151. An hybrid system 

combining fMRI with PET has been suggested to improve brain functional mapping 

sensibility 151. 

Importantly, given the emphasis and relevance that connectivity has been gaining 

as a biomarker, the preclinical use of neuroimaging techniques for the identification of 

neural circuit alterations in ASD has the ability to be more directly and easily 

transposed onto the clinical diagnosis of the disorder 63. 
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1.3.2 NEUROANATOMICAL APPROCHES 

Genetic approaches coupled to high resolution imaging techniques allow the 

identification and characterization of the neural circuits structure by targeting individual 

neurons for the analysis of their morphology, presynaptic partners and brain location.  

 

Neural trans-synaptic tracing 

 Transneuronal tracing can be achieved using a variety of methods that make 

use of compounds or viruses which are able to specifically cross synapses to label 

synaptically connected neurons in either an anterograde or retrograde manner.  Such 

approaches permit the visualization and manipulation of functional neuronal 

networks153,154. In the context of trans-neuronal tracing, the term anterograde refers to 

tracers that are either actively transported or diffuse from the cell body to the axon 

terminals and cross the synapse in a presynaptic to post-synaptic manner.  Retrograde 

tracers on the other hand cross synapses from the post-synaptic neuron to the 

presynaptic neuron and are then transported from axon terminal to cell body.153. 

Classical transneuronal tracers – such as tritiated proline, WGA-HRP and tetanus 

toxin fragments – were shown poorly specific or weak. For instance, transneuronal 

labelling with WGA-HRP or tetanus toxin fragments often fails or only reaches second-

order neurons, and may spread in a bidirectional manner, depending on the type of 

synapse and circuit involved, thus complicating the interpretation of labeled-pathways 

154,155. Importantly, none of the three examples spread in a truly synapse-specific 

manner, and may also label axons of neurons that are close but not necessarily 

connected by synapses 155,156 

More sensitive techniques exploit the ability of certain neurotropic viruses to be 

transported along axons and trans-synaptically infect neuronal pathways 153–155. These 

trans-synaptic tracers are self-amplifying due to the replicative nature of viruses, 

overcoming the dilution of signal observed with conventional markers 153,154,156.  In 

addition, these labelled-neurons can be visualized through the expression of 

morphological markers, e.g.: fluorescent reporter molecules 154,156–158. None-the-less, 

the infection efficiency of these trans-synaptic viral vectors significantly varies 

according to cell type, depending on the type and/or expression levels of molecules 

that mediate viral entry and experimental conditions 158,159. 

Alpha-herpesviruses, including herpes simplex virus (HSV) type1 and 

pseudorabies, and a rhabdovirus (RABV) are two main classes viral tracers that spread 

retrogradely and in an exclusively trans-synaptic manner155–157. In contrast to alpha-

herpesviruses, RABV is less cytotoxic, does not spread locally regardless of the dose 
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and time post-inoculation, and infects primate neurons 153–157. Moreover, the insertion 

of foreign genes in the RABV genome does not present the instability issues observed 

in positive strand RNA viruses, and its life cycle is limited to the cytoplasm thus not 

interfering with host gene expression 154–156. RABV vectors also present efficient long-

range neural transport and high gene expression (allowing signal amplification)154–156. 

Even so, RABV and alpha-herpes viruses are polysynaptic (crossing at least two 

consecutive synapses) tracers creating ambiguity in determining the direct or indirect 

projection targets in neural pathways 156,160. 

Mono-trans-synaptic tracing overcame this problem using a pseudotyped, 

recombinant RABV deficient in the gene required for trans-synaptic crossing, which 

restricts infection to a specific starter cell and, in the case of trans-complementation, to its 

immediate pre-synaptic inputs (see below) 161. Due to its versatility and proven high-level 

expression of fluorescent proteins, genetically modified RABV (RABV ∆G) has been 

shown to be an important tool not only for tracing synaptic connectivity, but also for 

morphological analysis, and for the precise analysis of neural circuit function 

(classifying cell types) 161–165. Researches have amply described RABV ∆G’s ability to 

precisely identify presynaptic partners separated by distances ranging from 

micrometers to centimeters and to precisely execute the mapping of long-range 

connections, unlike other mono-trans-synaptic tracing techniques and assays (e.g. 

electron microscopy and paired electrophysiological recordings) 156,161–166. Additionally, 

the genetically modified RABV technology has consistently demonstrated its potential 

in aiding the visualization of neuronal morphology with dimensions ranging from nano- 

to macroscale and has shown to be extremely helpful in visualization approaches that 

do not permit further signal amplification 156,161–166. RABV ∆G’s features, thus, enable 

the analysis of cell type, localization and number of both the initially infected cells and 

their immediate presynaptic partners. Besides its capacity for labelling and 

characterizing inputs into specific cell types, RABV may also be used as a means of 

delivering exogenous transgenes, meaning that this system can be employed in a 

synapse-specific manner for the monitoring or manipulation pf neuronal activity 167. 

RABV ∆G lacks the gene coding for the RABV envelop glycoprotein (RG) 

156,161,166,168. Since RG is essential for the assembly of infectious virus particles, as well 

as for mediating trans-synaptic crossing of the virus, its deletion permits the replication 

of viral genomes and expression of viral proteins, yet prevents the assembly of 

infectious particles and trans-synaptic spreading 156,161,166,168. Retrograde infection 

capabilities of RABV ∆G can be rescued in a highly restricted manner by the 

exogenous expression of RG in the targeted neuron population 156,161,166,168. Further, the 

RABV ∆G vector is pseudotyped with an engineered surface protein EnvA [RABV 
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∆G(EnvA)] thus limiting infection to neurons expressing TVA, a bird virus receptor that 

is normally absent from mammalian neurons 156,161,166,168. Both conditions ensure that 

virus spreading is limited to the initial infected cells and their immediate presynaptic 

partners. Additionally, RABV ∆G expresses a fluorescent marker permitting neuronal 

visualization of both the presynaptic input population and the starting (with a second 

fluorescent marker) 156,166,168.  

Stereotaxic injection in a specific brain region of a Cre-dependent viral vector 

expressing TVA/RG required for RABV ∆G(EnvA) infection and spread is one of the 

most commonly used approaches to achieve neuronal specificity with mono-trans-

synaptic tracing 156,169. AAV with Cre-dependent gene cassettes (TVA and RG genes 

flanked by lox sites) restricts the expression of transgenes to cells expressing Cre 

recombinase in vivo (i.e.: mouse lines or the previous stereotaxic injection of a viral 

vector encoding the enzyme under the control of a cell-type specific promoter)m 

156,158,169. Alternatively, cells undergoing neurogenesis have been specifically targeted 

by the use of retroviruses vectors (i.e.: Moloney murine leukemia virus expressing 

TVA/RG/fluorescent marker) that exclusively infect proliferating neurons 170. In other 

cases neurons expressing the ErbB4 receptor have been targeted through a 

neuregulin1-TVB bridge protein (a protein in which the TVB receptor is fused with the  

ErbB4 ligand) and a RABV ∆G and a viral vector expressing RG pseudotyped with the 

surface protein EnvB 171,172. 

The temporal regulation of the RABV ∆G(EnvA) neural tracing may be possible if 

TVA/RG expression is either activated by tamoxifen-induced nuclear translocation of a 

tamoxifen-dependent Cre recombinase (Cre-ER) 167,173, or regulated by viral tet-

tagging. In tet-tagging systems, the transgene (i.e.: TVA/RG) expression is driven by a 

tetracycline-responsive promotor specifically activated by tetracycline-controlled 

transcriptional activators whose activity is activated (Tet-On system) or inactivated 

(Tet-Off system) by Dox administration 167,174,175. Since upregulation in vivo is faster 

than downregulation, the Tet-On system is more accurate when compared to the Tet-

Off system 176. A major advantage of tet-tagging systems over Cre-ER is the possibility 

to return to a control situation by discontinuing Dox administration 167,176. The tet-

tagging approach thus restricts neural labelling to a permissive time window. 

 

Whole-brain microscopy 

Serial-selection electron microscopy (EM) enables the reconstruction of dense 

neural circuits with individual synapses resolution 158,177. Although advances in EM data 

acquisition and analysis made possible the automated reconstruction of larger volumes 

of brain tissue, substantial challenges remain and difficult whole-brain imaging. These 
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include the long duration for imaging acquisition, data storage, and validation of EM 

reconstructions comparing with light microscopic 158,177.  

Light microscopy (LM) methods are often utilized for sparse reconstruction of 

fluorescent protein-based tracers across the brain. Notably, LM automated technology 

for three-dimensional imaging and powerful data processing pipelines allows for speed 

and standardization of the process, comparing with two-dimensional imaging and 

manual brain mapping procedures, respectively. Currently, LM approaches for 

automated, 3D scanning are based on block face microscopy or on light-sheet 

fluorescence microscopy (LSFM) of chemically cleared tissue 178,179. The main 

particularity of block-face microscopy is the mechanical removal of the imaged tissue 

surface (that can be collected for further analysis) 178,179. An example is the serial two-

photon tomography (STP), which combines a two-photon microscope and vibratome-

based tissue sectioning for agar-embedded tissue 178,179. Other instruments include 

wide-field, line-scan or confocal imaging methods or the possibility of ultramicrotome 

sectioning of resin-embedded tissue 163.  Microscopes based on LSFM scan chemical 

cleared brains without the need for mechanical tissue sectioning. Yet, a major technical 

downside is the weakening of neural tracers’ fluorescence due to chemical clearing 

protocols 163. 

 

1.3.3 NEUROFUNCTIONAL APPROACHES 

In addition to structure, neuron physiological/functional properties define brain 

circuits. Functional mapping approaches define neural projections based on the level of 

activity of single neurons. 

 

C-fos immunodetection 

Analysis of c-fos expression pattern is commonly used to identify and map brain 

regions involved in specific physiological and behavioural processes that took place in 

vivo or ex vivo 180.  

As an immediate early gene (IEG), c-fos expression is induced by changes in 

neural activity following neural stimulation. Further protein detection by 

immunohistochemistry or -fluorescence  allows to visualize and localize these neurons 

across the brain 180. Time required for protein synthesis  and protein turnover should be 

considered to avoid under protein detection. During in vivo studies, is important to 

minimize animal manipulations to prevent unspecific neural activation (i.e.: nonrelated 

to the experimental condition). 
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Activity of immediate early gene promotors 

IEG promotors such as c-fos and Arc – whose gene product is rapidly and 

transiently activated by neuronal activity – has been use to target neurons based on 

recent neuronal activation 158,181. Specifically, IEG promoters have been used to drive 

the expression of tetracycline-controlled transcriptional activators (of tet-tagging 

systems, e.g.:Fos-tTa vector) 182,183, or Cre-recombinases (of Cre-lox systems) 184 for 

the expression of a fluorescent protein linked to neural activity triggered by the 

experimental task.  

A main limitation of this technique that should be taken in account during 

interpretation of the results is its prolongated temporal precision, i.e., the timescale 

needed to capture the activated neurons is slow (when compared to others such as 

discrete behaviours, which only takes seconds) and takes many hours 158,182–184. As a 

consequence, both neurons of interest and “background” neurons, activated during the 

same period of time and because of a particular experience or behavioural episode, 

might be labelled. 

 

Chemogenetic 

Designer Receptors Exclusively Activated by Designer Drug (DREADDs) are a 

chemogenetic approach derived from human muscarinic receptors thus enable the 

control of neuronal activity by GPCR signaling 185,186. Different types of DREADDs 

activate different GPCRs signaling pathways of neuronal silencing (e.g.: Gi-based 

DREADDs) or activation (e.g.: Gq-based DREADDs). For instance, the hM4Di-

DREADD induces neuronal hyperpolarization via Giα-mediated activation of GIRKs, 

and via inhibition of the presynaptic release of neurotransmitters 158,186,187. Conversely, 

the hM3Dq-DREADD induces burst-like firing of neurons through Gαq-mediated 

activation of the phospholipase C intracellular calcium release pathway 158,185,186.  

Although, the hM4Di and hM3Dq are the most commonly used DREADDs to, 

respectively,  inhibit and activate neuronal activity, a hM4Di-neurexin variant (hM4Dnrxn) 

was created for selective axonal silencing 188, and two Gq-coupled DREADDs were 

design (i.e.: hM1Dq and hM5Dq) based on different muscarinic receptors 186. A Gs-

DREADD (rM3Ds) is employed in studies about the role of Gs signaling regardless its 

constitutive activity 186,189,190. Additionally, the Gi-coupled DREADD derived from the K-

opioid receptor (i.e.: KORD), activated by salvinorin B, has been reported as an 

efficient inhibitor of neuronal activity 191,192. Given that KORD is activated by a different 

ligand, it can be co-expressed with hM3Dq, allowing the sequential chemogenetic 

inhibition and activation of neuronal activity 186,191.   
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All of the aforementioned DREADDs (except KORD) are activated by CNO 

158,185,186,188. When administered at recommended doses in mice, CNO selectively binds 

to DREADDs, is pharmacologically and behaviourally inert, and is not metabolized to 

clozapine, according to in numerous reports 158,185–188,192. CNO also allows oral or 

intraperitoneal administration since it crosses the blood-brain barrier 158,185–188. Other 

chemical ligands for DREADDs were developed in order to avoid the potential risk of 

clozapine-like side effects related to CNO metabolism, namely compound 21 and 

perlapine 193. However, both CNO-alternatives are only advised for studies in which the 

back metabolism to clozapine is a problem, since they have lower binding affinity for 

DREADDs comparing to clozapine and modest off-target binding 186,193,194.  

Engineered ligand-gated ion channels are an alternative chemogenetic 

technology for in vivo manipulation of neuronal activity. After PSEM (a synthetic 

agonist) application, neurons expressing engineered cationic channels (e.g.: 

pentameric nicotinic acetylcholine receptors, tetrameric ionotropic glutamate receptors 

or trimeric P2X purinergic receptors) depolarized and fired action potentials, while 

neurons expressing engineered anion-permeable channels (e.g.: pentameric GABAA, 

GABAC and glycine receptors) are inhibited and silenced 158,192.  

Chemogenetic systems represent a noninvasively approach for long-lasting 

(hours to days) manipulation of neurons across large brain areas 158,185,186. Importantly, 

chemogenetics have a potential therapeutic application for brain disorders 158,186, 

including ASD 195. Yet, Urban, et al. (2016) suggested that chronic drug administration 

(that underlies studies requiring prolonged DREADD activation) can induce neuronal 

adaptation (e.g.: possible non-DREADD mediated effects of CNO) 196. Another 

limitation is the reported non-specific effects of the ligands 158,192. 

 

Optogenetic 

Optogenetic approaches, that make use of light-sensitive or responsive to light 

channel proteins, are being exploited to manipulate widely scattered but functionally 

defined groups of genetically modified neurons in order to investigate neuronal activity, 

circuits and behaviour 158,197. That is, genetically defined neurons are selectively 

activated or silenced though the direct application of light of different wave lengths over 

a vast list of microbial opsins. Namely, the opening of channelrhodopsins (ChRs) in 

response to blue light leads to the neural depolarization through the influx of cations 

158,197; and neural hyperpolarization is achieved through the activation of 

bacteriorhodopsins by yellow light or of halorhodopsins by green light 158,197. Further, 

bacteriorhodopsins opening allow the efflux of protons and halorhodopsins permit the 

influx of chloride anions 158,197.  
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The application of these optogenetic systems normally follows only one-photon 

excitation, that uniformly photo-stimulates tissue volumes on the order of one cubic 

millimeter per light source 158,197. For the excitation of single neurons in intact tissue (a 

more targeted application) a two-photon stimulation and therefore more expensive and 

specialized equipment and lasers are necessary 158,197. 

ChRs have shown to be a precise and efficient approach used in the 

manipulation and activation of neurons by depolarizing these cells 158. This approach 

enables an adequate excitation of neurons with innocuous intensities of light and within 

time periods that can extend from milliseconds to seconds or longer (step opsins) 158. 

Admitting 1,000s of cations per absorbed photon, the expression of these opsins can 

thus be achieved at modest levels.  

As opposed to ChRs, cell-type-specific silencing channel proteins have generally 

shown slower effects on neuronal membrane potential and spike rates (100s of 

milliseconds), and lower efficiency 158,197. In order to achieve an adequate stimulation of 

the neurons and to be correctly expressed these hyperpolarizing opsins need higher 

levels and more intense lighting 158,197. Consequently, heating, toxicity and the 

decrease of the opsin-mediated silencing efficacy over time have been mentioned as 

limitations of these approaches. As an alternative, new cell-type-specific silencing 

approaches based on anion-conducting ChRs are being developed and used. 

 

Usually cell transfection underlying both chemo- and optogenetics is mediated by 

viral vectors encoding the engineered receptors or channels, such as AAV, lentiviral 

and HSV vectors 186,192. The type of promoter inserted into the viral vectors varies 

according to the type of cell targeted – the hSyn promotor confers highly neuron-

specific transgene expression 186,192. In addition, Cre-dependent viral vectors or RABV 

∆G(EnvA)-mediated infection are used to limit the expression of engineered receptors 

and channels to specific subtypes of neurons (as described above for the expression of 

fluorescent proteins) 186,192. 

Chemo- and optogenetics are frequently combined with in vivo or ex vivo 

electrophysiological recordings to investigate cell-type specific responses within 

network. Yet, both approaches per si are pertinent to explore the functional 

consequences of the manipulation of a specific circuit on behaviour outcome (i.e.: to 

stablish causality). 
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2. HYPOTHESIS 

Based on previous findings related to changes in neocortical connectivity in both 

the Fmr1KO mouse (Haberl et al., 2015; Zerbi et al., 2018), and two unrelated genetic 

mouse models of ASD (Liska, et al., 2017; Huang, et al., 2016) we hypothesized 1) 

that connectivity of the ACC is altered in the Fmr1KO mouse and 2) that these 

changes underlie cognitive deficits related to ASD-related behavioural 

alterations.  

 

3. AIMS 

To address our hypothesis, the present project aims to explore alterations in the 

connectivity of specific populations of ACC neurons in Fmr1 KO mice and to probe the 

functional consequences of these alterations for behavioural outcome. 
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4. METHODS 

 

4.1  EXPERIMENTAL DESIGN 

Task 1 – Whole-brain mapping of monosynaptic inputs into ACC neurons 

engaged during the acquisition of TFC 

To examine the input map of those neurons of the ACC that were engaged 

during TFC encoding in Fmr1KO and WT mice, we employed an innovative, 

intersectional strategy involving c-fos-mediated tet-tagging (Zhang et al., 2015) and 

recombinant rabies virus-based mono-trans-synaptic tracing (Wickersham et al., 2007; 

reviewed in Ginger et al., 2013).  

Mono-trans-synaptic tracing is a viral-vector mediated approach for circuit tracing 

which exploits an engineered form of the vaccine strain of rabies virus, Street Alabama 

Dufferin (SAD B19).  This vector (RABV ∆G) lacks the gene coding for the RABV 

envelop glycoprotein (RG). In its place, the recombinant virus expresses a fluorescent 

marker permitting neuronal visualization 158,166. Since G is essential for the assembly of 

infectious virus particles, as well as for mediating trans-synaptic crossing of the virus, 

its deletion is sufficient to prevent trans-synaptic spreading 158,166 of the virus, a feature 

of wildtype RABV. The retrograde trans-synaptic propagation capabilities of RABV ∆G 

can be rescued in a highly restricted manner by the exogenous expression of RG in the 

targeted neuron population 166. Furthermore, the RABV ∆G vector is pseudotyped with 

an engineered surface protein, EnvA [RABV ∆G(EnvA)], thus limiting infection to 

neurons expressing it cognate receptor, TVA, a bird virus receptor that is normally 

absent from mammalian neurons 166. Both conditions ensure that virus spreading is 

limited to the initially infected cells — the so-called starter cells — and their immediate 

presynaptic partners. To narrow the mono-trans-synaptic tracing to a specific ACC 

neuronal population engaged during a specific task, we exploited the c-fos promoter, 

whose gene product, cFOS, is commonly used as a marker of plasticity related 

neuronal activity 198.  In particular, we used a conditional expression approach in which 

the c-fos promoter drives the expression of tTA – a transcription factor sensitive to the 

presence of Dox. Combining this with a viral vector expressing TVA/G under the control 

of a tetracycline-dependant promotor (TRE), allowed TVA/G expression to be linked to 

neuronal activity during a specific, experimentally-controlled time window (as illustrated 

in figure 1). No further labelling of active cells occurs outside the permissive time 

window/presence of Dox 166,198.   
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Figure 1 . Rabies virus-based mono trans-synaptic tracing combined with viral based tet-
tagging. 
 Adapted from Ginger et al. (2013) 

Figure 2 schematizes the timeline of this experimental design. Two weeks prior to 

the first surgery, mice were adapted to a diet supplemented with Dox (at a 

concentration of 40mg/kg). Mice then received unilateral intracerebral injections of an 

AAV-cfos-tTA/AAV-TRE-HTG mixture (surgery procedure described below) permitting 

viral mediated tet-tagging.  Ten days following delivery of the AAVs the Dox-containing 

diet was replaced with non-supplemented food. Two and a half days later, the mice 

underwent conditioning (as described below), which induced c-fos activation and the 

expression of the tetracycline-dependant transgenes. Ninety minutes after the test, the 

food was once again replaced with Dox-supplemented food to limit expression of TRE-

regulated transgenes to a specific experimental window.  One day later, a second 

surgery was performed to the deliver the third viral vector, RABV ∆G mcherry (EnvA) 

into the same ACC location. Green fluorescent protein (GFP) expression identified 

initial infected neurons (starter cells), while mCherry expression allowed to visualize 

ACC inputs and quantify projection density. 

As a result of this innovative approach it was possible to visualize if the 

anatomical input map of the neuronal ensembles engaged in TFC are altered in the 

Fmr1KO mice. 
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Figure 2 . Timeline of the experimental design employed to trace presynaptic neuron projecting 
to ACC neurons engaged during the acquisition of TFC. 

 

Task 2 – Pharmacogenetic manipulation of specific aspects of ACC circuits  

Functional consequences of altered ACC circuit organization on TFC outcome 

were explored employing an intersectional approach entailing the Cre-dependant 

expression of an excitatory DREADD in a specific input, accordingly with the projection 

diagram of the ACC obtained in the previous task. 

The engineered M3 (hM3Dq) muscarinic receptors are G-coupled DREADDs 

designed to induce burst-like firing of neurons through activation of the phospholipase 

C intracellular calcium release pathway, when selectively activated by CNO 158,186. AAV 

vectors where the hM3Dq DREADD gene is flanked by lox recognition sites for Cre 

recombinase restrict the transgene expression to cells expressing the recombinase 

enzyme 199,200. Namely, AAV vectors with double-floxed inverse open reading frame 

constructs (AAV-DIO vectors) have the sequence of interest in an inverted, inactive 

orientation, and flanked by two sets of different lox sites 199,200. Consequently, 

transgene expression within Cre-expressing cells occurs after two random 

recombination steps 200 (as schematized in figure 3). Incompatibility between the 

remaining lox sites prevents transgene re-inversion 200. 

To selectively target a specific ACC input, the AAV-DIO-hM3Dq vector was 

combined with an AAV retro2 vector expressing Cre recombinase and nuclear localized 

eGFP. AAVretro2 infects presynaptic terminals of different classes of neurons and has 

an efficient retrograde transport 201. When AAVretro2-Cre is injected into the ACC and 

the AAV-DIO-hM3Dq into the ACC input source area, AAVretro2 is retrogradely 

transported to the soma and expresses Cre recombinase within the nucleus, activating 

the expression of hM3Dq DREADD only in neurons projecting from the targeted source 

to the ACC. 
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Figure 4 schematizes the timeline of this experimental design. Four weeks before 

underwent conditioning, mice were bilaterally, intracerebrally injected with AAVretro2-

Cre and AAV-DIO-hM3Dq-mCherry, allowing Cre-dependent expression of hM3Dq 

DREADD and mCherry. TFC encoding and retrieval (24 hours later) took place ~40 

minutes after vehicle (saline solution) or CNO intraperitoneal injections, increasing the 

neural activity of the targeted ACC input during the behavioural task. In order to 

evaluate the consequences of manipulating this circuit on behavioural outcome, 

average freezing during the encoding and retrieval sessions was scored. 

Thereby, we boosted the neural populations activity of a specific ACC input as an 

attempt to either reproduce the cognitive phenotype in Fmr1WT mice or to improve the 

performance of Fmr1KO in the TFC task. 

 

 

 
 

 
 

 
 

 
 
Figure 3. Cre-lox recombination system to regulate hM3Dq DREADD expression using DIO 
vectors. 

 

 

 

 

 

 

 

 

 

Figure 4. Timeline of the experimental design employed to pharmacologically boost the activity 
of a specific ACC input. 
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4.2  EXPERIMENTAL APPROACHES 

4.2.1 MOUSE MODEL 

Second-generation (Mijentes et al, 2006) 3-month-old Fmr1KO mice and their 

wild type (Fmr1WT) littermates were generated by crossing heterozygous (Fmr1+/-) 

females with a Fmr1+/y (wildtype) mouse from the same genetic background. Animals 

were maintained in a congenic C57BI/6J background and bred in a SPF animal facility 

at the Neurocentre Magendie in Bordeaux, France. For these experiments only male 

mice were used due to the strong penetrance of the disorder in male subjects. At the 

end of the experiments, a tail sample was taken to reconfirm the genotype. 

Mice were housed in groups of three or four per cage (balanced for genotype) in 

an experimental animal facility, kept on a 12h:12h light/dark cycle with ad libitum 

access to food and water. Cages were supplemented with minimal enrichment (cotton 

nestlet). Experiments were performed during the animal’s light phase. All the 

experiments procedures were performed in agreement with the European Union 

directives as well as the French law and were approved by the ethics committee of 

Bordeaux, C2EA50; APAFIS 12856). 

 

4.2.2 VIRAL VECTORS 

The following viral vector were used in this project:  

a) AAV-cfos-tTA: Adeno associated virus (AAV) expressing the trans-activator (tTA) 

under the control of the c-fos promoter (Zhang et al., 2015). The titre was estimated by 

genomic PCR as 1.x1012 vg/mL. 

b) AAV-TRE-HGT: AAV expressing, under the control of tetracycline responsive 

promoter (TRE); i) a nuclear-targeted GFP; ii) the receptor of the avian sarcoma and 

leucosis virus, TVA; and iii) rabies virus glycoprotein (Miyamichi et al., 2011). The titre 

was estimated by genomic PCR as 1.x1012 vg/mL. 

Both AAVs were packaged using a chimeric capsid containing the capsid proteins 

derived from AAV serotypes 1 and 2, as described by Hauck et al., 2003. 

c) RABV ∆G mcherry (EnvA): A modified recombinant glycoprotein-deleted rabies virus 

vector derived from the vaccine strain of rabies virus, SADB19 (Etessami et al., 2000) 

and expressing the red fluorescent protein, mCherry. The vector (RABV ∆G mcherry) is 

pseudotyped with a chimeric envelop protein containing extracellular sequences 

derived from the glycoprotein of the avian sarcoma and leucosis virus as described in 

Wickersham et al., 2007. 



42 
 

d) AAVretro2-Cre-nls-GFP: AAV expressing Cre and nuclear localized GFP under the 

control of a CMV promoter.  This vector was produced using a novel retro-2 capsid, 

which infects axon terminals (Tervo et al, 2016). The titre was estimated by genomic 

PCR as 1.2 x1012 vg/mL. 

e) AAV-DIO-hM3Dq-mCherry: AAV carrying Cre-dependent hM3Dq DREADD fused to 

mCherry. The titre was estimated by genomic PCR as 2.8x1012 vg/mL. 

AAV-cfos-tTA, AAVretro2-Cre-nls-GFP and RABV ∆G mcherry (EnvA) were 

produced by the host team. AAV-TRE-HTG was produced by the AAV facility of the 

Bordeaux Neurocampus. AAV-DIO-hM3Dq-mCherry was obtained from the Viral 

Vector Facility of the University of Zurich. 

 

4.2.3 STEREOTAXIC SURGERY 

Stereotaxic injections were performed as described in Cetin et al., 2007 and 

Haberl et al., 2017. Mice received an initial injection of Rimadyl (5mg/Kg, 

intraperitoneal non- steroidal analgesic) and were then deeply anesthetized with 

isoflurane (4% induction and 1.5-2% maintenance). Then, the animals were head-fixed 

in a stereotaxic frame, the skin of the head shaved and disinfected, and 30µL of 

Lurocaine delivered subcutaneously prior to incision of the skin. The skull was 

exposed, and the skin maintained in an open position with custom-made clamps. The 

craniotomy was performed at the site of injections coordinates 1.00mm 

anterior/posterior (A/P), 0.61 mm lateral/medial (L/M) with respect to Bregma. A pulled 

glass capillary (internal diameter ~15µm) was then inserted on a 20º angle at a depth 

of 1.06 mm (with respect to pia, targeting the ACC) and 250µL of a mixture of AAV-

cfos-tTA/AAV-TRE-HTG (ratio 2:1) delivered at a rate of 50nL per minute. At the end of 

the injection, the capillary was kept in place for ~5mint before being removed. After 

closing the skin, mice recovered in an absorbent surface in a heated chamber. During 

the second injection, the animal was re-anesthetized as above and injected using the 

same coordinates with 500nL of RABV ∆G mCherry (EnvA) delivered at a rate of 50nL 

per minute using a 10µL glass syringe fitted with a 34G needle. The injection rate was 

controlled by a programmable pump (WPI Ultra Micro Pump). 

For the pharmacogenetic manipulation of the altered ACC input (second 

experimental task), mice were anesthetized as previously described and bilaterally 

injected with 350nL of AAVretro2-Cre into the aforementioned coordinates (i.e.: into the 

ACC) and 300nL of AAV-DIO-hM3Dq-mCherry into de mediodorsal nucleus of the 

thalamus, injection coordinates - 1.30mm A/P, +/- 0.50mm L/M and - 3.50mm 
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dorsal/ventral (D/V) with respect to  Bregma, at a rate of 50nL per minute. The needle 

remained in the target location for ~2mints before the start and ~5 mints after injection. 

  

4.2.4 TRACE FEAR CONDITIONING 

Trace fear conditioning was performed as described by Zhao et al., 2015 and 

Hyashi et al. 2007 with minor amendments to the procedure. Mice handled for five days 

prior to examination. On day 1, mice were brought to the training room and individually 

placed in the conditioning boxes (Immetronics). The box was composed of transparent 

outer walls with a white opaque inner wall. The base of the chamber was cleaned with 

70% ethanol prior to conditioning of each mouse. Following 1 minute exploration of the 

chamber, the software presented a 15 second tone (80dB). A 1 second foot shock 

(0.7mA) was then delivered to the mouse after a trace period of 30 seconds. After 7 

conditioning trials with 210 seconds inter-trial interval (ITI), mice were taken out of the 

conditioning boxes 90 seconds after the last foot shock. A less aversive protocol for the 

encoding session (day 1), which included a 2 seconds foot shock of 0.4mA, was also 

tested. In both situations, on the following day, mice were place in a novel chamber 

composed uniformly of white opaque walls and a uniform grey-coloured floor.  The 

chamber was cleaned with 1% acetic acid prior to commencing experiments. Mice 

were acclimated for 1 minute followed by 7 trials of tone (80dB) and an ITI. All data 

were videotaped and the percentage of freezing time during each ITI was manually 

analysed (blind to genotype) to examine trace fear memory. Freezing was defined as 

the absence of movement, except for breathing movement. 

 

4.2.5 HISTOLOGY AND IMAGING 

Presynaptic neurons identified by mono-transsynaptic tracing (task1) were 

assessed post-mortem by microscopy. Mice were euthanized 1 week following RABV 

injection.  Thirty minutes prior to euthanasia, the animals received an i.p. injection of 

rimadyl (5mg/kg).  Then, after a lethal dose of sodium pentobarbital, they were 

transcardially perfused with Ringer’s solution supplemented with heparin followed by 

4% paraformaldehyde (PFA) in 0.1M Phosphate buffer pH 7.2. Dissected brains were 

post-fixed in 4% PFA overnight at 4ºC, embedded in 3% agarose block and then cut 

into 50µm coronal sections using vibrating microtome. Brain slices were then 

counterstained with 4′,6-diamidino-2-phenylindole (DAPI) and mounted in a mowiol-

based mounting media.  

Imaging of the whole brain was performed using wide-filed fluorescence 

microscopy and a rapid acquisition system (NanoZoomer slide scanner, Hamamatsu) 
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equipped with a 20x 0.75 numerical aperture objective. Brain images were acquired at 

seven z-positions of 7µm. 

For the pharmacogenetic experiments, mice were euthanized following behaviour 

experiments. Injection positions of both vectors needed for DREADD expression were 

verified using wide-field fluorescence microscopy (Nikon inverted microscope equipped 

with a CCD camera). 

 

4.2.6 MAPPING OF LABELLED NEURONS THROUGHOUT THE BRAIN 

NanoZoomer images pertaining to individual brain slices were exported and 

converted to 16-bit Tiff-format. Each image was then overlaid with a reference atlas 

(based on the Allen Mouse Brain Atlas 2011) using a custom-written python script 

developed within the host team. Labelled neurons were manually counted with respect 

to brain structure, nucleus, and layer (for cortical structures). The number of labelled 

neurons for each structure was normalized to the total number of neurons present 

throughout the brain. Since rodent ACC definition in literature is not consistent, for the 

purpose of this project it was considered the Vogt and Paxinos’ (2014) characterization 

of mouse ACC as Brodmann areas 24, 25 and 32 (previous 24a and 24b) 122. 

 

4.2.7 STATISTICAL ANALYSIS 

Microsoft Excel and GraphPad Prism 5.00 were applied for the data analysis and 

graph construction. Results are expressed as mean ± SEM. Most of the statistical 

comparations were performed using one- and two-way analysis of variances (ANOVA) 

coupled to Turkey’s multiple comparison test and Bonferroni correction as post-hoc 

tests; or the Kruskal-Wallis test with Dunn’s multiple. Unpaired t-test or Mann–Whitney 

U test were applied for separated individual comparations between genotypes included 

in the analysis of TFC data. Statistical significance was considered for p<0.05. 
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5. RESULTS 

 

Fmr1KO mice display deficits in trace fear conditioning 

Trace fear conditioning (TFC) is a behavioural model for attention related 

cognitive abilities. In this protocol the animal has to associate a conditional stimulus 

(the tone) and an unconditional stimulus (the foot-shock) that occurs after a certain 

delay, thus requiring an extended attention period to enable this associative learning. 

Previous studies have suggested that this paradigm may reveal crucial FXS/ASD-

related behavioural phenotypes in the Fmr1KO mouse model 36,202. Since behavioural 

phenotypes in the Fmr1KO model have been reported to vary across laboratories202, 

we sought to establish whether this phenotype can be robustly detected in the second-

generation Fmr1KO mouse line. To evaluate deficits in the acquisition and retrieval of 

the task in an unfamiliar context, we analysed freezing behaviour during the inter-trial 

intervals (ITI) following stimulus delivery of both encoding and novel-context sessions 

of TFC.  

To probe cognitive deficits in Fmr1KO mice, we initially subjected a first 

experimental group of 12 mice (6 WT and 6 KO) to a strong TFC protocol (TFC0.7mA) as 

previously described by Hayashi, et al. (2007) for the same genetic background 203. We 

applied seven conditioning trials consisting of a 15 second-long tone at 80dB, followed 

by a 30 second trace period, a 1 second-long foot shock of 0.7mA intensity, and an ITI 

of 210 seconds for the encoding session (day1); and seven trials of tone followed by ITI 

for the novel-context session (day 2). Due to errors in the software programming, only 

6 conditioning trials were performed during the encoding session (instead of 7). WT 

mice displayed an increase in the freezing duration from the first to the last ITI 

(increase from 9.365 ± 3.223% freezing during ITI-1 to 49.19 ± 7.282% freezing during 

ITI-6, respectively; p=0.0017), suggesting that they were able to associate the tone 

with an aversive event even after only 6 conditioning trials. Although Fmr1KO mice also 

exhibited increased freezing following the last conditioning trial (increase from 6.032 ± 

2.05% freezing during ITI-1 to 36.22 ± 2.937% during ITI-6; p<0.0001), a significant 

impact of genotype on the freezing percentage of both genotypes was detected with 

Fmr1KO freezing significantly less than WT across trials (figure 5A; p=0.0009). 

Average freezing during all 6 ITIs (figure 5B) was also significantly reduced in Fmr1KO 

mice when compared with WT mice (WT, 39.90 ± 3.549% vs KO, 29.439 ± 2.829%; 

p=0.0155). Similarly, average freezing in the novel-context session 24 hours later was 

significantly reduced in Fmr1KO (figure 5B; WT, 33.847 ± 2.287% vs KO, 25.266 ± 

2.409%; p=0.0086). Together, these results indicate that the Fmr1KO mouse model 
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exhibits deficits in associative fear learning in which attention is required, as well as in 

the expression of this fear memory. 

A less aversive protocol (TFC0.4mA) was also tested since it has been sufficient to 

reveal Fmr1KO cognitive deficits in Nolan et al., 2017 204.  Thus, we decided to test this 

protocol since it represents a more ethical alternative compared to TFC0.7mA paradigm 

in which multiple presentations of a more aversive stimulus are required over a long 

time duration. In TFC0.4mA, mice were subjected to 7 conditioning trials with a longer (2 

seconds) but less intense (0.4mA) foot shock. This stimulus is similar to that used 

previously by the host team for contextual fear conditioning (Aloisi et al., 2017) 205. In 

TFC0.4mA, mice were subjected to 7 conditioning trials with a longer (2 seconds) but less 

intense (0.4mA) foot shock. This protocol induced an increase in the freezing score 

throughout conditioning trial in both genotypes (figure 5C; WT, increase from 5.222 ± 

1.826% freezing during ITI-1 to 43.85 ± 16.78% freezing during ITI-7; n=3, p=0.0379; 

KO, increase from 5.437 ± 1.304% freezing during ITI-1 to 34.13 ± 7.470%  freezing 

during ITI-7; n=6, p=<0.001). In contrast to our aforementioned results, genotype had 

no significant impact on the freezing percentage of both genotypes, meaning that 

Fmr1WT and KO increasing freezing across trials was similar (p=0.8918). In 

accordance, the average freezing of both Fmr1WT and KO during the encoding 

session (WT, 32.724 ± 4.797% vs KO, 32.220 ± 2.715%; p=0.9709) and the novel-

context session (WT, 14.764 ± 1.283% vs KO, 14.486 ± 1.106%; p=0.8786) was not 

different (figure 5D). Importantly, average freezing decreases significantly (p<0.0001) 

from one session (encoding) to the other (novel context) not only for Fmr1KO but also 

for WT. The present results suggest that the less aversive TFC protocol is not 

adequate for the needs of our study in these mice (i.e. that it would not be sensitive 

enough to reveal the consequence of manipulating the activity of prefrontal cortex 

circuits).  

Based on these results, the TFC0.7mA protocol (consisting of 7 ITIs) was employed 

to probe whether ACC connectivity is altered in Fmr1KO mice. To address this 

question, we used whole-brain mapping approaches to detect monosynaptic inputs into 

anterior cingulate cortex (ACC) neurons engaged during the encoding phase of the 

TFC task (day 1). During these experiments, both genotypes presented increased 

freezing throughout the 7 conditioning trials (figure 6A; WT, 6.286 ± 2.100% freezing 

during ITI-1 to 38.78 ± 11.79% freezing during ITI-7, n=3; p=0.0061; and KO, 0.8333 ± 

0.5706% freezing during ITI-1 to 29.33 ± 10.30% during ITI-7; n=4, p=0.0397). As in 

the first round of experiments using the TFC0.7mA protocol, genotype had significant 

impact on the freezing percentage with Fmr1KO freezing significantly less than WT 

across trials (p=0.0003). In addition, the freezing average of both experimental groups 
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(Figure 6B) was significantly different (p=0.004). These results confirmed the Fmr1KO 

mice deficits in associative fear learning we observed before. These mice did not 

undergo the novel-context session since the aim was to trace ACC inputs engaged 

during TFC acquisition and avoid the interference of possible neural plasticity 

processes underlying memory. 

 

 

 

Figure 5. Percentage of time spent freezing during inter-trial intervals (ITI) in the Fmr1WT and 
Fmr1KO groups. (A) Time course of TFC0.7mA encoding, and (B) average freezing during 
TFC0.7mA  encoding and novel-context sessions; (C) Time course of TFC0.4mA encoding, and (B) 
average freezing during TFC0.4mA  encoding and novel-context sessions. ns p>0.05; *p<0.05; 
**p<0.01; ***p<0.001. 
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Figure 6. Percentage of time spent freezing during inter-trial intervals (ITI) in the Fmr1WT and 
Fmr1KO groups used for whole brain mapping. (A) Time course of TFC encoding, and (B) 
average freezing during TFC  encoding. *p<0.05; **P<0.01. 

 

 

ACC input map engaged during TFC is altered in the Fmr1KO mice 

To assess whether ACC connectivity is altered in the Fmr1 KO mouse model (our 

first hypothesis), we combined the recombinant rabies-based monosynaptic tracing 

technique with a c-fos-mediated tet-tagging system (see Experimental Design). This 

approach allowed us to target the expression of the accessory molecules (TVA and 

RG) specifically to ACC neurons that were engaged in TFC encoding – a behaviour 

task proven to demand ACC activity 125. Seven days after mice underwent TFC 

followed by RABV stereotaxic injection, brains were fixed, processed for histological 

analysis and the resulting slices (~200 slices per brain covering the distance from 

3.35mm to - 6.65mm relative to bregma; see figure 7) were then imaged using a high-

throughput imaging approach. This approach allowed us to trace and detect neurons 

that are presynaptic to the engaged starter neurons (presynaptic neurons, mCherry+). 

An example of labelled neurons from two regions of interest (the ACC and thalamus) 

are shown in figure 8. 
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Figure 7. Inputs into engaged ACC neuros during TFC encoding were mapped from Bregma + 
3.35mm (A) to  - 6.65mm  (B).  Images from Allen Mouse Brain atlas,  available online at 
https://mouse.brain-map.org/static/atlas. 

 

 

Figure 8. Labelled presynaptic neurons (mCherry+) throughout the brain: (A) Bregma ~ 
+0.05mm, zoom in ACC; and (B) Bregma ~ -1.35mm, zoom in thalamus. Images were obtained 
using wide-filed fluorescence microscopy and a rapid acquisition system (NanoZoomer slide 
scanner, Hamamatsu) equipped with a 20x 0.75 NA objective. 

https://mouse.brain-map.org/static/atlas
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The location of each labelled neuron was then mapped using one of two 

approaches. Subcortically labelled neurons were semi-automatically mapped using a 

custom-written python script that overlaid each brain slice image with a reference atlas 

(see Experimental Methods). Labelled neurons within the neocortex, on the other hand, 

were manually counted and mapped. The latter approach was necessary due to 

artefacts caused by the perfusion and mounting procedure that made it difficult to 

correctly overlay this brain region with the reference atlas. For all brain regions except 

the ACC, the ontology and hierarchal organization adapted by the reference atlas was 

maintained (Allen Mouse Brain Atlas, 2011). Based on cytoarchitectural evidence of the 

midcingulate cortex in the mouse (and rat) brain 122, we considered ACC as area 24, 25 

and 32 (previous 24a and 24b), and the midcingulate cortex as area 24’, according to 

Vogt and Paxinos (2014). 

When performing this analysis, a number of technical and logistic challenges 

were encountered. First, as a consequence of the COVID-19 related confinement 

measures, we were able to only image the brains of five mice out of the total cohort of 

7 mice. The results of our analysis are thus limited to two Fmr1WT brains and three 

Fmr1KO brains. Second, the site of injection was characterized by particularly dense 

labelling of neurons (figure 9), suggesting that a large number of inputs are derived 

from local connections. Due to the limitations of widefield epifluorescence microscopy 

— in particular the contribution of signal from outside the focal plane and light 

scattering in thick (50 µm) slices — it was not possible to resolve and count all the 

locally labelled neurons. Specifically, the following ipsilateral areas were affected: 

secondary motor cortex between ~3.05mm and ~0.20mm A/P; dorsal and ventral ACC 

from ~2.70mm to ~0.20mm A/P and ~1.30mm to ~0.20mm, respectively; prelimbic 

cortex between ~3.15mm and ~1.35mm A/P; infralimbic cortex from ~2.05mm to 

~1.05mm A/P; medial orbital from ~3.15mm to ~2.05mm A/P; dorsal peduncular area 

and taenia tecta between ~1.50mm and ~1.55mm A/P, and ~1.35mm and 1.30mm 

A/P, respectively.  For the same reasons, we were not able to resolve and count starter 

cells using widefield epifluorescence microscopy. Confocal microscopy would have 

been necessary to perform these analyses. However, we did not have access to this 

equipment due to the confinement measures in place at the University of Bordeaux. 

Access to this equipment in the immediate period after confinement was restricted to 

users who had already been trained to use the equipment independently. Thus, instead 

of normalizing the number of labelled presynaptic neurons to the number of ACC 

starter cells, we normalized them to the total population of labelled neuron. This 

approach is commonly used in this type of analysis (e.g.: Beier et al, 2017) to avoid 
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bias related to the variable number of initially labelled starter cells or to the quantity of 

virus injected. 

 

 

Figure 9. Highly dense neural labelling within the mPFC surrounding the site of injection 
(Bregma ~ + 1.00mm) in (A) Fmr1WT and (B) Fmr1KO brains. Images were obtained using 
wide-filed fluorescence microscopy and a rapid acquisition system (NanoZoomer slide scanner, 
Hamamatsu) equipped with a 20x 0.75 NA objective. 

Our analysis revealed that ~85% inputs to engaged ACC neurons were localized 

ipsilateral to the ACC injection site (figure 10A; WT, 87.85 ± 0.2554% ipsi- vs 12.15 ± 

0.2554% contralateral; KO, 83.20 ± 4.058% ipsi- vs 16.80 ± 4.058% contralateral; 

p<0.0001), and originated in many different brain regions (figure 10B; see detailed list 

in appendix 1). Contralateral projections (~15% of labelled neurons) were 

predominantly from cortical areas (WT, 94.57 ± 0.7575%; KO, 78.29 ± 6.944%). 

 

 

Figure 10. ACC presynaptic neurons engaged during TFC encoding throughout the brain: 
percentage of total activated inputs (A) per ipsi- and contralateral side of the injection site; and 
(B) per main brain regions. Highlighted regions represent  p<0.01 when compared to the others, 
independently of genotype. 
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As a whole, the primary source of afferents was the cortical plate (WT, 66.44 ± 

4.997%; KO, 70.63 ± 2.431%), followed by the thalamus (WT, 23.53 ± 4.400%; KO, 

18.40 ± 2.404%) and other subcortical regions (WT, 10.98 ± 2.286%; KO, 10.01 ± 

0.6211%). The cortical plate includes isocortical and olfactory areas, and the 

hippocampal formation. The largest number of presynaptic neurons was identified in 

isocortical areas (WT, 62.82 ± 3.427% and KO, 53.13% ± 8.611% vs other cortical 

plate main regions; p=<0.001; figure 10B), namely somatosensory, somatomotor, 

limbic-related, auditory, associative, orbital and visual cortices (figure 11). According to 

our findings, the midcingulate cortex (MCC; WT: 15.54 ± 3.379%; KO: 15.93 ± 7.498%) 

and the ventral part of the restrosplenial cortex (RSPv; WT: 7.956 ± 1.162; KO: 8.329 ± 

3.192%) present the higher proportions of cortical inputs to ACC neurons engaged 

during TFC. Due to the aforementioned limitations of our analysis (see above) we could 

not provide a full quantitative analysis of all prefrontal inputs to engaged neurons. 

However, the highly dense neural labelling within the mPFC surrounding the site of 

injection (figure 9) suggests that a large percentage of ACC inputs are local (i.e.: 

afferents from other medial prefrontal regions and ACC intraprojections). Indeed, as 

mentioned above neurons in these regions (spatial range specified above) were not 

included in this analysis since it was impossible to clearly differentiate individual 

neurons due to the technical limitations of widefield microscopy. Consequently, our 

analysis of mPFC inputs represents an undersampling of inputs from this area. A more 

detailed neural counting requiring confocal imaging is necessary to provide a full 

analysis. With respect to the olfactory cortex, labelled presynaptic neurons were 

generally in the dorsal taenia tecta (figure 11; TTd; WT: 1.734 ± 0.641%; KO: 5.782 ± 

3.95%) and dorsal peduncular area (DP; WT: 1.007 ± 0.529%; KO: 2.284 ± 1.158%). 

Finally, afferents from the hippocampal formation included few neurons (figure 11; WT: 

0.5012 ± 0.24%; KO: 0.2877 ± 0.1887%) located within the CA1 and CA3 fields, and 

the entorhinal (ENT) retrohippocampal area. Differences between genotypes regarding 

the proportion of ACC inputs from cortical plate structures did not have statistical 

significance.  
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Figure 11. ACC presynaptic neurons engaged during TFC encoding throughout cortical plate 
substructures. FRP, frontal pole; SSp, primary somatosensory cortex; SSs, suplemental 
somatosensory cortex; Mop, primary somatomotor cortex; MOs, secondary somatomotor cortex; 
ACCd, anterior cingulate cortex, dorsal part; ACCv: anterior cingulate cortex, ventral part; PL, 
prelimbic cortex; IL, infralimbic cortex; ORBm, orbital cortex, medial part; ORBI, orbital cortex, 
lateral part; ORBvI, orbital cortex, ventrolateral part; Ald, agranular insular cortex, dorsal part; 
Alp, agranular insular cortex, posterior part; Alv, agranular insular cortex, ventral part; RSPagl, 
retrosplenial cortex, lateral agranular part; RSPd, retrosplenial cortex, dorsal part; RSPv, 
retrosplenial cortex, ventral part; MCC, midcingulate cortex; GU, gustatory cortex; AUD, auditory 
cortex; VIS,visceral cortex; PTLp, posterior parietal cortex; ECT; ectorhinal cortex; AON, 
anterior olfactory nucleus; COA:, cortical amygdalar area, anterior part; DP, dorsal peduncular 
cortex; MOB, main olfactory bulb; PAA, piriform-amygdalar cortex; PIR, piriform cortex; TR, 
post-piriform transition; TTd, taenia tecta, dorsal part; TTv, taenia tecta, ventral part; ENTI, 
entorhinal cortex, lateral part. 
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Labelled neurons were identified in all thalamic groups (figure 12), especially 

within nuclei of the ventral (VENT; WT, 7.521 ± 2.888%; KO, 4.757 ± 0.3002%) and the 

anterior (ATN; WT, 4.557 ± 1.700%; KO, 8.801 ± 2.970%) thalamus. For the Fmr1KO 

group, we detected a significant increase in the proportion of presynaptic neurons 

within the anteromedial (AM; WT, 1.584 ± 0.839% vs KO, 3.730 ± 1.431%; p<0.01) 

nucleus, and a decrease of afferents from the mediodorsal (MD; WT, 3.858 ± 0.342% 

vs KO, 1.734 ± 0.261%; p<0.01) nucleus and posterior complex (PO; WT, 2.328 ± 

0.024% vs KO, 0.378 ± 0.31%; p<0.05) of the thalamus. 

 

Figure 12. ACC presynaptic neurons engaged during TFC encoding throughout thalamic nuclei. 
*p<0.05; **p<0.01. RT, reticular nucleus; PF, parafascicular nucleus; CL, central lateral nucleus; 
PCN, paracentral nucleus; CM, central medial nucleus; RH, rhomboid nucleus; PT, parataenial 
nucleus; PVT, paraventricular nucleus; SMT, submedial nucleus; MD, mediodorsal nucleus; 
IMD, intermediodorsal nucleus; LD, lateral dorsal nucleus; IAD: interanterodorsal nucleus; AD, 
anterodorsal nucleus; AM, anteromedial nucleus; AV, anteroventral nucleus; PO, posterior 
complex; LP, lateral posterior nucleus; VPMpc, ventral posteromedial nucleus, parvicellular part; 
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VPM, ventral posteromedial nucleus; VPL, ventral posterolateral nucleus; VM, ventral medial 
nucleus; VAL, ventral anterior-lateral complex; SPA, subparafascicular nucleus. 
 

Other sources of inputs to engaged neurons include structures of the cortical 

subplate, striatum, pallidum and hypothalamus (figures 13 and 14). For instance, 

amygdalar presynaptic neurons were visualized not only in the basolateral (BLA) and 

basomedial (BMA) amygdalar nuclei, but also within the central (CEA) and medial 

(MEA) amygdalar nuclei, and the anterior (AAA) amygdalar area; and the diagonal 

band nucleus (NDB; figure 13) is the pallidum structure with higher percentages of 

projections to the ACC (WT, 2.278 ± 0.04592; KO, 2.683 ± 0.1975). In addition, 

hypothalamic inputs (figure 14) were mainly from the hypothalamic lateral zone (LZ; 

WT, 1.655 ± 0.5504; KO, 1.671 ± 0.6853; p=0.0002 comparing other hypothalamic 

zones), which includes the lateral hypothalamic area (LHA), lateral preoptic area (LPO) 

and zona incerta (ZI). Midbrain and hindbrain represented less than 0.5% and 0.05% of 

the total input map, respectively. A few isolated labelled neurons were identified, for 

example, within the midbrain reticular nucleus, periaqueductal gray, ventral tegmental 

area, and pedunculopontine nucleus, as well as in the pontine reticular nucleus and 

tegmental reticular nucleus. Importantly, no major differences between the Fmr1WT 

and KO mice were detected among the aforementioned subcortical areas. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. ACC presynaptic neurons engaged during TFC encoding throughout cortical 
subplate, striatum and pallidum substructures. CL, claustrum; EP, endopiriform nucleus; BLA, 
basolateral amygdalar nucleus; BMA, basomedial amygdalar nucleus; AAA, anterior amygdalar 
area; CEA, central amygdalar nucleus; MEA, medial amygdalar nucleus; LS, lateral septal 
nucleus; ACB, nucleus accumbens; OT, olfactory tubercle; CP, caudoputamen; BST, bed nuclei 
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of the stria terminallis; NDB, diagonal band nucleus; MS, medial septal nucleus; MA, 
magnocellular nucleus; SI, substantia innominate; GP, globus pallidus. 

Figure 14. ACC presynaptic neurons engaged during TFC encoding throughout hypothalamus. 

Highlighted hypothalamic zone represent  p<0.01 when compared to the others, independently 

of genotype. PVp, periventricular hypothalamic nucleus, posterior part; MPO, medial preoptic 

area; PH, posterior hypothalamic nucleus; MBO, mammillary body; ZI, zona incerta; LPO, lateral 

preoptic area; LHA, lateral hypothalamic area. 

 

Optimization of the whole-brain mapping analysis approach 

The mapping approach described above required the detection, and identification 

(assignment to a brain region, subzone or nuclei) of each fluorescently (mcherry 

expressing) labelled neurons. As an initial quality control, each brain slice was 

manually observed under a wide-field fluorescence microscope to confirm the injection 

site and presence of labelled neurons before mounting. This preliminary quality control 

evaluation allowed us to identify brain slices that would require confocal imaging (thus 

different mounting conditions) for a proper analysis, in addition to imaging using wide-

filed fluorescence microscopy. Acquired images where then manually collated and 

assigned coordinates along the rostral caudal axis (with respect to Bregma). To do this, 

DAPI-stained images of our brain slices were manually compared with Nissl stained 

brain sections of the Allen Mouse Brain Atlas.  Anatomical landmarks (see also below) 

were the used to identify the corresponding atlas image. 

To map ACC presynaptic neurons, we used a custom-written python script 

developed within the host team. This script enables the overlay of each image with a 

reference atlas in order to assess the position of each manually selected labelled 

neuron. Since it is a semi-automatic method for brain mapping, the user is responsible 

for defining the A/P position for each brain slice in order to select the correspondent 

position of the reference atlas to overlay. This overlay is guided by the initial collation. 
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In addition, we took into consideration the thickness of the brain slices (i.e.: each 

brain slice is 50µm apart from the previous one), and easily identifiable anatomical 

borders and landmarks, such as the ventricles size, the hippocampus presence, size 

and position, the thalamus size and shape, or the presence and size of brain 

commissures. This step was hindered by changes in brain size as well as distortion 

caused by the perfusion and mounting procedure. In most of the brain slices, these 

artefacts made it impossible to correctly overlay regions containing the cortex (as 

highlighted in figure 15), thus for these brain areas, labelled neurons were counted and 

mapped manually. As exemplified in figure 16, mapping of labelled cortical neurons 

was made in close comparation with the Allen Mouse Brain Atlas, and manly guided by 

the cortical layer organization (e.g.: layer 4 presence/absence) and using the 

surrounding brain subcortical structures as reference. 

While using the mapping script, some technical difficulties were encountered. 

Firstly, the script integrated a “down-sizing” to enable the handling of large imaging 

files.  This resulted in a reduction of image quality within the viewer window.  In 

addition, the script lacked many aspects related to user friendliness i.e. non-intuitive 

layout of the settings tool-bars, poor responsiveness for regulating settings such as 

brightness, contrast or scale, and errors during the export of results. In collaboration 

with students from the Bioinformatics Master’s program of the University of Bordeaux, I 

contributed to improvements in this mapping approach.  In particular, by making 

concrete suggestions and then experimentally testing the corrections that they made to 

the script, we were able to markedly refine and improve the analysis approach. These 

modifications significantly improved the user-friendliness, thus increasing the accuracy 

of both neural selection and overlap with the reference atlas.  

 

 

 

 

 

 

 

 

 

 

Figure 15. Distortion and changes in brain size  caused by the perfusion and mounting 
procedures  hindered the overlay with the reference atlas. 
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Figure 16. Manual mapping of cortical labelled neurons. Right image from Allen Mouse Brain 
Atlas, available online at https://mouse.brain-map.org/static/atlas. 
 

 

Pharmacogenetic stimulation of thalamic nuclei afferents to ACC do not 

alter Fmr1KO phenotype  

Our detailed examination of thalamic inputs into engaged ACC neurons (see 

above – figure 12) suggested that MD-ACC neural circuit may be altered in the 

Fmr1KO mouse model. Based on these viral tracing results and with reference to the 

existing literature examining the role of MD thalamic inputs for ACC network function, 

we decided to explore the consequences of functionally manipulating this circuit. To do 

this we aimed to pharmacogenetically manipulate the activity of ACC-projecting-MD 

neurons by using an intersectional approach in which Cre-dependent expression of 

hM3Dq excitatory DREADD was targeted to the input population of interesting (see 

Experimental Design). We opted for an excitatory DREADD since the neural density of 

MD afferents to ACC engaged neurons seems to be reduced. A similar strategy has 

been described for PFC-projecting amygdalar neurons in PTEN haplo-insufficient mice 

(Huang et al., 2016) 146 with the exception that this latter study used the approach of 

reducing the activity of a specific neuronal population.  Our aim was to boost the neural 

activity of this specific ACC thalamic input during both TFC sessions (i.e.: encoding and 

novel-context) by CNO intraperitoneal injection 40 minute prior to behavioural testing. 

Freezing behaviour in the inter-trial intervals was scored in order to analyse 

consequences of this circuit manipulation.  

Afterwards, both injection sites (i.e.: ACC and MD) were confirmed using wide-

field microscopy (figure 17). These control revealed that although we tested and use 

stereotaxic coordinates to specifically target de MD, DREADD injection mistargeted this 

thalamic nuclei. mCherry+ neurons were observed in adjacent nuclei. Nevertheless, we 

https://mouse.brain-map.org/static/atlas
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found interesting the analysis of the results obtained with this experience since our viral 

tracing results identified the thalamus as a main source of inputs to engaged ACC 

neurons. 

This experiment included 4 experimental groups since both genotypes were 

tested for the administration of CNO (Fmr1WTCNO and Fmr1KOCNO) or vehicle solution 

(Fmr1WTVHC and Fmr1KOVHC as negative controls). In total 4 Fmr1WT and 2 KO mice 

received CNO, whereas the vehicle solution was injected in 2 WT mice and 1 KO 

mouse (one additional KO mouse died during anaesthesia). This limited group size 

reflects the significant constraints in place both during and following the confinement 

period at the University of Bordeaux and Neurocentre Magendie.  In particular, access 

to experimental space was extremely limited due to quotas of the number of people 

present at any time. In addition, the production of mice in the transgenic breeding 

facility had been significantly reduced during the confinement in accordance with 

national INSERM guidelines. Given these constraints and the limitation of the size and 

composition of each experimental group (small and not equal between genotypes and 

experimental conditions such as CNO vs. VHC), their statistical comparation would not 

be appropriate. Yet, a qualitative analysis of our results reveals that the 4 experimental 

groups presented increased freezing throughout the TFC encoding trials (figure 18A). 

Although the Fmr1KOCNO mice showed a slight superior freezing time compared to the 

respective WT and Fmr1KOVHC mice between ITI-2 and ITI-7, average freezing of 

Fmr1WT and KO mice of each condition, during the encoding session (figure 18B; 

WTCNO, 39.21 ± 4.121; KOCNO, 44.33 ± 7.865; WTVHC, 33.54 ± 6.556; KOVHC, 36.77 ± 

7.568) suggests that there were no differences among them. The same similarity in 

average freezing was displayed in the novel-context session (figure 18B; WTCNO, 22.60 

± 2.053; KOCNO, 18.83 ± 4.070; WTVHC, 14.87 ± 1.689; KOVHC, 30.96 ± 4.833). 

Therefore, the results obtained indicate that manipulating the excitability of thalamical- 

ACC circuits did not affect TFC outcome. 
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Figure 17. Posthoc verification of DREADD targeting strategy. (A) Image presenting injection 
site in ACC.  AAV-retro2 Cre-nls-GFP labeled neurons, characterized by nuclear staining, at the 
site of injection; (B) Low magnification image demonstrating localization of DREADD expressing 
neurons (red) in thalamus; (C) Higher magnification image of thalamus regions expressing both 
DREADD (mCherry=red) and Cre (nuclear eGFP=green). Blue = DAPI staining of cell nuclei. 
Images were obtained using an inverted epi-fluroescence microscope (Nikon Eclipe Ti-U) 
equipped with a DSQi2 CMOS camera. 

 

 

 

Figure 18. Percentage of time spent freezing during inter-trial intervals (ITI) in the Fmr1WT and 
Fmr1KO groups after intraperitoneal injection of CNO (Fmr1WTCNO and Fmr1KOCNO) or vehicle 
solution (Fmr1WTVHC and Fmr1KOVHC)  for DREADD-dependent manipulation of ACC thalamic 
inputs. (A) Time course of TFC encoding, and (B) average freezing during TFC  encoding. 
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6. DISCUSSION 

The aim of this study was to examine alterations in the structural connectivity of 

prefrontal cortex circuits in Fmr1KO mice and to explore the functional consequences 

of these changes for cognitive abilities and behavioural outcome. We investigated 

these questions in the ACC part of the PFC. The reasons for this choice were that 

while defects in PFC function are poorly described in mouse models of ASD, there is 

existing literature demonstrating electrophysiological alterations in ACC function in the 

Fmr1KO mouse (e.g.: Zhao, et al., 2005; Koga et al., 2015) 135,137, and in the 

structural/functional connectivity of the ACC in the Cntnap2KO mouse model of ASD 

62,206.  Moreover, the ACC has been described as a hub of connectivity 12 crucially 

implicated in cognitive abilities that are deficient in ASD, and is thus a likely target for 

pathophysiological changes leading to alterations in circuit function. 

 

Inputs into engaged ACC neurons involved in the performance of a 

behavioural task 

Using an innovative intersectional viral approach, combined with high throughput 

imaging, we explored the inputs specifically into those ACC neurons that were engaged 

in the TFC task. Although the dataset obtained is from a small experimental cohort it 

provides some interesting observations about the circuit underlying attention-

dependent associative learning in Fmr1KO mice. Overall, the brain regions we 

identified as source of ACC inputs (appendix 1) are consistent with previous 

descriptions of afferent projections to a general ACC neuronal population (not linked to 

any specific behavioural task) 126,127. Interestingly, our data revealed the MCC as a 

main cortical input into ACC engaged neurons. This input, as well as its potential 

function, is not clearly described in the literature.  This is likely due to the fact that most 

rodent studies fail to mention the MCC (area 24’) as a separate brain area, and rather 

include this area together with the ACC (area 24). So far, preclinical functional studies 

have implicated the MCC in pain processing, and the control of attentional and visual 

spatial orientation 207. MCC thus seems to functionally complement the ACC, and to 

correspond to what is known about the human MCC 207. Another main cortical input into 

engaged ACC neurons was from the RSP cortex. RSP activity is critical for trace (and 

contextual) fear memory formation and, taking into consideration our results, this might 

involve projections into the ACC 208,209. Several studies have also elucidated the role of 

both hippocampus (namely the CA1 field) and basolateral amygdala in TFC 210. Yet, in 

contrast to RSP, their connectivity with the ACC was relatively sparse. This is 

consistent with previous studies identifying light labelling within the hippocampus, but 
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somewhat contrary to findings suggesting a greater density of amygdalar inputs, in 

particular from the basolateral amygdala 126,127. This finding may reflect a functional 

selection of circuits involved in the encoding of the trace fear memory, but not fear per 

se. 

Additional quantitative differences between previous results and ours were 

observed in thalamic inputs. Hoover and Vertes (2007) showed that ACC afferents 

from the thalamus (in the rat) implicates the anteromedial, mediodorsal, central lateral, 

paracentral, and reuniens nuclei 127. Our analysis (in the mouse) suggests that the 

thalamic inputs to ACC neurons engaged in the TFC task arise primarily from the 

anteromedial, mediodorsal, and paracentral nuclei, and from the posterior and ventral 

anterior-lateral complexes of the thalamus. These differences might reflect the fact that 

specific circuits are required for the TFC task (e.g. as suggested by the work of Ye et 

al., 2016) 211, but also differences between rat and mouse brain connectivity, or in the 

subzone of the ACC that was targeted (e.g. as suggested in Fillinger et al. 2017) 126. 

Two neuromodulator ACC inputs that stood out were the NDB pallidum nuclei 

and the lateral hypothalamus. Both are likely very relevant for TFC. NDB cholinergic 

projections are part of the mPFC’s acetylcholine neuromodulation supporting cognitive 

functions such as attention, learning and memory 212–214. Similarly, the lateral 

hypothalamus includes many groups of orexin neurons that are known to target the 

mPFC 215 and mediate attention through selective activations of thalamocortical 

terminals 216.   

 

Potential alterations in ACC circuits in the Fmr1KO mouse 

According to our findings, specific aspects of the ACC connectivity may be 

altered in the Fmr1KO mouse model. Although the small sample size prevents a robust 

statistical analysis, our data proposes changes in the proportion of labelled presynaptic 

neurons with respect to the total number of neurons throughout the brain of Fmr1KO 

mice. In particular, the percentage of total inputs stemming from the PO, AM and MD 

thalamic nuclei seem to be affected. In fact, recent studies support an important role of 

thalamocortical circuits for cognitive integration, from learning and memory to flexible 

adaptation 217,218.  

PO projections to the neocortex have been correlated with sensory-motor 

processes. For example, projections from this thalamic complex to vibrissae-related 

domains of the motor and somatosensory cortices are known to impact the sensory 

processing and affect active whisker exploration in rodents 219. Our results pointed to a 
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reduction of afferents from this source, potentially leading to an alteration in the ACC 

processing of sensory information. 

The anterior thalamic nuclei (which includes the AM nucleus), via its connections 

with the ACC and the orbitoprefrontal cortex, contributes to reciprocal hippocampal-

prefrontal cortex interactions underlying memory processing and spatial navigation in 

rodents 217,218. Notably, Wright et al. (2015) explored the role of the anterior thalamus in 

directing attention to task-relevant stimuli and proposed that ACC might contribute to 

this function 220. Interestingly, our data suggests that inputs from this region may be 

increased. The functional implication of this alteration remains speculative at this point, 

since a greater percentage of presynaptic neurons does not necessarily mean a 

greater efficiency of this projection. Additional studies are required to probe the 

functional consequence of this potential connectivity reorganization. 

The contribution of the MD thalamic nucleus to learning and memory has been 

extensively confirmed 217. The role of an extensive forebrain circuit involving the MD, 

the basolateral nucleus of the amygdala, and the mPFC, for both the establishment 

and extension of fear-related memories is very well supported by many studies. Work 

by Mátyás et al. (2015) using tracer injections shows that in this fear circuit, the 

basolateral nucleus of the amygdala and the MD might interact via mutual reciprocal 

connections with the insular cortex and the ACC 221. On other hand, the optogenetic 

activation of MD inputs to the ACC exacerbated pain-related aversion, according to 

Meda et al (2019) 222. Numerous studies have also demonstrated that reciprocal 

interaction between MD nucleus and the mPFC (including the ACC) supports working 

memory, and that these MD inputs have a circuit-specific role in sustaining the PFC 

activity during the delay period of working memory task 223–225.  The possible reduction 

of MD inputs in Fmr1KO mice could thus be expected to impact a number of cognitive 

processes 

Structural and electrophysiological data revealed that, within the mPFC, MD 

inputs drive direct excitation of prefrontal pyramidal neurons, as well as feedforward 

inhibition (through the direct innervation of inhibitory interneurons) 222,226. Additionally, 

glutamatergic projections from the cerebellum to the MD nucleus activate, in turn, MD 

glutamatergic afferents to the medial PFC, thereby modulating mesocortical 

dopaminergic terminal release in this brain region 227.  Interestingly, Fmr1KO mice 

display an attenuation in this cerebellar-evoked medial PFC dopamine release 

compared to WT controls 227. Local depletion of dopamine in the mPFC can cause 

cognitive deficits. Specifically, Granon et al. (2000) reported impaired attentional 

performance after infusion into the mPFC of an antagonist of D1 dopaminergic 
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receptors, while Pezze et al. (2015) confirmed that the infusion of a D1 agonist into the 

ACC can improve attentional performance during trace conditioning tasks 228–230.  

This body of evidence (including our own findings) highlights the MD as a 

particularly interesting brain structure for further investigations into the functional role of 

connectivity alterations with the ACC in the establishment of cognitive deficits in the 

Fmr1KO mouse model (i.e.: experimental task 2). 

 

Functional consequences of altered ACC circuit for Fmr1KO behavioural 

outcome 

Our findings suggested that thalamic projections to ACC are altered in the 

Fmr1KO mouse model. Namely, there was a decrease in the number of MD inputs into 

ACC neurons engaged during the acquisition of TFC. To probe the contribute of this 

specific input disruption on Fmr1KO phenotype, we proposed to analyse the 

consequences of its DREADD-mediated neural activation on behavioural outcome.  

Before this experience, MD coordinates were tested through the stereotaxic 

delivery of a fluorescent probe. Yet, imaging of the site of injection revealed that virus 

transduction and DREADD expression occurred in ACC efferents sent from 

surrounding nuclei. To limit the viral injection to a specific thalamic nuclei represents a 

challenge since this brain regions is composed by several adjacent and small nuclei, it 

is easier to target a thalamic group of nuclei. In addition, due to the limited time frame 

we had to perform this experience, experimental conditions were adapted from 

previous protocols implemented at the lab, and not tested and optimized to our 

propose. For instance, we did not test if the AAV serotype used was appropriate to 

target the MD neurons  – different AAV serotypes have tropism for different brain cell 

populations according with the brain regions 231. And experimental details such as the 

targeting approach (e.g.: needle or glass capillary) and volume of AAV delivered also 

dictate extension of neural transfection, and thus the magnitude of the circuit 

manipulation 232.  

Although based on small and unbalanced experimental groups, we found that 

stimulation of different thalamic-ACC pathways during both encoding and retrieval of 

TFC might not affect behavioural performance, even though we have interfered with 

the neural activity of one of the main brain sources of inputs to ACC neurons engaged 

during TFC.  
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Choice of the trace fear conditioning paradigm 

We employed TFC as a behavioural model for attention related cognitive deficits. 

TFC is an associative learning paradigm that introduces a time delay (the trace 

interval) between the conditional stimulus and the unconditional stimulus. Clinical and 

preclinical studies have established a requirement of ACC activation for attention 

118,123,124. In addition, Han, et al. (2003) demonstrated the necessity of both attention 

and ACC activation for intact TFC 125. Other behavioural tasks, such as the five-choice 

serial reaction time task [described in Robbins (1998)], are employed to explore 

attention on a sustained basis. However, these protocols include several days of 

training, which are not compatible with tet-tagging technical approaches and may be 

difficult to establish in transgenic mice. Another issue which merits discussion is that it 

has been very well documented that behavioural phenotypes in the Fmr1KO mouse 

vary across publications 202. One of the current challenges for research in this field is to 

identify phenotypes, or phenotyping approaches, that are reproducible between 

laboratories. To this extent, we find it to be a strength of our findings that we were able 

to reproduce phenotypes in the second generation Fmr1KO mouse line through 

methods established by independent laboratories which used first generation Fmr1KO 

mice. Based on these findings we tested two different protocols that only differ on the 

foot shock strength used.   

Previous studies that tested Fmr1KO mice for their performance in TFC do not 

agree at which stage (encoding or response to the tone in a novel-context) of the task 

this experimental model displays the impairment. For instance, Zhao et al. (2005) and 

Nolan, et al. (2017) suggested that Fmr1KO mice have difficulties in the acquisition of 

trace fear memory during the encoding session, as well as in the expression of trace 

fear memory 24 hours later 137,204. Hayashi et al. (2007), on the other hand, described 

that Fmr1KO mice exhibit normal memory acquisition but a significant reduction in 

tone-induced freezing 203. Beyond the fact that the three publications use different 

methodological protocols (e.g.: number of conditioning trials and stimuli strength), the 

genetic background of the Fmr1KO mouse model might be a main raison for discrepant 

results since both Zhao et al. (2005) and Nolan, et al. (2017) used a FVB mouse strain, 

and Hayashi et al. (2007) used a B6 mouse strain. In fact, the genetic background has 

been described to play a relevant role in the way the Fmr1KO mouse model manifests 

certain phenotypes (explored in Pietropaolo, et al., 2011) 202,233, and our findings 

reinforce this notion. While Nolan, et al. (2017) applied a less aversive stimulus and 

found deficits in both learning and memory in Fmr1KO mice on a FVB background 204, 

a similar protocol (TFC0.4mA) did not fear conditioned the Fmr1WT mice and did not 
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reproduce the same impairments in the Fmr1KO when applied to our B6 mouse strain 

model. Nevertheless, this result could be different if our experimental group was larger 

and balanced across genotypes (3WT vs 6KO). Kazdoba, et al. (2014) approached the 

possibility of phenotyping variances observed in the Fmr1KO mouse model reflecting 

the variability of FXS/ASD-related clinical symptoms, rather than only differences in 

procedures or genetic background. In addition, it is possible that other phenotypic 

aspects of FXS obscure the measurement of behaviourally expressed attention deficits.  

For example, Fmr1KO mice also exhibit novelty-related hyperactivity 234, which could 

lead to lower freezing scores.  On other hand, freezing behaviour is only one of several 

means of evaluating the expression of fear.  Other fear-related responses could include 

fear-related shivering or alterations in heart-rate, which might present differently in 

Fmr1KO and WT mice, and which would not be measured during the scoring of 

freezing.  Lastly, Fmr1KO have a greater sensitivity to mild acoustic stimuli 235 and this 

might also complicate their expression of a test that was intended to detect alterations 

in attention (in this case, to acoustic stimuli).   

A robust difference between Fmr1KO and WT mice was only achieved using the 

TFC paradigm when using a foot shock of 0.7mA instead of the less aversive approach 

(0.4mA). Both times we tested TFC0.7mA encoding (i.e.: when testing protocols and for 

the viral tracing experiment), genotype had a significant impact over conditional trials 

and Fmr1KO mice showed significantly reduced freezing time in the overall encoding 

session, suggesting that this mouse model has deficits in associative learning (during 

day1). This difference between genotypes was also observed in the novel-context 

session, indicating that the Fmr1KO mice also has deficits in memory retrieval (day2). 

Since the cohort used for both experimental sets was small and the second group of 

animals did not undergo the novel-context session, further experiments can be done to 

confirm if the second generation Fmr1KO mouse model has indeed impairments 

related to difficulties in the integration of multiple sources of information (needed for 

TFC acquisition) which might consequently impact the retrieval of the cued memory. 

 

Shortcomings, technical limitations and further controls 

Some of the individual experimental approaches employed in this project have 

shortcomings. For instance, undersampling of labelled presynaptic neurons is a main 

limitation of rabies virus-based mono-trans-synaptic tracing (reviewed in Ginger et al., 

2013). Possible explanations are low levels of RG expression, or a possible viral 

tropism that affects the synaptic crossing according to its properties (strength, anatomy 

or molecular signature) 156. To minimize the impact of under-sampling, the number of 
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labelled presynaptic neurons should be normalized to the number of starter cells (the 

ACC neurons transfected to express the TVA and RG molecules). Since it was not 

possible to use confocal imaging of our brain slices in order to count the starter cells, 

this important analysis was not performed – figure19 illustrates this point, showing the 

density of labelling and technical complexity of detecting starter cells (green nuclei and 

red cell body in same focal plane) within the intensely labelled network. The 

identification of starter cells would also be crucial to localize them and confirm if TVA 

and RG expression was restricted to the ACC or included portions of other medial 

prefrontal cortical regions – although we tested the injection site prior to start the 

experiments, and our tracing results, as a whole, are qualitatively and quantitatively 

consistent with previous descriptions of ACC inputs. In addition, our sample size is 

small and not balanced between experimental groups (i.e.: 2 WT vs 3 KO), thus 

impacting the power of statistical analysis. Future experiments should encompass 

additional control groups in which animals are stereotaxically injected with a vector 

expressing TVA only, or in which the animals remain on the doxycycline diet during the 

task (to test the leakiness of the doxycycline regulation), or are doxycycline deprived, 

but remain in the home cage (to identified “background” labelling). It may be also 

pertinent to compare our findings with the inputs into ACC neurons activated during the 

novel-context session the task since the neural substrates for TFC encoding and 

retrieval probably differ. 

 

 

 

 

 

 

 

 

 

 

Figure 19. Visualization of starter cells in ACC. (A) Maximum projection derived from confocal 

image showing cfos (nuclear eGFP=green) expressing neurons and RABV ∆G transduced 

neurons (mcherry=red); (B) Zoom of selected region permitting starter cells visualization 

(identified by the presence of a yellow nucleus and red cell body). Scale = 250m.  Images were 

obtained with a Leica SP8 confocal microscope equipped with 20X 0.7 NA objective. Courtesy 

of Doctor Melanie Ginger. 
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Another shortcoming of our work relates to the tissue processing and mapping 

procedures. A better alternative to the traditional and mainly manual procedure we 

used to count and map the labelled neurons, are approaches that use automated light 

microscopy systems, namely serial block-face two-photon scanning microscopy, or 

tissue clearing and light-sheet fluorescence microscopy (described in Neurocircuit 

Mapping and Characterization) 178. These methods allow the standardization and 

increase the throughput of mesoscopic connectivity mapping projects. Likewise, it 

would be interesting to integrate automated mapping approaches based on machine 

learning for the detection and mapping of neurons 178. Another main challenge of brain 

mapping is the variability among brain atlases (e.g.: Allen Mouse Brain Atlas vs 

Paxinos and Franklin Mouse Brain Atlas) regarding the ontology of nomenclature, 

abbreviations and hierarchical organization of brain structures, which makes it difficult 

to compare data with the existing literature. In this context, it is also relevant to 

mentioned that the distinction between mouse ACC and MCC was estimated based on 

distances to bregma and landmarks referred in Vogt and Paxinos (2014). Yet, no 

cytoarchitectural analysis was done to confirm it. 

Our pharmacogenetic manipulation of thalamic inputs to ACC were not 

conclusive mainly because DREADD expression occurred outside the MD. In addition 

to the experimental conditions (mentioned above, e.g.: serotype and volume of AAV), 

other technical details should have been taken in account. For instance, alternatives to 

CNO could also have been tested. According to Manvich et al. (2018) work on CNO 

pharmacokinetics in mice, this compound is rapidly metabolized to clozapine, which 

more easily converts into NDMC (N-desmethylclozapine) than into CNO again 236. Both 

CNO metabolites have been related with off-target/interoceptive effects on behaviour or 

locomotion 236,237, for example. To detect these non-specific effects and verify CNO 

efficacy, an additional control group of animals only expressing mCherry, injected with 

CNO, should also be included 232. In addition, excitatory DREADDs depolarize the 

neurons, without evoking action potentials, per se 186,232, and , since synaptic drive is 

still required for the neuron to fire, this may have not be enough to compensate the 

circuit deficits observed in the Fmr1KO mice. Optogenetic approaches, for instance, 

can lead to a more robust neural activity with higher spatial-temporal resolution 238. In 

contrast, DREADD technology allows longer periods of neural activity modulation (from 

minutes to hours) without the risk of photo-toxicity 158,197,232. Optogenetics also 

represent a more intrusive method since it additionally requires the surgical brain 

implantation of systems to delivery light, as well as behavioural installations adapt to it 

158,197. Additionally, DREADD-based approaches might have limitations depending on 

which cell-type or brain area is targeted.  Alternative chemogenetic approaches based 
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on ligand-gated ion channels (such as PSAM/PSEM) might also be tested to overcome 

this problem 239. Finally, we targeted the MD-ACC pathway based on evidences of its 

role in several cognitive processes. Lesions in the MD thalamic nuclei are described to 

affect contextual fear memory 240, and significantly impair trace eyeblink conditioning 

241, yet the specific contribution of MD efferents in TFC was not explored before. Thus, 

a good starting point would be a loss of function experiment (e.g.: DREADD-mediated 

inhibition of MD input into ACC on WT mice) to confirm if it interferes in TFC outcome. 

This experiment would also be relevant since the MD input was not the only thalamic 

input found altered in the Fmr1KO mouse in our viral tracing results, and PO or AM 

thalamic nuclei could have been revealed as better targets for this functional analysis. 

Importantly, even though these circuit differences were detected by labelling 

presynaptic inputs of ACC neurons engaged in TFC it does not mean that the input 

itself was engaged by the task. To explore the role of this circuit in trace fear 

conditioning in Fmr1KO mice, a number of other approaches might also have been 

used such as classical cFOS staining approaches and electrophysiological recordings 

in awake behaving mice. 
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7. CONCLUSION 

Core features of ASD, namely deficits in social behaviour and communication, 

stereotyped and repetitive patterns of movements and restricted interests, typically 

coexist with multiple medical and psychiatric comorbidities. Numerous studies have 

contributed to the theory that neurological comorbidities might have a bigger impact in 

function and outcome than core symptoms alone and, therefore, are extremely relevant 

for the phenotypic characterization of this disorder.  

In addition, clinical and preclinical evidences support the hypothesis of 

generalized atypical neural connectivity contributing to the neuropathobiological basis 

of ASD. Alterations specifically in the ACC circuitry are correlated with social, 

behavioural and cognitive deficits of ASD, notably in selectivity of attention. Given that 

alterations in connectivity may explain various phenotypic features of ASD, they have 

been recently considered as an ASD biomarker that can aid in early diagnosis and 

prognosis of children with ASD. 

Due to the variable nature of these changes, as well as the different spatial 

scales involved, further attention is required to more precisely study changes in 

connectivity in ASD. The development of methodology for cell-specific neural circuit 

mapping and manipulation (such sophisticated viral tracing approaches and 

chemogenetic systems) permits the analysis of mesoscale alterations in brain 

connectivity in animal models of ASD. Hence, preclinical studies may allow the 

correlation of alterations in neural circuits with specific genetic and non-genetic risk 

factors, under controlled experimental conditions (thus reducing the variation present in 

a heterogeneous clinical population).  

The present project explored the neurobiological underpinning of altered 

cognition (a very common comorbidity in ASD) through the analysis of ACC 

connectivity. Our novel experimental strategy enabled us to limit the rabies-virus 

mediated mono-trans-synaptic tracing to neurons that are directly presynaptic to the 

ACC neurons activated during the acquisition of an attention-dependent associative 

learning task. Analysis of the number and location of these presynaptic neurons 

indicates that the Fmr1KO mouse has alterations in the anatomical input map of this 

brain region. Further work is needed to establish if these circuit alterations are in fact a 

cause of the observed TFC deficit (see future perspectives). 

Studies like this, that relate connectivity differences to concrete ASD phenotypes, 

may contribute to an improved understanding and stratification of this heterogeneous 

and complex disorder. Such changes could subsequently lead to improvement of 

clinical treatment response or drug design. 
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8. FUTURE PERSPECTIVES 

The detailed examination of inputs into a specific population of ACC neurons 

engaged during the acquisition of TFC (the first experimental task of this project), 

suggests that ACC connectivity is altered in the Fmr1KO mouse. Yet, further analysis is 

need do increase the sample size, include the starter cells and pre-synaptic labelled 

neurons surrounding the injection site, and add controls. Given that the whole brain 

mapping approaches applied (i.e.: manually or using a semi-automatic software) are 

time-consuming and underly large inter-variability between individuals performing the 

analysis, we would like to integrate an automated mapping approach for the analysis of 

two-dimension data.  

Since our pharmacogenetic approach to assess the functional consequences of 

ACC circuit alteration on Fmr1KO mice phenotype failed probably mainly due to 

technical reasons, it needs to be optimized. A new experimental design should include 

a loss-of-function approach in WT mice to prove the relevance of each altered thalamic 

input (i.e.: AM, MD and PO nuclei afferents to the ACC) on TFC outcome; additional 

controls; and previously tested experimental conditions (e.g.: thalamic nuclei 

stereotaxic coordinates). 

Additional studies should be done to specifically identify the type of presynaptic 

neurons targeted, as well as their presynaptic partners (e.g.: cerebellum > MD > ACC 

circuit).
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APPENDIX 1. List of inputs into ACC neurons engaged during TFC 

Visual cortex (VIS)

Retrohippocampal region Entorhinal area

Dorsal region

Lateral septal complex

Dorsal region

Caudal region

Ventral posterolateral nucleus (VPL)

Ventral posteromedial nucleus (VPM)

Ventral posteromedial nucleus, parvicellular part (VPMpc)

Anteromedial nucleus (AM)

Midcingulate cortex (MCC)

  Piriform area (PIR)

Cortical amygdalar area (COA)

Endopiriform nucleus (EP)

Basomedial amygdalar nucleus (BMA)

Mammillary body

Frontal pole (FRP)

Ammon's hornHippocampal region

Piriform-amygdalar area (PAA)

Post-piriform transition area (TR)

  Anterior cingulate Cortex

Lateral preoptic area (LPO)

Zona incerta (ZI)

  Hypothalamic medial zone
Posterior hypothalamic nucleus (PH)

Rhomboid nucleus (RH)

Central medial nucleus (CM)

Paracentral nucleus (PCN)

Central lateral nucleus (CL)
Parafascicular nucleus (PF)

Secondary (Mos)

Primary (SSp)

Supplemental (SSs)

ISOCORTEX

Agranular insular cortex

Retrosplenial cortex

Taenia tecta

OLFACTORY AREAS

HIPPOCAMPAL FORMATION

Somatomotor cortex

Somatosensory cortex

Gustatory cortex (GU)

Visceral cortex (VISC)

Orbital cortex

Dorsal (AId)

Lateral (ENTl)

Dorsal peduncular area (DP)

CA1

CA3

Dorsal (ACCd)

Ventral (ACCv)
Prelimbic cortex (PL)

Infralimbic cortex (ILA)

Lateral (ORBl)

Medial (ORBm)

Ventrolateral (ORBvl)

Primary (MOp)

CORTICAL SUBPLATE

Diagonal band nucleus (NDB)

Medial septal nucleus (MS)

Ventral region

Claustrum (CL)

Caudoputamen (CP)

Nucleus accumbens (ACB)

Substantia innominata (SI)

Magnocellular nucleus (MA)

Basolateral amygdalar nucleus  (BLA)

Mediodorsal nucleus (MD)

Ventral anterior-lateral complex (VAL)

Submedial nucleus (SMT)

Midline group
Paraventricular nucleus (PVT)

Parataenial nucleus (PT)

Intralaminar nuclei 

STRIATUM

Ventral region

Striatum-like amygdalar nuclei

PALLIDUM

Bed nuclei of the stria terminalis (BST)

Anterolateral (VISal)

Auditory cortex (AU)

HYPOTHALAMUS

Periventricular zone
Medial preoptic area (MPO)

Periventricular hypothalamic nucleus (PVp)

Hypothalamic lateral zone

Lateral hypothalamic area (LHA)

Posterior (AIp)

Ventral (AIv)

Lateral agranular (RSPagl)

Dorsal (RSPd)

Ventral (RSPv)

Posterior parietal association areas (PTLp)

Dorsal (TTd)

Ventral (TTv)

Main olfactory bulb (MOB) 

Ectorhinal area (ECT)

Anterior olfactory nucleus (AON)

Reticular nucleus (RT)

THALAMUS

Sensory-motor cortex related
Ventral group

Ventral medial nucleus (VM)

Pretectal region (PRT)

Behavioral state related Midbrain raph nuclei

Olfactory tubercle (OT)

Lateral septal nucleus (LS)

Anterior amygdalar area (AAA)

Central amygdalar nucleus (CEA)

Medial amygdalar nucleus (MEA)

Globus pallidus (GP)

Medial region Medial septal complex

Ventral posterior complex

Subparafascicular area (SPA)

Polymodal association cortex related

Lateral group
Lateral posterior nucleus (LP)

Posterior complex (PO)

Anterior group

Anteroventral nucleus (AV)

Anterodorsal nucleus (AD)

Interanterodorsal nucleus (IAD)

Lateral dorsal nucleus (LD)

Medial group
Intermediodorsal nucleus (IMD)

HINDBRAIN Pons

Pons behavioral state related

Pons motor related

Substantia nigra, reticular part (SNr)

Ventral tegmental area (VTA)

Midbrain reticular nucleus (MRN)

Superior colliculus, motor related (SCm)

Periaqueductal gray (PAG)

Anterior pretectal nucleus (APN)

Nucleus of the posterior comissure (NPC)

Red nucleus (RN)

Ventral tegmental nucleus (VTN)

Substantia nigra, compact part (SNc)

Interpeduncular nucleus (IPN)

Central linear nucleus raphe (CLI)

Interfascicular nucleus raphe (IF)

Pedunculopontine nucleus (PPN)

Pontine reticular nucleus (PNr)

Superior central nucleus raphe (CS)

Pontine central gray (PCG)

Tegmental reticular nucleus (TRN)

MIDBRAIN

Motor related 


