
 

 

Identification of Non-Coding RNAs Associated with Autism 
Spectrum Disorder and Cognitive Assessment of NMDA 

Receptor Modulators in Mouse 
 

 

 

INAUGURALDISSERTATION 

 

zur 

Erlangung der Würde eines Doktors der Philosophie vorgelegt der  

Philosophisch-Naturwissenschaftlichen Fakultät 

der Universität Basel 

 

von 

 

Baran Koç 
 

aus der Türkei 

 

 

2019 

 

 

 

 

 

 
Originaldokument gespeichert auf dem Dokumentenserver der Universität Basel 

edoc.unibas.ch  



ii 
 

 

 

 

 

 

 

Genehmigt von der Philosophisch-Naturwissenschaftlichen Fakultät auf Antrag 
von 

 

 

Prof. Dr. Mihaela Zavolan 

Dr. Benjamin J. Hall 

Prof. Dr. Tania Rinaldi Barkat 

 

Basel, den 23.04.2019 

 

 

Prof. Dr. Martin Spiess 

Dekan  



iii 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To my grandparents Türkan and Beyhan 

 



iv 
 

 

Acknowledgements 

I wish to thank my advisor Dr. Benjamin Hall for his support and guidance throughout 

my research. His knowledge and teachings have provided me with the foundations to 

grow into a better scientist every day. I appreciate Dr. Eoin O’Connor for his support and 

providing the opportunity for exciting research collaborations. I would like to express 

my gratitude to my committee members Prof. Mihaela Zavolan and Prof. Tania Rinaldi 

Barkat for their invaluable time and efforts for my progress. I would like to extend my 

appreciation to Hall Lab members: Anja, Oliver, Jackie C., Eva, Imen, Michael, Jackie M., 

Joel, and to the “semi-member” Tev. I would like to thank all Ephys group members for 

their valuable comments and contributions. Especially Madhu for bringing her social and 

scientific enthusiasm to help me get through my PhD. Special thanks to Alex for being a 

great first lab mate at Roche. I truly appreciate Geoff for his invaluable contributions to 

our RNA-Seq study. A special acknowledgment to Ronald for helping us analyze RNA-Seq 

data and to Nicolas and Tobias for their scientific contributions. Thank you Roger for 

teaching me the finest tricks of animal experimentation. I would like to thank all the 

animal facility staff for their invaluable efforts. A big thank you to all my family and 

friends in Basel and beyond: Fabrizio, Alaz, Orçun, Mümün, İrem, Keith, Mehtap, Gizem İ., 

Nazlı, Ayşegül A., Seda, Maria Anna, Gizem Ö., Atılgan, Ayşegül B., Erhan, Bjorn, Benoit, 

Cristina, Clemens, Francesca, Mark and many more… I would like to express my greatest 

gratitude to my parents who supported me my whole life with their constant love and 

trust.  



v 
 

 

Table of Contents 

Acknowledgements.................................................................................................................................................. iv 

Table of Contents ........................................................................................................................................................v 

Summary ........................................................................................................................................................................ 1 

Background ................................................................................................................................................................... 3 

Autism Spectrum Disorder .............................................................................................................................. 3 

Prefrontal Cortex .......................................................................................................3 

Striatum .....................................................................................................................4 

Genetic and Molecular Underpinnings of ASD ....................................................................................... 5 

Coding Genes Associated with ASD ...............................................................................5 

NMDA Receptors .......................................................................................................7 

Cell-Specific Role of GluN2B-Containing NMDA Receptors ......................................8 

SynGAP ......................................................................................................................9 

Long Non-Coding RNAs ............................................................................................... 10 

General Characteristics of LncRNAs........................................................................ 11 

Molecular Mechanisms of LncRNA Function .......................................................... 11 

Involvement of LncRNAs in ASD ............................................................................. 13 

Targeting Natural Antisense Transcripts for Novel lncRNA-Based Therapies ...... 14 

Assessing Cognition in Animal Models ................................................................................................... 15 

Working Memory ........................................................................................................ 15 

Trial Unique Non-Matching to Location (TUNL) Task ............................................ 16 

Pharmacological Studies with NMDA Receptor Modulators ...................................... 16 

Animal Studies ............................................................................................................ 17 

Results .......................................................................................................................................................................... 20 

Chapter 1 - Identification of Natural Antisense Transcripts in Mouse Brain and Their 
Association with Autism Spectrum Disorder Risk Genes ............................................................. 20 

Abstract ....................................................................................................................... 20 

Background................................................................................................................... 22 

Methods ....................................................................................................................... 23 

Results ......................................................................................................................... 28 

Discussion ................................................................................................................... 38 

Supplementary Figures ............................................................................................... 45 

Supplementary Materials ............................................................................................ 48 



vi 
 

Chapter 2 - Diverse Modes of NMDA Receptor Antagonism Disrupt Working Memory 
by Affecting Different Behavioral Measures ........................................................................................ 49 

Abstract ....................................................................................................................... 49 

Introduction ................................................................................................................ 50 

Methods ....................................................................................................................... 52 

Results ......................................................................................................................... 55 

Discussion ................................................................................................................... 63 

Supplementary Figures ............................................................................................... 69 

Supplementary Materials and Methods ...................................................................... 79 

Concluding Remarks and Future Outlook .................................................................................................. 81 

References .................................................................................................................................................................. 83 

 

 



1 
 

 

Summary 

Autism spectrum disorder (ASD) is a common neurodevelopmental condition characterized 

by impaired social interaction and communication as well as restricted and repetitive 

behaviors. The ASD etiology is complex and ill-understood. A combination of genetic and 

environmental factors is thought to be implicated in the ASD pathology. Many mutations 

have been linked to ASD in protein-coding genes. But long non-coding RNAs (lncRNAs) have 

attracted particular attention due to their role in the regulation of gene expression. In this 

thesis, I aimed to understand the transcriptional regulation of sense and antisense RNA 

transcripts related to ASD (Chapter 1), and to reveal the brain region-specific roles of 

GluN2B and Syngap1 in cognition (Chapter 2). 

In Chapter 1, the primary focus was on 100 genes that were associated with ASD. Their 

sense and antisense transcript expression was profiled using a deep RNA sequencing 

approach. A small fraction of the examined transcripts showed brain region-specific 

enrichment in the medial prefrontal cortex (mPFC) or striatum across mouse development. 

Using this data, a de novo antisense transcriptome was generated with mPFC- and striatum-

specific annotations, which yielded more than 70,000 antisense transcripts. A subset of 

these transcripts was validated in the mouse brain by qPCR. Moreover, the blast analysis 

revealed that a fraction of the de novo transcripts had high complementary coverage with 

the human genome.  

In Chapter 2, the effects of NMDA receptor (NMDAR) antagonism on cognition were 

investigated. First, a touchscreen-based spatial working memory task for pharmacological 

testing was successfully optimized. Using this task, it was then demonstrated that the 

systemic administration of non-subunit selective uncompetitive antagonist MK-801 and 
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GluN2B-selective antagonist impaired working memory performance in mice by affecting 

different behavioral measures. Furthermore, by combining systemic NMDAR antagonism 

with genetic suppression of GluN2B or Syngap1 in mPFC, it was observed that loss of 

GluN2B exacerbated the MK-801-induced working memory impairment while Syngap1 

knockdown animals showed reduced impairment. 

Overall, the methods and results demonstrated in this thesis contribute to the 

understanding of the interplay of sense-antisense partners in the regulation of ASD-related 

genes and provide insight into how NMDARs and an associated cellular signaling molecule 

contribute to specific features of working memory. The results presented here could be 

used to define mechanistic targets in preclinical animal models with the ultimate goal of 

developing novel therapeutics for people in need. 
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Background 

Autism Spectrum Disorder 

Autism Spectrum Disorder (ASD) is a group of neurodevelopmental conditions that include 

abnormal social interactions, impaired communication as well as stereotypical and 

repetitive behaviors (1). Current estimation for ASD prevalence is 1 in 68 children, and 

significantly more common (1 in 42) among boys (2). ASD is heterogeneous and can arise 

from epigenetic, genetic and environmental factors (3). Disease can manifest itself with 

behavioral abnormalities, delayed language development, intellectual disability, epileptic 

encephalopathy, soft neurologic motor signs, and presence of non-neurologic conditions 

like gastrointestinal and cardiac complications (4-7). Various studies demonstrated that 

neurological and neurodevelopmental processes are disturbed in ASD, particularly 

establishment and maintenance of cortical excitatory/inhibitory balance (8), functional 

local versus long-range connectivity among cortical brain regions (9, 10), and increased 

number of neurons (11, 12). Dysfunction in several brains regions and neuroanatomical 

abnormalities have been associated with the pathology of ASD (13).  

In this thesis, I focused on the transcriptional profiles of ASD-related genes and their 

associated antisense transcripts in medial prefrontal cortex (mPFC) and striatum, as well as 

mPFC-specific cognitive assessment of N-methyl-D-aspartic acid (NMDA) receptor 

modulation in mouse. 

Prefrontal Cortex 

The prefrontal cortex (PFC) is the execution hub of the human brain and it controls many 

higher-order cognitive processes including working memory, decision making, emotions, 

social behavior, communication and learning (13). Several functional and structural 
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changes have been identified in PFC of ASD brains. Neuroimaging studies have revealed 

overgrowth of prefrontal regions in autistic children. Moreover, abnormal functional 

asymmetry and activation between the cortex and cerebellum have been observed (14). 

Postmortem studies revealed autistic brains had 67% more neurons in the PFC and 

increased brain weight compared to neurotypical brains (11). PFC has been the main focus 

of many ASD studies due to its role in emotional processing and social communication 

which are disturbed in or individuals with ASD. 

Striatum 

The striatum is the critical regulator of motor and reward systems in the brain. It acts as a 

central relay station of inputs received from a number of cortical, thalamic and limbic brain 

regions to basal ganglia (15). Striatal circuits are proposed to be involved in behavioral 

flexibility, motivational state, goal-directed learning, and attention (16), which can be 

associated with ASD symptoms (Fig. 1). Striatal dysfunction is hypothesized to be 

responsible for the repetitive motor behavior present in ASD, and several imaging and 

neurological assessment studies supported this postulation (17) Given that multiple lines of 

evidence suggest that striatal dysfunction is associated with the core symptoms of autism 

including social and cognitive deficits, a more thorough understanding of its genetic makeup 

would be important to understand the underling physiology and define the mechanistic 

targets for ASD. 
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Figure 1. Proposed striatal functions and their association with autism symptom domains. 

Taken from Fuccillo et al. (17). 

Genetic and Molecular Underpinnings of ASD 

The definitive etiology of ASD remains unknown; it can arise from environmental, 

epigenetic and genetic factors. High concordance rates among monozygotic twins (18, 19) 

and increased autism recurrence among siblings (20) indicate a strong genetic component. 

The current estimation of ASD heritability is around 50% (21, 22). Besides heritability, 

there are also genetic factors that occur as de novo mutations with an estimated 

contribution of 15-20% to ASD etiology  (23). Overall, genetic elements account for the 

highest portion of ASD risk factors. Studying the regulation of gene function and their 

molecular products would be informative for understanding the pathological mechanisms 

leading to ASD.  

Coding Genes Associated with ASD 

1,503 genes associated in ASD are listed by the most recent SFARI database, as of January 

15, 2019 (https://www.sfari.org/resource/sfari-gene/) (24). Most of these ASD susceptibly 
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genes have been proposed to have various roles in neural development and neuronal 

function, including metabolism, synaptic transmission, RNA splicing and neuronal migration 

(25). Despite high genetic liability for ASD, the genetic architecture has various contributors 

(Fig. 2): “alleles of varying frequencies (i.e., common, rare, very rare), inheritance patterns 

(i.e. dominant, recessive, X-linked, de novo), and variant type (i.e., large chromosomal 

rearrangements, copy number variants (CNV), small insertions/deletions (indels), and 

single-nucleotide variants (SNVs)” (5).  

Although it accounts for a small number of ASD cases, there are more than 100 rare 

Mendelian syndromes associated with ASD (24, 26) with a large effect size (21). 

Characteristic syndromes with ASD comorbidity and their associated genes are as follows: 

fragile X syndrome (FMR1), Rett syndrome (MECP2), tuberous sclerosis (TSC1 and TSC2), 

Timothy syndrome (CACNA1C), and dup15q syndrome (5). On the other hand, CNVs 

account for the majority of cases with a small effect size. The studies from Simons Simplex 

Collection, which screened families of ASD individuals with unaffected siblings, 

demonstrated that ASD-associated CNVs (15q11.2–q13 duplications of the affected region 

in Prader-Willi and Angelman syndrome, 16p11.2 deletion, 16p11.2 duplication, and X-

linked deletions including the PTCHD1-PTCHD1AS locus) are affecting cellular functions 

including neuronal development and axon guidance, synaptic signaling and function, as well 

as chromatin modification and transcription regulation (27, 28). De novo SNVs contributed 

significantly to the variety of ASD-associated genes thanks to the development in gene-

hunting technologies and methods, especially with the emergence of whole-exome 

sequencing (29). Despite genetic heterogeneity, a converging pathophysiology is evident for 

most of the associated genes (25, 27, 30). For example, strongly implicated de novo SNVs 

have been identified in SYNGAP1 and GRIN2B (coding for NMDA receptor subunit GluN2B) 

loci (Fig. 2), are implicated in the biologic processes involved in cognition (5) and part of 
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the glutamate receptor signaling pathway. In this thesis, we focus on the effects of NMDA 

receptor modulation on cognition by GluN2B and Syngap1-specific manipulations. 

 

Figure 2. Genetic makeup of individuals with ASD. Modified from Ramaswami & Geschwind 

(2018). 

NMDA Receptors 

Glutamate is the main mediator of the majority of excitatory neurotransmission in CNS. It 

acts on various receptors including ionotropic glutamate receptors, which pass cations and 

are categorized under three families: α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 

acid (AMPA) receptors, kainite receptors, and NMDA receptors (NMDARs) (31). NMDARs 

are important mediators of synaptic plasticity with their function as coincidence detectors 

between pre and post-synaptic activities (32). They can convert specific patterns of 

neuronal activity into long term changes by structural and functional changes in synapses 

which are shown to be instrumental for cognitive functions (33) 
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Numerous NMDA receptor combinations can be assembled from one obligatory GluN1 

subunit (encoded by 1 gene but alternatively spliced to 8 isoforms), four GluN2 subunits 

(GluN2A-D, encoded by four genes), and two GluN3 subunits (GluN3A and GluN3B, encoded 

by two genes). Heterogeneity in NMDARs can lead to functional diversity by affecting 

biophysical and pharmacological properties, interacting partners and subcellular 

localizations (33-35). Dimeric GluN1/GluN2A and trimeric Glu1/GluN2A/GluN2B receptors 

are the predominant receptor combinations present in the adult forebrain (36, 37). 

Differences in GluN2 subunit have major consequences in the receptor properties (38-40). 

A key difference is the developmental regulation of subunit expression. GluN2A expression 

increases from birth to adulthood, while GluN2B expression starts high at birth, and 

decreases during brain development and remains primarily in the forebrain (41). Their 

channel kinetics also differ: GluN2A-containing NMDARs have a higher open probability and 

a faster decay than GluN2B-containing receptors, which are more sensitive to extracellular 

glutamate (33, 42, 43). Moreover, receptor subunit composition can be dynamic (44); 

GluN2A and GluN2B subunits can diffuse between synaptic and extrasynaptic sites (45). 

This mobility is important for the regulation of receptor number and subunit composition 

(33). Another difference comes from their signaling partners (46). GluN2B specifically 

interacts with downstream signaling molecules that regulate AMPAR trafficking and 

synthesis to maintain homeostatic plasticity. 

Cell-Specific Role of GluN2B-Containing NMDA Receptors  

GluN2B-contaning NMDARs provide unique properties to the synapses they are located 

through specific interactions with downstream intracellular signaling molecules in the 

postsynaptic density. During development, GluN2B-containing receptors link NMDAR 

activity to AMPARs by negatively regulating the AMPAR synthesis and trafficking in a 

protein synthesis-dependent manner (38, 47). Specificity of GluN2B-receptors is sustained 
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through their unique interaction with the calcium-dependent protein kinase CaMKII, which 

regulates the activity of other downstream postsynaptic density molecules including 

Syngap1, ERK, Rheb and mTOR (48-50). GluN2B reduction disinhibits mTOR-dependent 

translation of AMPAR and trafficking, hence increases excitatory synaptic strength, which is 

a critical feature of homeostatic synaptic plasticity (50). This critical role in excitatory 

synapse function is unique to GluN2B as replacement with GluN2A does not rescue 

phenotypes related to these cellular signaling processes (38). 

 

Figure 3. Proposed model of the GluN2B and SynGAP-mediated cellular signaling pathway. 

Taken from Wang et al (50). 

SynGAP 

Syngap1 (a.k.a. SynGAP) is a ~140 kDa, brain-enriched synaptic GTPase activating protein 

and is located exclusively at postsynaptic density of excitatory synapses (51, 52). It is a 

downstream component of the NMDA receptor signaling complex and negatively regulates 

Ras- and Rap-GTPases (53-55). SynGAP has a critical role in glutamatergic 

neurotransmission by regulating AMPA receptor synthesis and its trafficking to the 

membrane (56). SynGAP is selectively associated with GluN2B-containing NMDARs (57). 

Knocking down GluN2B or SynGAP in vitro leads to the disruption of translation-dependent 

homeostatic synaptic plasticity –indicating this pathway’s role in maintaining 
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developmental synaptic plasticity (50). SynGAP also plays an important role in regulation of 

the dendritic spine formation and stability (56). SynGAP is therefore a major cell signaling 

protein that regulates fundamental changes in dendritic spine morphology and function in 

excitatory synaptic transmission (50, 58, 59).  

SynGAP mutations have been highly associated with intellectual disability manifesting in 

early childhood where most cases are comorbid with encephalopathies (around 70%) and 

ASD (>50%) (60, 61). All identified SynGAP mutations cause loss-of-function and 

haploinsufficiency (62), meaning that the intact copy of the gene is not enough to 

compensate full physiological function.  

Interestingly, a natural antisense transcript (NAT) for SynGAP (SynGAP-AS) has been 

identified in humans and increased antisense transcript expression was reported in ASD 

brain compared to healthy controls (63). This opens a possibility to endogenously 

enhancing SynGAP expression through SynGAP-AS interference. To date, no SynGAP-AS has 

been reported in mice or rats. 

Long Non-Coding RNAs 

International transcriptomics research consortiums like ENCODE (64-66), GENCODE (67, 

68), and FANTOM (69, 70) showed that the human genome is widely transcribed and the 

main output is non-coding RNAs (ncRNAs). Although ncRNAs were once referred as “junk 

DNA” (71), it was later understood that ncRNAs can be functional by regulating 

developmental processes in various organisms (72, 73). A systemic categorization of 

ncRNAs have been made based on their length (short, medium, long) and their position with 

respect to protein-coding genes on the genome (intergenic, genic; sense, antisense) (68, 

74). 
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General Characteristics of LncRNAs 

In general, long non-coding RNAs are defined as transcripts that are longer than 200 

nucleotides lacking an open reading frame with protein coding potential (75). Previous 

studies suggested that most lncRNAs share structural similarities with mRNAs such as 

polyadenylation, 5’ cap and alternative splicing (70, 76, 77). They tend to be shorter than 

mRNAs and have lower number of exons (67, 78). Their expression levels can be greatly 

lower than protein-coding genes making them more difficult to identify and quantity (67, 

79). Another interesting aspect of lncRNAs is that their sequences are less evolutionarily 

conserved compared to mRNAs (67). However, the promoter region of the lncRNAs are 

evolutionarily conserved and associated with transcription factor binding sites that give 

them their high tissue specificity (67, 80). LncRNAs have been shown in the mouse brain to 

be remarkably cell-type, region and tissue specific (81). This specificity feature has 

suggested that lncRNAs could have functional roles in neurodevelopmental processes, and 

possibly in cognitive development (74).  

Molecular Mechanisms of LncRNA Function 

A growing number of studies demonstrated that lncRNAs have various functional roles 

through interactions with DNA, RNA, and proteins (82) (Fig. 3). Depending on the cellular 

localization, they form various interactions with basic cellular molecules such base-pairing 

with short RNA stretches, acting as structural domains in the chromosome, and regulating 

allosteric transcription binding to DNA (82). At the transcriptional level, lncRNAs can act as 

RNA decoys and hinder the activity of transcription factors to bind their DNA-binding motifs 

(82, 83). By doing so, they can interfere with alternative splicing events. Another role of 

lncRNAs is that they can act like microRNA “sponges” and reduce the activity of microRNAs 

(miRNAs) to associate with their target mRNAs (82, 84, 85). In this way, the reduced 

activity of miRNA can lead to the disinhibition of mRNA degradation, therefore, 
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upregulation of the mRNA levels. This titration effect has also been shown to affect other 

molecular targets such as transcription factors (85). Many lncRNAs have been 

demonstrated to bind to regulatory protein complexes to act as scaffolding elements to 

bring protein molecules into physical proximity, such as in the ribonucleoprotein (RNP) 

component (86, 87). Besides, they can have cis regulatory effects on the DNA that causes the 

recruitment of chromatin modifiers and affect genes from distant genomic regions (86). 

These protein modifying complexes are particularly important during development as they 

can modify the expression environment by activating or silencing genes (82). Also, lncRNAs 

can bind directly to mRNA to interfere with their expression by inhibiting translation, 

modulating splicing, and triggering degradation (88, 89). Overall, lncRNAs have important 

gene regulatory roles in developmental processes by affecting transcription and translation 

(82). 

 

 

 

Figure 4. Overview of the molecular mechanisms of lncRNA function. lncRNAs can regulate 

gene expression through different mechanisms: (1) Titrating transcription factors away 
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from their DNA targets as RNA decoys, (2) Acting as microRNA sponge to titrate miRNA 

complexes away from their mRNA targets, (3) Acting as scaffold elements within 

ribonucleoprotein complexes, (4) Recruitment of chromatin modifying complexes. 

Moreover, their mRNA regulatory roles include: (5) translational inhibition, (6) splicing 

modulation, and (7) degradation. Taken from (82). 

Involvement of LncRNAs in ASD 

It has been suggested that the diversity of non-coding elements and the complexity of 

organisms are correlated (73, 90). For example, the lncRNAs present in the PFC of macaque 

monkeys and humans have been reported to have spatiotemporal expression profiles and 

conserved in a similar way to the protein-coding genes between two species (72, 90, 91). 

This finding has suggested that lncRNAs could play important roles in cognitive processes 

and neural development (72, 92). Moreover, previous studies have reported that lncRNAs 

were involved in neuronal variation and specification (72). Therefore, it is a great 

possibility that lncRNAs could be related to pathological events in the brain due to their 

roles in transcriptomic regulation, and neurodevelopmental diseases such as autism. 

In fact, there are a number of studies proposing a possible link between aberrant lncRNA 

expression and ASD (93). Using a bioinformatics approach, Velmeshev et al. examined the 

publicly available transcriptomics database Aceview and identified non-coding antisense 

(AS) RNA transcripts in genomic regions related to ASD (63). Moreover, they confirmed the 

expression of 10 ASD-related AS transcripts in postmortem human brain tissue by qPCR. 

They also demonstrate that Syngap1/Syngap1-AS pair had a discordant expression pattern 

and Syngap1-AS was upregulated in the PFC and temporal gyrus of ASD brains compared to 

non-ASD controls. In a genome-wide transcriptome analysis using RNA-Seq, ASD-related 

differential expression of 60 primate-specific, brain-enriched lncRNAs in post-mortem brain 

tissue (frontal and temporal cortices and cerebellum) was reported (94). These lncRNAs 
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had little functional annotations and 20 of them were shown to interact with miRNA 

complexes and 9 of them with the ASD-related fragile X mental retardation protein (FMRP). 

In a microarray profiling study, 222 out of 33,000 lncRNAs in PFC and cerebellum were 

found to be differentially expressed between ASD and control brains (95). Also, GWAS have 

identified a strong association with ASD for a single nucleotide polymorphism in the region 

where the lncRNA MSNP1-AS was transcribed (96). Overall, these studies provided a new 

angle for the functional roles of lncRNAs in the brain and their association with ASD. 

 

Targeting Natural Antisense Transcripts for Novel lncRNA-Based Therapies 

Conventional drug discovery research has been mainly concentrated on regulating the 

activity of proteins, which is encoded by 2% of the genome (74). On the other hand, 80% of 

the genome is transcribed into RNAs, which makes them a big potential as drug targets with 

a great temporal and spatial specificity (74). There is a particular interest in developing 

genomic medicine for CNS disorders due to their low systemic exposure and toxicity, 

extended half-life as well as their versatile potentials to regulate gene expression up or 

down and modify splice editing, that are not typically feasible with traditional small 

molecule modalities or biotherapeutics (97, 98).  

Natural antisense transcripts (NATs) are a class of lncRNAs encoded from the opposite 

strand of a protein-coding gene locus (99). They can regulate the expression of protein 

coding genes in cis (99). They demonstrate a high degree of target specificity due to their 

complementary sequences (100). Single-stranded oligonucleotides can be used to inhibit 

their function and thereby upregulate the expression of their target protein coding genes 

(69, 74, 101). These oligonucleotides are called antagoNATs and they have been 

successfully tested in vitro and in vivo (74, 102). Absence of nucleases in the cerebral spinal 

fluid makes them a promising approach to be used in neurological disorders (74). 
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Assessing Cognition in Animal Models 

Cognitive disturbances are a common symptom in many neurodevelopmental disorders 

including ASD (103-106). Despite cognitive impairment is recognized as a key target to 

reduce and prevent psychiatric impairment, treatment opportunities are still limited (107). 

There is plenty of research that implements behavioral paradigms in animal models and 

demonstrate efficacy of cognitive enhancers for neurodevelopmental disorders (107). In 

clinical studies, these targets cannot show the predicted efficacy in animal models and fail in 

translatability (108). Therefore, having a mechanistic understanding of how therapeutics 

work is an important virtue for developing and polishing new molecules.  

Touchscreen cognitive testing methods have been developed to overcome the mismatch 

between how cognitive functions are assessed in animal models and humans allowing to 

assist inter-task associations and reduce confounds (107, 109-111). The Trial-Unique Non-

Matching to Location (TUNL) is a touchscreen-based task developed to test working 

memory domain of cognition in rodents (112, 113). 

Working Memory 

Working memory is the ability to retain information that is no longer explicitly present to 

execute a cognitive task or make a decision (114). Persistent neural activity in the 

prefrontal cortex has been linked as the neural correlate of working memory (115, 116). 

For rodents, working memory can be defined as “a short tem memory for an object, 

stimulus, or location that is used within a testing session, but not typically between 

sessions” (117). Several working memory tasks have been developed for rodents: maze 

tasks such as delayed alternation, radial arm, Morris water maze; delayed non-matching to 

sample with objects or samples, and operant tasks including TUNL (117).  
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Trial Unique Non-Matching to Location (TUNL) Task 

The TUNL task is used to assess spatial working memory in rodents and can be translatable 

to humans (112, 118). In TUNL, an automated operant chamber allows working memory 

assessment by requiring the animal to choose a nonmatching location after a variable delay 

following a sample phase to receive a food reward upon successful completion of the trial. 

The TUNL task can be divided into several quantifiable components. In this way, detailed 

assessment of working memory is possible due to precise measurement of task parameters 

such as response latencies (113). 

TUNL task offers many advantages including being automated, non-aversive and low-stress, 

having the ability to assess multiple cognitive domains and being translational across 

species (118). It offers a various neuropsychological constructs such as attention and 

cognitive flexibility, and it uses appetitive motivation, rather than aversion (119). The task 

has been shown to be sensitive to hippocampus and cortex dysfunction (112, 120, 121). A 

disadvantage of TUNL is that it might take more than several weeks for animals to learn the 

task; however, specific modifications can be applied to make the task more rapidly-acquired 

(118). 

Pharmacological Studies with NMDA Receptor Modulators 

A multitude of pharmacological studies has been conducted in animal models and humans 

to understand cognition, and glutamatergic modulation has been in the focus of these efforts 

(122). Here, the pharmacological experiments are highlighted in relation to their use of 

NMDAR modulation. 

Acute NMDAR antagonism with ketamine, phencyclidine and dizocilpine has been shown to 

have a negative effect on cognitive function in rodents such as cognitive flexibility and 

attentional processing (122-127). Impairment cause by acute NMDAR antagonism has been 

also observed in other cognitive domains including spatial learning and memory, object 
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recognition memory, associative memory, and episodic memory and learning (122). 

Motivational and motor deficits have also been observed after acute NMDAR antagonism 

and this feature can possibly confound with other cognitive measures (128) However, these 

drawbacks can be eliminated by arranging dose or time of administration (122). Another 

drawback is that these compounds might not only selective for NMDARs, and can display 

off-target effects for example in the case of ketamine (128). Therefore, implementing 

genetic studies is important to test the effect of NMDAR modulation on cognition. 

The assessment of NMDAR antagonism’s effects on working memory in TUNL has been 

mainly performed in rats. Systemic injection of antagonists MK-801 and CPP impaired 

working memory performance while GluN2A-specific antagonist NVP-AAM077 or GluN2B-

selective antagonists CP 101-606 or RO 25-6981 did not show any significant effect on test 

accuracy (129, 130). Injection of the competitive antagonist AP5 into mPFC and striatum 

also impaired the task performance in rats. Sodium nitroprusside (SNP), which is an adjunct 

treatment to reduce the working memory impairments experienced by schizophrenia 

patients, failed to block the detrimental effect of MK-801 in TUNL (130).  

Animal Studies 

NMDAR antagonist rodent models are widely used to study cognitive function and 

pathology (Fig. 5) (131). There are several studies specifically looked at the differences of 

NMDAR subunit composition and its effect on cognition in genetic mouse models (122). 

Here, GluN2B and Syngap1 genetic models will be summarized. 

GluN2B knockout in principal neurons of the postnatal forebrain impaired spatial working 

memory, spatial reference memory, impaired recognition memory in a variety of behavioral 

tasks, and caused performance deficits in simple Morris Water maze and visual 

discrimination tasks (132). In the same study, it was also demonstrated that GluN2B 

knockout in hippocampus impaired spatial working memory and reversal learning; 
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however, no impairment in spatial reference memory was observed. Brigman et al. 

demonstrated that corticostriatal or striatal GluN2B removal, or dorsal striatum-restricted 

GluN2B antagonism impaired choice learning, while cortical Glu2B removal or orbitofrontal 

GluN2B antagonism caused an impairment in shift choice behavior (133). The same group 

also demonstrated that GluN2B removal in CA1 hippocampus and cortex disrupts a variety 

of behavioral tasks including Morris water maze, T-maze spontaneous alteration and fear 

conditioning in addition to reduced dendritic spine density. A recent study reported 

impaired cognitive flexibility following genetic GluN2B deletion in CaMKII-positive cell 

population (134). This study convincingly demonstrated that GluN2B deletion disrupted the 

coordination between orbitofrontal cortex and dorsal striatum by altering the neuronal 

firing rates that are necessary for optimal behavioral flexibility. In a homozygous 2B → 2A 

mouse model, social exploratory behavior was depressed and 2B → 2A mice spent less time 

exploring the novel mouse compared to wild-type controls in a social approach assay (38). 

Miller et al. showed that specific deletion of GluN2B in the excitatory cell population of 

mPFC caused a dramatic decrease in despair-like behavior compared to littermate controls 

in forced swim task and tail suspension task (135). The studies explained above and many 

others suggest that GluN2B-containing NMDARs are greatly involved in cognition related 

behaviors in rodents. 
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Figure 5. NMDAR antagonist rodent models are widely utilized for studying cognitive and 

pathological deficits. Abbreviations: NOR, novel object recognition; EDS, extra-dimensional 

shift; ASST, attentional set shifting task; PV+, parvalbumin positive; PFC, prefrontal cortex. 

Taken from Cadinu et al. (131). 

Various studies have linked Syngap1-haploinsufficienct with behavioral deficits. One of the 

most common deficits in Syngap1+/- mice is hyperactivity (58, 136-140). Reduced levels of 

anxiety in Syngap1+/- mice was observed as increased exploration time in the open arm of 

the elevated plus maze and increased exploration time in the center area of an open field 

test (58, 136, 138, 140, 141). Syngap1+/- mice also demonstrate impaired learning in the 

Morris water maze (142).  In other experiments, Syngap1+/- mice showed working memory 

deficits in spontaneous alternation test and in radial arm maze experiments (138, 143). 

Moreover, Syngap1+/- mice showed social function deficits such that they spent less time to 

explore a stranger mouse compared to wild-type controls (136, 140). Furthermore, 

Syngap1+/- mice have widespread and frequent cortical epileptiform discharges on EEG and 

a reduced threshold compared to wild-type mice (58, 141). Behavioral and physiological 

disturbances observed in SynGAP animals demonstrated that SynGAP is strongly involved 

in cognitive function in rodents.   
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Abstract 

Background 

Genome-wide sequencing technologies have greatly contributed to our 

understanding of the genetic basis of neurodevelopmental disorders such as Autism 

Spectrum Disorder (ASD). Interestingly, a number of ASD-related genes express 

natural antisense transcripts (NATs). In some cases, these NATs have been shown to 

play a regulatory role in sense strand gene expression and thus contribute to brain 

function. However, a comprehensive study examining the transcriptional 

relationship between ASD-related genes and their NAT partners is lacking.  
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Methods 

We performed strand-specific, deep RNA sequencing to profile expression of sense 

and antisense reads with a focus on 100 ASD-related genes in medial prefrontal 

cortex (mPFC) and striatum across mouse development (P7, P14 and P56). Using de 

novo transcriptome assembly, we generated a comprehensive long non-coding RNA 

(lncRNA) transcriptome. We conducted blast analysis to compare the resultant 

transcripts with the human genome and identified transcripts with high sequence 

complementarity and coverage. 

Results 

Our analyses revealed that more than half of the examined ASD-related genes had 

strong antisense read expression; suggesting more ASD-related genes than 

previously thought could be subject to NAT-mediated regulation in mice. We found 

that expression levels of antisense reads were mostly negatively correlated with 

their coding sense strand RNA transcripts (~20%, r<-0.90). A small fraction of the 

examined reads showed brain region specific enrichment, indicating possible 

circuit-specific roles. We assembled over 70,000 de novo antisense transcripts and 

validated the expression of a subset of selected ASD-related transcripts by qPCR. 

Our blast analysis revealed a fraction of the assembled de novo transcripts 

were >90% complementary to the human genome with >90% coverage. 

Conclusion 

These findings, which include an assembled de novo antisense transcriptome 

contribute to the understanding of NAT regulation of ASD-related genes in mice by 

guiding NAT-mediated gene regulation strategies in preclinical investigations 

toward the ultimate goal of developing novel therapeutic targets for ASD. 
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Background 

Autism spectrum disorder (ASD) is a complex neurodevelopmental condition that manifests 

itself in early childhood with social interaction deficits, impaired communication and 

behavioral disturbances such as stereotypy and excess repetition (1). ASD is currently 

estimated to affect 1 in 68 individuals (144). Disturbances in frontal cortex, amygdala and 

cerebellum have been associated with autism after imaging or postmortem studies of ASD 

patients (145). While pathological changes in mPFC function likely contributes to impaired 

social behavior and communication, striatal circuit deficits likely underlie the repetitive and 

stereotypical behaviors (17). Both environmental and genetic factors can contribute to ASD 

(3). With recent advancements in genome-wide sequencing technologies, an increasing 

number of protein coding gene alterations have been linked to ASD (22). However, whole 

genome sequencing of samples from ASD families have identified potentially disease-

relevant, non-coding RNA (ncRNA) variants in the human genome (5).  

Non-protein coding DNA regions can be transcribed into two main ncRNA classes based on 

their nucleotide length: small ncRNA (<200 bp) and long ncRNAs (≥200 bp) (146, 147). 

Between 10 and 50 kbp long ncRNAs (lncRNAs) have been annotated so far in the human 

genome and a significant portion of these genes (40%) show brain-specific expression (67, 

148). Natural antisense transcripts (NATs) are a specific class of lncRNAs and are 

synthesized from the DNA strand opposite from protein coding genes, with which they have 

sequence complementarity (69, 149). NATs can up or down regulate the expression of their 

sense mRNA partners by affecting cis or trans regulatory elements (63, 150). Many lncRNAs 

have been proposed to have important roles in brain development and their dysregulation 
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in neurodevelopmental disorders including ASD (63, 74, 90, 146, 151-158). Studying NATs 

in animal models allows testing of their biological function as well as developing and testing 

therapeutics that aim to modulate gene expression.  

Here, we used a deep RNA sequencing approach to profile sense and antisense reads with a 

focus on 100 ASD-related genes in the mPFC and striatum across mouse development. Using 

these data, we built a de novo antisense transcriptome and then used this to identify 

antisense transcripts in mouse that are highly complementary with the human genome. The 

information provided here can guide efforts to test NAT-mediated regulation of ASD genes. 

Methods 

Animals and Tissue Preparation 

Experiments were conducted in adherence to the Swiss federal ordinance on animal 

protection and approved by the Canton of Basel Stadt Veterinary Authority. Wild-type mice 

were from C57BL/6 background and obtained from Janvier Labs (Le Genest-Saint-Isle, 

France).  Brains were removed at three different postnatal ages (P7, P14, and P56). There 

were 2, 5, and 5 animals from P7, P14, and P56 groups, respectively. Following removal, 

brains were immediately cooled in ice-cold HBSS (See Supplementary Materials and 

Methods). Each brain hemisphere was transferred into cold RNAlater stabilization solution 

and kept at 4°C for 24 hours, and transferred to -20°C until sample collection for RNA 

isolation. 

On the day of RNA isolation, samples were thawed on ice. Each brain sample was manually 

sliced at room temperature into approximately 1 mm-thick coronal sections. Anatomical 

locations of mPFC and striatum were determined under stereo microscope according to a 

published protocol (159). mPFC or striatum samples were collected from brain slices using 
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a tissue punch, 2 mm diameter for P14 and P56 animals, and 1.5 mm in diameter for P7 

animals. Striatal samples were a mixture of dorsal and ventral regions.  

RNA Sequencing and Quality Control 

Total RNA including miRNA fractions were isolated using Qiagen miRNeasy mini kit 

according to the manufacturer’s protocol. RNA integrity was assessed with an Agilent 2100 

Bioanalyzer using an Agilent Bioanalyzer 6000 Nano kit. Input of 400ng of total RNA was 

used as starting material for each sample and libraries were prepared using TruSeq 

Stranded Total RNA LT with Ribo-Zero Gold Depletion Kit from Illumina. Quantification was 

performed using KAPA Library Quantification Kit and the average size of 300 bp was 

determined by using a High Sensitivity DNA Kit. The libraries were pooled and diluted to 13 

pM to load on an Illumina HiSeq 2500 Instrument.  

RNA-Seq paired-end reads of 24 mouse brain samples were mapped onto the mouse 

genome (mm10) using the short read aligner GSNAP with default parameters (160, 161). 

The number of mapped reads for all mouse RefSeq transcript variants of a gene (counts) 

were combined into a single value using SAMtools software (162) and normalized to RPKMs 

(number of mapped reads per kilobase transcript per million sequenced reads) (163).  

Multidimensional scaling was used to plot individual samples and illustrate the global 

landscape in terms of inter-relation of samples (distance). Pair-wise correlation analysis 

was performed to reveal similarity of the samples. As a quality control, we determined the 

fraction of reads per sample mapped to ribosomal transcripts. In one of the samples this 

fraction was higher than 10% and therefore the sample was discarded for further 

downstream analysis. Aligned reads were separated into forward and reverse mapped 

reads using SAMtools software (162) (see additional material for BAM files). 
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Identifying Antisense Reads for ASD-Related Genes and Correlation with Sense Reads 

We adopted a list of 103 ASD-related genes from a previously published study which used a 

bioinformatics pipeline to identify NATs in genomic regions related to ASD (26, 63). We 

screened mouse orthologues of these genes on Ensemble (Release 90) and found that 100 of 

these genes have a 1-1 mouse orthologue (NLGN4X, ZNF674, and ZNF81 were the 

exceptions) (See additional material for complete gene list). We used these 100 ASD-related 

genes in our analyses unless otherwise stated. 

The coding locus of each ASD-related gene was extended on both 5'- and 3'-prime ends by 

including 5 kbp flanking regions. This extended locus was compared to other known gene 

loci on the reverse strand to determine overlapping regions. Overlaps were removed from 

the locus with a 50 bp buffer, yielding an overlap free zone. Uniquely aligned reads within 

overlap free zone were determined (grey blocks in Fig. 3A). We quantified the abundance of 

antisense reads by calculating their relative ratio relative to total reads (sense + antisense 

reads), which we named antisense read score. 

We analyzed the correlation of sense and antisense reads over our three developmental 

ages. We averaged the expression values of antisense and sense reads at P7, P14, and P56 

and then used the Pearson correlation coefficient to assess the correlation between sense 

and antisense reads. A correlation coefficient +1 would indicate a perfect positive linear 

correlation, while -1 would indicate a perfect negative linear correlation. 

Differential Expression Profiling of Antisense Reads Around ASD-Related Genes and Across 

Brain Regions 

For expression profiling of antisense reads, we developed a simple formula that 

demonstrates the relative abundance of antisense reads across two brain regions, mPFC and 



26 
 

striatum. Where a positive Differential Expression Score (DES) specifies greater abundance 

of mPFC reads, and a negative DES would indicate increased relative abundance in striatum. 

Differential Expression Score (DES) =100 x 
(

𝑚𝑚𝑚𝑚𝐹𝐹𝐶𝐶𝑂𝑂𝑂𝑂𝑂𝑂𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
𝑚𝑚𝑚𝑚𝐹𝐹𝐶𝐶𝑇𝑇𝑇𝑇𝑇𝑇𝑅𝑅𝑇𝑇

)−(
𝑆𝑆𝑇𝑇𝑟𝑟𝑂𝑂𝑂𝑂𝑂𝑂𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

𝑆𝑆𝑇𝑇𝑟𝑟𝑇𝑇𝑇𝑇𝑇𝑇𝑅𝑅𝑇𝑇
)

(
𝑚𝑚𝑚𝑚𝐹𝐹𝐶𝐶𝑇𝑇𝑂𝑂𝑂𝑂𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 +𝑆𝑆𝑇𝑇𝑟𝑟𝑂𝑂𝑂𝑂𝑂𝑂𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

𝑇𝑇𝑇𝑇𝑇𝑇𝑅𝑅𝑇𝑇 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 )
 

De Novo Antisense Transcriptome Assembly 

Reads which mapped in antisense orientation to genomic features (i.e. genes) were used to 

create a de novo antisense transcriptome. Reads were aligned against mouse genome 

reference (GRCm38) using STAR (164). Binary alignment maps were categorized as sense 

and antisense reads. De novo transcriptome assembly using the Trinity platform (165, 166) 

was applied to mPFC and striatum samples separately and contiguous sequences (a.k.a. 

contigs) were obtained. Identical and enclosed contigs were determined and repetitive 

contigs were removed. Remaining contigs were masked for overlapping features and 

blasted for verification. Raw reads were then re-mapped to these contigs, and counts were 

summarized by contig. Differential expression analysis was conducted using both DESeq2 

(167) and edgeR (168, 169) methods, contrasting both age and niche as well as full models. 

Contigs might map to more than one gene and/or a single gene might have multiple contigs 

mapped against it. We used contigs to determine putative natural antisense transcripts. 

Appropriate statistical tests were used to determine significance of differentially expressed 

contigs. 
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Figure 1. Bioinformatics pipeline used for de novo antisense transcriptome assembly. 

Determination of Putative NATs with High Human Complementarity 

Putative NATs from mouse which mapped as antisense to the human genome were 

determined by blast analysis. The criteria for high complementarity between mouse and 

human were set as >90% coverage and >90% identity. 

RT-qPCR for Assessing Putative NAT Expression 

One-step RT-qPCR was performed using AgPath-ID™ One-Step RT-PCR kit (Cat# 4387391, 

Thermo Fisher Scientific) according to the recommended protocol with a Roche 

LightCycler® 480 Instrument (Roche Molecular Systems, Inc., Pleasanton, CA, USA). Pre-

designed and custom-designed TaqMan probes (Thermo Fisher Scientific) were used (see 

Supplementary Materials and Methods for TaqMan probe sequences). Ct values were 

calculated using absolute quantification/2nd derivative maximum method in high confidence 

mode with LightCycler® 480 Software, Version 1.5.  
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Results 

Profiling ASD-Related Genes in mPFC and Striatum across Development Revealed 

Differentially Expressed Sense Strand Reads 

Brain region-specific expression of genes can give insight about their function in disease 

relevant brain regions. Thus, we first aimed to identify genes preferentially expressed in 

either mPFC or striatum –two brain regions implicated in ASD. For this analysis, we ranked 

genes based on their average, normalized read counts, combined for all developmental time 

points and used these values as a proxy for their expression levels (Fig. 2A and 2B) (see 

Supplemental Table 1 for relative expression values). While most ASD-related genes we 

examined had comparable expression levels (Figure 2A), there was a fraction of genes that 

were differentially expressed (Figure 2B): Satb2, Prss12, Mef2c, Nfix, Syn1 are enriched in 

mPFC; and Foxp1, Ap1s2, Gamt, Igf2, Gucy2d are enriched in striatum.  

ASD is a neurodevelopmental disorder; therefore, understanding how ASD-related genes 

are regulated over development is important for understanding their function in synaptic 

development and circuit formation. To understand their developmental regulation, we 

ranked ASD-related genes by average expression across three developmental time points: 

P7, P14 and P56 (combined for both mPFC and striatum). These developmental time points 

overlap with transcriptomic changes related to synaptogenesis and synaptic maturation in 

mouse (170) and correspond to various stages of human brain development spanning from 

childhood to mature adult (171). To our surprise, most of the genes we examined did not 

show a strong developmentally-regulated expression profile (Figure 2C). The most strongly 

developmentally downregulated genes were Dcx, Agtr2, C77370, L1cam, and Dhcr7, while 

the most strongly upregulated genes were Gria3, Iqsec2, Map2k1, Syn1, Slc6a8 (Fig. 2D). 
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Figure 2. Sense strand read count profile of 100 ASD-related genes across brain regions and 

development.  

A. Overview of ASD-related genes sorted based on their relative expression levels between 

mPFC and striatum (all ages combined). X-axis represents 100 genes; Y-axis represents 

relative expression. B. Five highly enriched genes for mPFC (left) and striatum (right). C. 

Overview of the ASD-related genes sorted based on their relative expression levels through 

development (P7, P14, P56) (all brain regions combined) X-axis represents 100 genes; Y-

axis represents relative expression. D. Five developmentally downregulated (left) and 

upregulated genes (right). 
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Subset of Antisense Reads Showed Differential Expression in mPFC or Striatum 

Natural antisense transcripts are mainly localized on the opposite strand of their partner 

coding genes and can overlap with UTRs, promoters, enhancers, introns, exons and flanking 

sequences (99). To maximize the probability of detecting non-coding transcripts, we 

analyzed antisense reads in the opposite strand of ASD-related genes and their 5k bp 

flanking regions (Fig. 3A). In the case where a coding genomic element overlapped on the 

opposite strand, we removed this section from our analysis while also including the 

corresponding 50 bp flanking regions. We then qualitatively grouped the antisense reads 

into three categories based upon their abundance relative to sense reads: strong antisense 

reads (42%), moderate antisense reads (17%), and weak antisense reads (41%) (Fig S1). 

Moreover, we classified these reads by whether or not they have any reported antisense 

transcripts in humans or cynomolgus macaques using the Aceview Transcriptome Database 

(172). The genes with reported macaque and human NATs and strong antisense reads in 

mouse are Braf, Cacna1c, Foxp1, Nf1, Pafah1b1, Ube3a, Vps13b. 

We first analyzed the relative abundance of antisense reads compared to sense reads 

around ASD-related genes. By these terms, Otc showed the most abundant antisense reads 

(91.34%). Cacna1f, Gucy2d, Ube3a also had more antisense reads compared to sense reads. 

Antisense read scores for other genes were significantly lower compared to their sense 

counterparts (see table Table 1 for 10 genes with highest antisense read score). 
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Table 1. 10 ASD-Related Genes with Highest Antisense Read Score 

Gene Antisense Read Score 

Otc 91.34 

Cacna1f 88.43 

Gucy2d 61.35 

Ube3a 59.87 

Hoxa1 32.93 

Pah 17.39 

Aldh5a1 14.44 

Prss12 14.17 

Mid1 9.71 

Il1rapl1 5.67 

 

Next, we quantified the differential expression of antisense reads in mPFC and striatum, 

which might suggest a brain specific regulation. We developed a simple measure 

(differential expression score) that takes into account the weight of opposite strand reads in 

mPFC or striatum within the total fraction of antisense reads. Our analyses revealed that 

only a small fraction of antisense reads displayed mPFC or striatum enrichment (Figure 3B). 

The 5 genes with the most mPFC-enriched antisense expression are Rpe65, Agtr2, Ap1s2, 

Gamt and Mkks (Fig. 3C), while the 5 top genes with striatum-enriched antisense expression 

are Prss12, Mef2c, Rpgrip1l, Syn1 and Kras (Fig. 3D). For the complete list, see additional 

files. 
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Figure 3. Identifying and Profiling Antisense Reads. 

A. Schematic explaining the methodology we used to define antisense reads around ASD-

related genes. Autism-related Gene A locus (dark green) and corresponding 5 kbp flanking 

region (light green) are aligned to reverse strand and reads in the corresponding region 

were identified as antisense reads. In the presence of a genomic element on the reverse 
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stand (in this example Gene X and Gene Y), gene locus (yellow and orange areas) and a 50 

bp-buffer around these elements (light yellow and light orange) were removed from the 

antisense read count. Remaining overlap free zones (gray areas) were used in analyses. B. 

100 ASD-related genes sorted according to their differential expression score. Higher score 

indicates mPFC-enriched, while lower score indicates striatum-enriched-expression. C. Top 

5 genes with most mPFC-enriched antisense read counts. D. Top 5 genes with most 

striatum-enriched antisense read counts. 

Significant Fraction of Sense and Antisense Reads Displayed Strong Negative Total 

Correlation 

Similar to differential spatial expression, correlation of reads could also indicate a possible 

regulatory, functional mechanism for antisense reads. For example, SYNGAP1-antisense was 

demonstrated to have an enriched expression in prefrontal cortex (PFC) and superior 

temporal gyrus, and a significant negative correlation with SYNGAP1 expression in PFC 

(63). Therefore, we investigated the strength of correlation between sense and antisense 

reads.  We first compared the average expression levels of sense and antisense reads across 

brain development (P7, P14 and P56). We applied the Pearson coefficient correlation to 

reveal the relationship between sense and antisense read expression through development. 

Correlation analysis revealed that a fraction of sense and antisense reads had a positive or 

negative correlation (Fig. 4A). Around 5% of reads had a strong positive correlation 

(correlation coefficient r > 0.90, see Fig. 4B for top 5 genes with positive correlation), while 

20% of reads had a strong negative correlation (correlation coefficient r < -0.90, see Fig. 4C 

for top 5 genes with negative correlation) (see additional files for complete list). 

Interestingly, Ube3a, a gene known to be negatively regulated by Ube3a-antisense 

transcript (173), showed a strong positive correlation between sense and antisense reads. 
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Figure 4. Correlation of Sense and Antisense Reads for 100 ASD-Related Genes 

A. 100 genes were sorted (X-axis) based on the correlation coefficient between their sense 

and antisense reads. A correlation coefficient of 1 indicates a perfect positive correlation, 

while -1 indicates perfect negative correlation. B. Genes with highest correlation coefficient 

for their sense-antisense reads. C. Genes with lowest correlation coefficient for their sense-

antisense reads. 
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A Novel De Novo Transcriptome Assembly Approach Identified Putative ASD-Related Natural 

Antisense Transcripts 

A comprehensive antisense transcriptome is lacking for mouse genome with mPFC and 

striatum specific annotations. To fulfill this need, we used deep RNA sequencing to assemble 

a non-coding RNA transcriptome from mouse mPFC and striatum samples. We used a novel 

bioinformatics approach for verifying the resultant contigs after assembly by blasting them 

back to the mouse genome (Fig. 1). Our verification approach reduced ~100,000 contigs to 

~70,000 that were assembled from the antisense strand of coding genes for the entire 

genome (see additional files for complete list in FASTA format). This is a significant number 

given that there are about 20,000 estimated protein coding genes identified in mouse. 

Principal component analysis (PCA) of the assembled contigs revealed a clear clustering 

based on brain region (niche) and developmental stage (age) (Fig. 5A). This clearly 

demonstrates that assembled de novo contigs can successfully be used to distinguish 

samples based on their tissue origin and age. We next focused our analyses to ASD-related 

contigs that were differentially expressed across niche and age (Fig. 5B). We identified 

many contigs that were differentially expressed both in niche and age axes (see additional 

files for complete list).  
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Figure 5. De Novo Antisense Transcriptome of Mouse mPFC and Striatum 

A. Principal component analysis of assembled contigs revealed clustering of samples based 

upon both their tissue origin (X-axis) and developmental age (Y-axis). B. Differential 

expression analysis of ASD-related contigs showed significant brain region and age-specific 

expression (see additional file for complete list with statistical significance values).  

A Subset of ASD-Related Contigs Showed >90% Complementarity to Human 

It is important to reveal the homology between mouse and human antisense transcripts 

both for understanding how these transcripts were emerged through evolution and for 

targeting them in model organisms to study their functions. To define candidates for ASD-

related transcripts in mice, we blasted our de novo antisense contigs against the human 

genome to determine highly conserved transcripts. Our analysis revealed a fraction of 

antisense contigs that had >90% coverage and >90 complementarity to their respective 

human gene locus (Table 2). 
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Table 2. ASD-related antisense contigs that are >90% complementary to human orthologues 

Related Gene Antisense ID 

Mef2c ENSMUSG00000005583_Mef2c_antisenseF_57 

Mef2c ENSMUSG00000005583_Mef2c_antisenseF_65* 

Mef2c ENSMUSG00000005583_Mef2c_antisenseF_165 

Mef2c ENSMUSG00000005583_Mef2c_antisenseF_172 

Mef2c ENSMUSG00000005583_Mef2c_antisenseF_183 

Crebbp ENSMUSG00000022521_Crebbp_antisenseR_1* 

Crebbp ENSMUSG00000022521_Crebbp_antisenseR_2 

Nrxn1 ENSMUSG00000024109_Nrxn1_antisenseR_5 

Nrxn1 ENSMUSG00000024109_Nrxn1_antisenseR_19 

Rpgrip1l ENSMUSG00000033282_Rpgrip1l_antisenseR_37* 

Braf ENSMUSG00000002413_Braf_antisenseR_7 

Scn1a ENSMUSG00000064329_Scn1a_antisenseR_6 

Pten ENSMUSG00000013663_Pten_antisenseF_5 

Foxp1 ENSMUSG00000030067_Foxp1_antisenseR_28* 

*Undergone expression validation by qPCR. 

 

Expression Validation of De Novo Antisense Contigs as Putative ASD-Related Natural 

Antisense Transcripts 

Next, we selected some of the highly conserved (Table 2) and non-conserved ASD-related 

antisense contigs for qPCR verification. We used a combination of criteria for selecting non-

conserved contigs (ENSMUSG00000039419_Cntnap2_antisenseF_13, 

ENSMUSG00000027978_Prss12_antisenseF_10, 
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ENSMUSG00000067629_Syngap1_antisenseF_4, 

ENSMUSG00000067629_Syngap1_antisenseF_9, 

ENSMUSG00000051331_Cacna1c_antisenseR_15) such as predicted antisense expression in 

human (Syngap1, Cacna1c, Cntnap2) and suggestive evidence for a regulatory role in the 

mouse brain. For example, Prss12 had strong mPFC-enriched sense (Fig 1B) and striatum-

enriched antisense expression (Fig 3D) with a high opposite read score (Table 1).  

We designed custom TaqMan probes for the selected transcripts (see additional files for list 

of selected transcripts and TaqMan probe sequences) and validated their presence by qPCR 

using total RNA isolated from mouse brain tissue (Fig. S2). We confirmed the size of the 

expected PCR-products by agarose gel electrophoresis (Fig. S2) except for one sample. 

Given that we could successfully confirm the presence of all selected de novo contigs by 

qPCR, we consider them as putative natural antisense transcripts but their functional 

significance awaits further testing 

Discussion 

Here, we investigated the differential expression of 100 ASD-related genes and their 

antisense partners in mouse using a highly deep RNA sequencing approach (120 million 

reads/sample). Our comprehensive study provides a deep understanding of how ASD-

related antisense transcripts are differentially regulated in two ASD-associated brain tissues 

(mPFC and striatum) through brain development. To the best of our knowledge, our study 

is unique for dissecting NAT expression at such resolution and providing brain region 

specific and developmental information. Moreover, we assembled a de novo antisense 

transcriptome resulted in 70,000 contigs that were verified by blast analysis and identified 

a subset with high human complementarity. Our de novo antisense transcriptome can be 

used as a point of reference for selecting NAT candidates in CNS research. 
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Majority of publicly available RNA-Seq datasets are lacking strand-specific information that 

is essential for determining sense-antisense information (174) or they use poly(A)-

enriched RNA libraries as starting material (175). Since not all lncRNAs have poly(A) sites 

(70), we used total RNA to capture all RNA species including non-poly(A) transcripts in our 

libraries and used strand-specific sequencing approach to extract sense-antisense 

information. Moreover, lncRNAs are expressed relatively low levels compared to protein 

coding mRNAs (67, 79, 176). In order to detect lncRNAs expressed at lower levels, we used 

a deep sequencing approach that had a resolution of 120 million reads/sample. Therefore, 

our study is more likely to provide a more complete list of antisense transcripts expressed 

in mouse brain. 

100 genes we used in this study do not represent all ASD-related genes. For example, 1,503 

human genes implicated in autism are listed by SFARI gene database as of January 15, 2019 

(https://www.sfari.org/resource/sfari-gene/). However, our list provides a good one-to-

one comparison with the study where expression of human NATs were examined for the 

same ASD-associated genomic regions in human (63). For example, SYNGAP1-antisense was 

shown to be differentially expressed in autistic brains compared to the brains of control 

subjects. No Syngap1 antisense transcript has been reported so far in mice or rats; 

therefore, using animal models to study NAT-mediated gene regulation of Syngap1 has not 

been possible. In our de novo antisense transcriptome, we could assemble several antisense 

transcripts that are related to Syngap1 locus and validated the expression of 

ENSMUSG00000067629_Syngap1_antisenseF_4 and 

ENSMUSG00000067629_Syngap1_antisenseF_9 in mouse brain tissue by qPCR (Table 2). If 

regulatory functions of these transcripts could be demonstrated, they would serve as a 

novel modality to regulate Syngap1 expression in mice similar to Ube3a (157), Bdnf (102), 

Bace1 (177) among others. 
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Brain region-enriched expression can pinpoint a specific function for the investigated gene 

or transcript. For example, Foxp1 is a good example for an autism-related gene 

demonstrated with a striatum-specific function (178). Foxp1 regulates excitability of 

medium spiny neurons in striatum and its reduction was correlated with ultrasonic 

vocalization deficits in mouse. In parallel to this finding, our analysis demonstrated that 

Foxp1 was the most differentially expressed gene in striatum (Fig. 2B). Similarly, 

developmental regulation of genes can also indicate specific functions affecting brain 

development. A good example for an ASD-related gene that is known to be developmentally 

regulated is doublecortin (Dcx) (179, 180). Mutations in Dcx cause neuronal migration 

deficits and are associated with mental retardation (181). As expected, Dcx stood out as one 

of the most developmentally regulated genes in our analysis, its expression was 

downregulated from P7 to P56 (Fig. 2D). For example, Prss12 is a particularly interesting 

gene that it showed strong mPFC-enriched sense (Fig 1B) and striatum-enriched antisense 

expression (Fig 3D) with a high opposite read score (Table 1).  A greater interest could be 

drawn for the genes and antisense transcripts identified as developmentally or spatially 

regulated to reveal their function in ASD. 

By restricting our search for antisense reads to ASD-related gene locus and its 5 kbp 

flanking region (Fig. 3A), we aimed to identify NATs that are known to have sequence 

complementarity with their protein-coding partners. We also removed genomic elements 

that were present on the reverse strand of ASD-related genes to eliminate any abundance 

contribution by protein-coding genes. We are not aware of any example where a protein-

coding gene can act as an antisense transcript to regulate the expression of another protein-

coding gene in the reverse strand. In case such regulation is present, we might have biased 

our search and excluded protein-coding genes with antisense function.  
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Expression correlation of sense and antisense partners might indicate a functional 

relationship. Several studies have tried to understand the link between sense-antisense 

transcript pairs by analyzing their correlation relationship (99). For example, a positive 

correlation was reported for sense-antisense partners that show tissue-specific expression 

profiles with overlapping promoter sequences (182). On the other hand, a negative 

correlation was identified for antisense transcripts that position in the introns or 

downstream of their protein-coding partners (183). In our study, we observed nearly a 

binary distribution for the temporal correlation of sense and antisense expression (Fig. 4A) 

with more genes showing negative correlation. For example, Ube3a is a known gene with 

antisense-mediated expression regulation (157) and it showed a strong positive correlation 

(Fig 4B). On the other hand, Scn1a, a gene known to have an antisense gene in mouse (184), 

showed a strong negative correlation (Fig 4C). Therefore, we cannot speculate with our 

dataset for any mechanism attributable to temporal correlation of sense and antisense 

partners. 

Our de novo antisense transcriptome is a great resource with over 70,000 assembled 

contigs with mPFC and striatum specific annotations. The PCA of assembled transcripts 

resulted in a clear clustering of samples based on their brain region (niche) and 

development (age) (Fig. 5A). Our differential expression analysis also revealed many of 

these contigs were significantly tissue and age specific (Fig. 5B). Given that ncRNA 

expression can be exceptionally specific to cell types, neuroanatomical regions and 

subcellular compartments (81), our findings are also consistent with the idea that lncRNAs 

play functional role in CNS development and diseases (74). 

With our novel bioinformatics approach using masking and blast verification of assembled 

transcripts (Fig. 1), we could significantly refine initially assembled ~100,000 contigs by 

~30%. Therefore, we are confident that the majority of these contigs are actual antisense 
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transcripts present in the brain. Successful validation of all 9 selected contigs by qPCR in the 

mouse brain (Fig. S2) also goes in favor of the precision of our approach. Nevertheless, 

validation of these contigs as functional transcripts is necessary. For example, cell based, 

large-scale RNA interference-mediated loss of function assay (185) can be used to validate 

biological function of the assembled transcripts. 

Conserved sequences of antisense transcripts between mice and humans could indicate a 

shared mechanism and facilitates experimental efforts to understand the functionality of 

antisense transcripts using animal models. By blasting our assembled novel de novo 

antisense transcripts against the human genome, we could identify highly complementary 

and covered sequences between two species for ASD-related genes (Table 2). Mef2c is 

particularly interesting as it has several contigs that are highly complement with the human 

locus, and many Mef2c contigs are differentially expressed (Fig. 5B). Multiple non-coding 

and antisense RNAs have been identified around human MEF2C gene (186); however, no 

antisense transcript has been reported for the mouse homolog. Hence, investigating 

antisense regulation of Mef2c in mouse would be noteworthy. Nevertheless, it is also 

important to note that sequence homology is not the only parameter that determines 

similar functions in different species (187). For instance, the brain-derived neurotrophic 

factor gene (Bdnf) in mouse and human are regulated by their respective Bdnf-antisense 

transcripts despite lack of conserved antisense sequences between two species (102). 

Therefore, a more inclusive approach should be considered when antisense transcripts are 

compared between two or more species. 

Conclusions 

The data presented here provide evidence that some ASD-related genes and their antisense 

transcripts are differentially expressed between mPFC and striatum through development. 

These differences should be taken into account to obtain a more complete view of the 
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interplay of sense-antisense partners that lead to the disease state. Moreover, we 

successfully assembled de novo antisense transcriptome with over 70,000 contigs for 

mouse brain with tissue specific annotations. Our antisense transcriptome can be used as a 

reference for determining NAT candidates for research activities in the CNS and its 

disorders. Our novel bioinformatics approach to verify and mask contigs provides a more 

refined list of transcripts and it can be applicable to other de novo transcriptome assembly 

studies. Identifying and understanding specific antisense transcripts regulating the 

expression of ASD-related genes would be important to develop novel RNA-based 

therapeutics (98) for ASD. 
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Supplementary Figures 

 

Figure S1. Qualitative classification of ASD-related genes based on the abundance of their 

antisense reads. 

100 out of 103 autism-related genes with 1-1 murine orthologues (Ensembl Release 90) 

were qualitatively classified based on the abundance of their antisense reads into three 

categories: strong antisense reads (42%), moderate antisense reads (17%), weak antisense 

reads (41%). Yellow highlighted genes have NATs in humans: 23/37 genes (~62%) 

overlapped also for clear antisense reads in mice. Asterisk (*) indicates the presence of at 



46 
 

least one NAT in brains of Cynomolgus macaque (Aceview, NHPRTR Project). Common 

NATs in all three species: Braf, Cacna1c, Foxp1, Nf1, Pafah1b1, Ube3a, Vps13b.   
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Figure S2. Verification of Selected De Novo Contigs as Natural Antisense Transcripts 

Left panel: 9 antisense de novo contigs were verified using custom made TaqMan Probes in 

RT-qPCR. 18S transcript was used as a positive control. + is positive control. Right panel: 

Agarose gel electrophoresis of the RT-qPCR products. All RT-qPCR products of antisense 

transcripts, except for Cacna1c_R_15 (9), separated to expected fragment size. L is DNA 

ladder, bp is base pair.  

  



48 
 

Supplementary Materials 

HBSS  

• 25 ml 10x HBSS (Thermo Fisher Scientific, Catalog# 14185052) 

• 625 μl 1 M Hepes (Thermo Fisher Scientific, pH 7.4) (Catalog# 15630056) 

• 3 ml 2.5 M Glucose (Sigma, Catalog# G8769) 

• 1.5 ml 1 M MgCl2 (Sigma, Catalog# 63069) 

• 250 μl 1 M CaCl2 (Sigma, Catalog# 2115) 

Under sterile hood, ingredients were mixed and added nuclease-free H2O (Thermo Fisher 

Scientific, Catalog# 10977-035) to 250 ml and sterile filtered. 

  



49 
 

Chapter 2 - Diverse Modes of NMDA Receptor Antagonism Disrupt Working 

Memory by Affecting Different Behavioral Measures 

Baran Koç1, 2, Eoin C. O’Connor2, Benjamin J. Hall2 

1- Faculty of Science, University of Basel, 4056 Basel, Switzerland 

2- Pharma Research and Early Development, Neuroscience Discovery, Roche Innovation 

Center Basel, 4070 Basel, Switzerland 

Correspondence to Benjamin J. Hall (benjamin.hall@roche.com). 

 

Abstract 

NMDA receptors (NMDARs) are critical regulators of synaptic plasticity and therefore 

cognitive behavior. Dysfunction in NMDARs has been associated with cognitive impairment 

in various neurological diseases. NMDAR antagonism has been used to model cognitive 

dysfunction in animal studies; however, how these antagonists impair the working memory 

domain of cognition is not fully understood. In this study, we measured the effects of 

NMDAR antagonism on working memory in mice, using a translatable, touchscreen-based 

operant task (TUNL) and treating animals with non-subunit selective uncompetitive 

antagonists MK-801 or ketamine, as well as the GluN2B-subunit selective antagonist RO 25-

6981. Treatment with MK-801 or RO 25-6981 impaired working memory performance 

while, ketamine, at a pro-motivational low dose, did not have any significant effect. By 

dissecting the TUNL task into quantifiable components, we found that MK-801 significantly 

increased choice latency –suggesting an impairment in decision execution. On the other 

hand, RO 25-6981 caused an impulsive, inattentive behavior evident as a reduction in all 

task latencies measured. By combining systemic NMDAR antagonism with genetic 

suppression of GluN2B or the NMDAR-associated gene Syngap1 in medial prefrontal cortex 
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(mPFC), we observed that loss of GluN2B exacerbated the MK-801-induced working 

memory impairment while Syngap1 knockdown animals showed reduced impairment. Our 

findings provide insight into how NMDARs and an associated cellular signaling molecule 

contribute to specific features of working memory in mPFC circuits. 

Introduction 

N-methyl-D-aspartate receptors (NMDARs) are ionotropic glutamate receptors that 

regulate excitatory synaptic transmission and plasticity (188). NMDARs are 

heterotetramers composed of two GluN1 subunits and two GluN2A or GluN2B subunits. 

Diversity in receptor composition regulated through GluN2A and GluN2B subunits has an 

impact on receptor properties and function (33). Due to their role in synaptic plasticity, 

NMDARs are strongly involved in cognitive functions (189). NMDAR hypofunction has been 

linked to cognitive dysfunction such as executive function deficits, attentional processing, 

working memory impairment (122). NMDAR antagonists are widely used to mimic 

cognitive dysfunction in animal models (129, 131).  

The Trial-Unique Non-Matching to Location (TUNL) task is used to assess spatial working 

memory in rodents and is translatable to humans (112, 118). In TUNL, an automated 

operant chamber allows working memory assessment by requiring the animal to choose a 

nonmatching location after a variable delay following a sample phase.  In this way, detailed 

assessment of working memory parameters is possible due to precise measurement of task 

parameters such as response latencies (113). 

The effects of NMDR antagonism on spatial working memory in TUNL have been tested 

mainly in rats. Systemic injection of MK-801 impaired working memory performance while 

GluN2A-specific NVP-AAM077 or GluN2B-selective antagonists CP 101-606 and RO 25-6981 

did not show any significant effect on test accuracy  (129, 130). Lesion studies suggested 
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that mPFC (120) and (dorsal) hippocampus (112, 121) are brain regions involved in TUNL 

task. 

The NMDAR-associated protein Syngap1 is a postsynaptic density associated protein 

present at excitatory synapses (51). As a downstream regulator of NMDAR signaling, 

Syngap1 plays a critical role in excitatory synapse function by negatively-regulating α-

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) levels (56). Loss 

of function mutations in SYNGAP1 have been implicated in intellectual disability and autism 

spectrum disorder (61, 190). Animal models of Syngap1 dysfunction recapitulate similar 

behavioral and physiological deficits seen in patients (136-139, 141). Interestingly, Syngap1 

heterozygous mice showed working memory deficits in an automated eight-arm radial 

maze working memory task (136).  

The  medial prefrontal cortex (mPFC) is a major center for working memory and executive 

function (191). Recently, thalamic projections to the mPFC have been suggested to sustain 

attentional control and activity during working memory maintenance (192, 193). 

Furthermore, synaptic input to the mPFC from the medial dorsal thalamus (MDT) is 

regulated by strong contribution of GluN2B-containing NMDARs and  activation of this 

circuit drives increased motivated behavior (194). We previously showed in vitro that 

Syngap1 is preferably located in the GluN2B-containing NMDAR pathway (50). Based on 

these findings, we hypothesized that GluN2B and Syngap1 could have a role for working 

memory regulation in the mPFC by regulating MDT → mPFC inputs. 

Herein, we tested the effect of systemic NMDAR antagonism on working memory in TUNL. 

Both subtype-nonspecific and GluN2B-selective antagonism impaired working memory 

performance, although low-dose ketamine did not alter performance. By using 

comprehensive cognition-related behavioral measures, we elucidated how these 

antagonists impaired working memory performance. Furthermore, by using conditional 
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viral vectors, we investigated how NMDAR antagonism was affected when GluN2B was 

deleted in the mPFC or Syngap1 was knocked down in the excitatory cell population of the 

mPFC. We demonstrated that MK-801-induced working memory impairment was 

exacerbated with GluN2BΔmPFC while significantly alleviated by Syngap1 knockdown. 

Methods 

Molecular Biology 

For Syngap1 silencing studies, shRNA constructs and respective scrambled controls were 

designed and incorporated into pSilencer™ siRNA expression vector (Thermo Fisher 

Scientific, Waltham, MA, USA) (Supplementary Materials and Methods for siRNA target 

sequences and RT-qPCR protocol). Constructs were tested in mouse primary cortical 

culture for their knockdown efficacy by RT-qPCR. The most effective constructs were 

incorporated into a conditional shRNA expression vector - pSico, which was a gift from 

Tyler Jacks (Addgene plasmid # 11578; http://n2t.net/addgene:11578; 

RRID:Addgene_11578) (195). AAV production from these constructs was performed by the 

Viral Vector Facility (VVF) of the Neuroscience Center Zurich (NCZ) (Fig. S6A). SynGAP 

knockdown by our custom designed viruses was assessed in mouse primary cortical culture 

(Fig. S6B-C). 

Subjects 

Male, homozygous GluN2Bflox (B6129S background) and homozygous Emx1-Cre (C57/BL6) 

mice up to 1 year of age at the time of analysis were used for all studies. GluN2Bflox mice 

were used under a license from Vanderbilt University (5). Emx1-Cre knockin mice (196) 

were obtained from the Jackson Laboratory. Regular tap water and food were available ad 

libitum except during TUNL experiments. During TUNL testing, body weight was 

maintained at 85-90% of free feeding levels by mild food restriction. Mice were bred and 
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group housed when possible in a colony maintained on a 12-hour light/dark cycle. TUNL 

experiments were performed in the dark phase under red light. Experiments were 

conducted in adherence to the Swiss federal ordinance on animal protection and approved 

by Canton of Basel-Stadt Veterinary Authority. 

Surgical Procedures 

Surgical procedures were followed as previously explained in detail by our lab (194). 

Briefly, after anesthetic plane was confirmed, viruses were injected bilaterally into the 

mPFC (ML: ± 0.30 mm, AP: 1.94 mm, DV: -2.50 mm) defined by Paxinos and Watson (197) 

and the Allen Mouse Brain Atlas (198), and were confirmed empirically. Total volume per 

injection was 200 nl per hemisphere. For post-op recovery and viral expression, animals 

were kept in their home cage at least for 2 weeks before experimentation. 

For GluN2B knockdown in the mPFC, homozygous GluN2Bflox animals were injected with 

either AAV2-CaMKII-GFP or AAV2-CaMKII-GFP-Cre vectors from Vector Biolabs. 

Characterization of the AAV2-CaMKII-GFP-Cre for its knockdown efficiency was previously 

performed by our laboratory (194). For Syngap1 knockdown in forebrain excitatory 

neurons, Emx1-Cre animals were injected with either AAV8/2-mU6-loxTATA-hCMV-EGFP-

loxTATA-shRNA(SynGAP_1477-scrambled)-hGHp(A)-hCMV-mCherry-hGHp(A) 

(Scrambled-siRNA) or AAV8/2-mU6-loxTATA-hCMV-EGFP-loxTATA-

shRNA(SynGAP_1477)-hGHp(A)-hCMV-mCherry-hGHp(A) (SynGAP-siRNA) (Fig. S6). 

TUNL 

The TUNL protocol was modified from a previous study (121). Animals were adjusted to 

reversed light cycle at least for two weeks before training. In the last week of an adjustment 

period food restriction was initiated, and in the last two days animals were familiarized to 

TUNL boxes for 45 minutes/day by introducing sucrose pellets in the food magazine. 
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Animals were trained to associate pellet reward with a nose poke to a lit window in the 

Sample Training with no punishment to background touch (non-target window). Animals 

that could collect 30 pellets in 1 hour were proceeded to Initiation Training.  

In Initiation Training, animals were punished by house light illumination and a 5-sec time-

out in the case of a background touch. Incorrect trials were repeated until animal made a 

correct response. Total run time was 1 hour or collection of 40 pellets. Animals that could 

reach the criteria of minimum 20 total trials, >70% correct on average of 2 consecutive 

trials (max of 20% variation) started with TUNL training.  

In TUNL training, spatially-separated non-centric windows were used. Animals started a 

trial with a nose poke to the food magazine to light a sample window. Following a nose poke 

to the sample window, the light is turned off and the food magazine would illuminate after a 

2 s delay. Animals initiated the choice phase by nose poking the food magazine leading to 

illumination of both the sample and a novel choice (non-matching) window. In order to 

collect the food reward, animals had to nose poke the choice window which led to 

immediate delivery of a sucrose pellet reward in the food magazine and initiation of a 15 s 

inter-trial interval. A touch to sample window or non-lit window was punished by house 

illumination and 5 s timeout. The trial was repeated until the animal made a correct choice. 

Total run time was 40 correct trials or 1 hour, whichever was reached first. Animals were 

first trained in the maximal window spatial separation mode - level S3 - with was a 3 

window-gap between sample and choice windows. Once animals reached the criteria of 

minimum 20 total trials, >70% correct on average of 2 consecutive trials (max of 20% 

variation) they were proceeded to S2 phase. S2 phase was identical to S3 except that there 

was only a 2 window-gap between the sample and choice windows. Once animals reached 

criteria for S2 phase they were entered into the probe phase. 
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In the TUNL probe, working memory was tested in the S2 phase by varying the delay 

between sample selection and choice initiation. Animals were given random delays of 2 s, 4 

s or 6 s evenly distributed over 48 total trials. Total run time was completion of 48 trials or 

1 hour. There were no correction trials in this phase. Nose pokes to non-choice window 

initiated a house light illumination followed by a 5 s timeout. 

Drug Treatments 

Within-subjects study design was used for drug applications and each animal received all 

doses in randomized order. There was at least 2-day baseline training between treatments. 

Vehicle was 0.3% Tween-80 in physiological saline for all experiments. MK-801 (Sigma, 

M107) was delivered subcutaneously, RO 25-6981 (Sigma, SML0495) and ketamine (Sigma, 

K1884) were delivered intraperitoneally 30 min before task initiation.  

Data Analysis and Statistics 

Data was analyzed by paired t test, repeated measures one-way ANOVA with the Geisser-

Greenhouse correction or repeated measures two-way ANOVA, unless otherwise specified; 

and post hoc tests were used for detailed statistical analysis, as appropriate. All data is 

expressed as mean and standard error of the mean (SEM). Statistical tests were carried out 

with Prism 7 (GraphPad Software, San Diego, CA, USA). A P-value of <0.05 is considered 

significant and all data values are non-significant unless specified. 

Results 

Working memory performance worsened after subtype-unspecific or GluN2B-selective 

antagonism 

To validate our mouse TUNL working memory assay, we trained two groups of mice from 

B6129S and C57BL/6 backgrounds. The majority of animals (>85%) from both 

backgrounds successfully completed training (15 out of 16 B6129S mice, and 14 out of 16 
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C57BL/6 mice). Both groups showed delay-dependent performance worsening as predicted 

(Fig. S1) although C57BL/6 mice were more susceptible to delay-dependent performance 

worsening (Fig. S1B). 

To test the effects of NMDAR antagonism on working memory, we injected animals with the 

uncompetitive and non-selective NMDAR antagonist MK-801 (0.1 mg/kg), the GluN2B-

selective antagonist RO 25-6981 (1.25 mg/kg, 5 mg/kg, 20 mg/kg) or a low-dose of the non-

selective antagonist ketamine (3 mg/kg) using a within-subjects design, that is: each animal 

received all three treatments as well as vehicle control (Fig. 1A). MK-801 and RO 25-6981 

treatment caused a significant worsening of test performance (n = 8, P = 0.0012 for MK-

801; n = 8, F(2.722, 19.05) = 15.26, P < 0.0001 for RO 25-6981) but the low-dose ketamine 

treatment was comparable to the control condition (n = 8, P = 0.3050) (Fig. 1B-D). RO 25-

6981 treatment led to a severe hyperactive behavior, most obvious in animals treated with 

the highest dose (Supplementary Video 1 and 2). We tested animals with lower doses of RO 

25-6981 (0.08 mg/kg and 0.31 mg/kg) to remove the confound of hyperactivity by RO 25-

6981 treatment.  Neither of the two lower doses showed a significant change in 

performance or latencies (Fig. S2) despite an observation of reduced hyperactivity, 

suggesting RO 25-6981 at lower doses has no effect on working memory performance. 



57 
 

 

Figure 1. Treatment with MK-801 or RO 25-6981 but not ketamine, impaired spatial 

working memory. A. Schematic diagram detailing the within-subject experimental design. B. 

MK-801 (0.1 mg/kg) induced an impairment in working memory performance. C. Working 

memory performance decreased in a dose-dependent manner in response to RO 25-6981 

(1.25-20 mg/kg) treatment. D. Low dose ketamine (3 mg/kg) did not cause any 

performance worsening of the working memory. Values show group mean ± SEM; *P < 

0.05, **P < 0.01, ***P < 0.001. 

MK-801 and RO 25-6981 caused impairment in TUNL through different behavioral 

mechanisms 

In order to elucidate how animals were impaired in TUNL due to NMDAR-antagonism, we 

dissected the TUNL task into its latency components (Fig. 2A). Both MK-801 and RO 25-

6981 treatment showed decreased sample initiation latency (n = 8, P = 0.0211 for MK-801; 

n = 8, F(1.688, 11.82) = 14.53, P = 0.0009 for RO 25-6981) (Fig. 2B-C). On the other hand, when 

we analyzed the choice latencies, interestingly we observed an opposite trend between MK-

801 and RO 25-6981 conditions (Fig. 2D-E). Despite a general tendency of increased 
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engagement in the task for MK-801 treatment, choice latency in this condition was 

significantly increased (n = 8, P = 0.0137) suggesting an impairment in executive function 

or memory retrieval. In the RO 25-6981 condition, choice latency decreased in a dose 

dependent manner (n = 8, F(1.975, 13.82) = 2.875, P = 0.0909 for drug, F(7,21) = 2.512, P = 

0.0482 for subjects, Padj = 0.0369 for 20 mg/kg). RO 25-6981-treatment had a highly 

increased engaged behavior in the task (see within-subject comparison in Supplemental 

Video 1 after vehicle treatment, and in Supplemental Video 2 after 20 mg/kg RO 25-6981-

treatment). However, this engaged state did not result in an attentive behavior, rather an 

impulsive behavior suggesting a possible explanation for reduced working memory 

performance. 

We analyzed other parameters after NMDAR antagonism such as delay-dependent 

performance, the number of completed trials and task-related delays described in Fig. 2A. 

Delay-dependent performance impairment was less prominent both for MK-801 (Fig. S3A) 

and RO 25-6981 (Fig S4A) conditions likely due to the fact that animals started off with a 

lower baseline performance mainly for higher doses. The total number of completed trials 

increased in MK801 and RO 25-6981 treatment conditions (Fig. S3B & S4B) consistent with 

increased engagement in the task. However, this value was not significantly different 

presumably due to a ceiling effect imposed by limiting the maximum number of trials to 48. 

For other latency measurements (sample latency, choice initiation latency, and collection 

latency), MK-801-treatment did not show any significant difference although there was a 

trend for a decrease in latencies for the treatment condition (Fig. S3C-E). RO 25-6981 

treatment also showed a trend for a decrease in latencies after treatment and in a dose 

dependent manner, and the decrease in sample and collection latencies were significant for 

higher doses but not for choice initiation latency (Fig. S4C-E). 
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Figure 2. Sample initiation latency increased after either MK-801 or RO 25-6981 treatment 

while choice latency was significantly altered in opposing directions. A. Schematic 

representation of latencies measured. B. MK-801 treatment decreased sample initiation 

latency. C. RO 25-6981 treatment induced a dose-dependent decrease in sample initiation 

latency. All doses are compared to the vehicle. D. MK-801 treatment increased choice 

latency. E. Choice latency was decreased after RO 25-6981 treatment in a dose-dependent 

manner. All doses are compared to the vehicle. Values show group mean ± SEM; *P < 0.05, 

**P < 0.01. 

mPFC-specific knockdown of GluN2B did not affect spatial working memory performance 

Next, we wanted to test circuit specific role of GluN2B in mPFC for spatial working memory. 

We trained homozygous GluN2Bflox animals in TUNL and probed them to assess their spatial 

working memory (pre-injection). We then injected these animals either with AAV2-CaMKII-

GFP (Control) or AAV2-CaMKII-GFP-Cre (GluN2BΔmPFC), to assess their behavior after 

removal of GluN2B from pyramidal neurons in mPFC (post-injection). 



60 
 

Both control and GluN2BΔmPFC animals showed improved performance after viral 

injection (F(1,9) = 6.431, P = 0.0319) presumably due to the extended training time (Fig. 

3A). Surprisingly, we did not observe any significant difference in performance following 

viral injection between control and GluN2BΔmPFC animals (Figure 3A, post-injection) (F(1,9) 

= 2.849 x 10-5, P = 0.9959).  Similarly, sample and choice latencies between control and 

GluN2BΔmPFC groups were comparable (Fig. 3B-C) (F(1,9) = 0.4568, P = 0.5161 for sample 

initiation latency; F(1,9) = 1.445, P = 0.2600 for choice latency) as well as performance at 

different delays, number of completed trials and other latency measurements (Fig. S5). 

 

Figure 3. GluN2BΔmPFC animals did not show any change in working memory 

measurements; however, they were more susceptible to MK-801-induced impairment. A. 

Following GluN2B reduction in mPFC (post-injection), working memory performance was 

comparable to the control group.  Both control and GluN2BΔmPFC animals showed 

improved performance after viral injection. B. Sample initiation latency analysis did not 

show any difference between control and GluN2BΔmPFC group after injection. C. Choice 

latency analysis did not show any difference between control and GluN2BΔmPFC group 
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after viral injection. D. MK-801-induced impairment in working memory was enhanced in 

GluN2BΔmPFC animals after viral injection. E. RO 25-6981-treatment did not yield any 

differences between control and GluN2BΔmPFC groups following viral injection. Values 

show group mean ± SEM; *P < 0.05, *P < 0.01. 

 

 

GluN2BΔmPFC animals were more susceptible to MK-801-induced impairment but not to RO 

25-6981 

Although we did not observe a significant effect of GluN2B reduction in mPFC on working 

memory performance, we wanted to test whether GluN2BΔmPFC animals had any 

susceptibility or resistance to full or GluN2B-selective NMDAR antagonism. Interestingly, 

MK-801 treatment significantly exacerbated impairment due to non-selective NMDAR 

antagonism in GluN2BΔmPFC animals (Figure 3D) (F(1,9) = 38.12, P = 0.0002 for drug effect, 

F(1,9) = 4.381, P = 0.0659 for viral injection, Padj = 0.4690 for vehicle, Padj = 0.0488 for 0.1 

mg/kg). GluN2B-selective antagonism by RO 25-6981 did not cause any significant change 

in working memory performance between control and GluN2BΔmPFC animals (Figure 3E) 

(F(3,27) = 4.998, P = 0.0069 for drug effect, F(1,9) = 1.09, P = 0.3236 for viral injection, Padj = 

0.9692 for vehicle, Padj = 0.9940 for 1.25 mg/kg, Padj = 0.5102 for 5 mg/kg, Padj = 0.6609 for 

20 mg/kg). 

Syngap1 knockdown in mPFC did not affect working memory performance but led to reduced 

MK-801-induced impairment 

We next tested the circuit specific effect of NMDAR-associated, schizophrenia risk gene 

Syngap1 in mPFC. In order to achieve cell type-specific knockdown of Syngap1, we 



62 
 

designed, generated and characterized conditional shRNA-encoding viral vectors that 

express siRNA in the presence of Cre recombinase (Fig S6). 

We first trained Emx1-Cre animals in TUNL and probed them for their spatial working 

memory (pre-injection). We then injected these animals with either scrambled-siRNA 

(control) or SynGAP-siRNA (SynGAP) viral vectors, and probed for their spatial working 

memory after recovery and baseline training (post-injection). 

Both control and SynGAP animals had comparable levels of working memory performance 

after viral injection (F(1,8) = 0.2038, P = 0.2038) (Fig. 4A). We did not observe any 

significant difference in performance following viral injection between control and SynGAP 

animals (Figure 4A) (F(1,8) = 0.3965, P = 0.5465).  Similarly, sample and choice latencies 

between control and SynGAP groups were comparable (Fig. 4B-C) (F(1,8) = 0.3229, P = 

0.5855 for sample initiation latency; F(1,8) = 0.3578, P = 0.5664 for choice latency) as well 

as the performance at different delays, number of completed trials and other latency 

measurements (Fig. S7). 

Similar to the GluN2BΔmPFC animals, we wanted to test whether Syngap1-knockdown in 

mPFC had any susceptibility or resistance to full or GluN2B-selective NMDAR antagonism. 

Interestingly, MK-801 treatment impairment was significantly reduced in SynGAP animals 

(Figure 4D) (F(1,8) = 12.69, P = 0.0074 for drug effect, F(1,8) = 1.851, P = 0.2107 for viral 

injection, Padj = 0.0284 for Scrambled-siRNA, Padj = 0.2026 for SynGAP-siRNA). GluN2B-

selective antagonism by RO 25-6981 did not cause any significant change in working 

memory performance between control and SynGAP animals (Figure 4E) (F(3,24) = 5.606, P = 

0.0046 for drug effect, F(1,8) = 0.02551, P = 0.8771 for viral injection, Padj = 0.9945 for 

vehicle, Padj = 0.9326 for 1.25 mg/kg, Padj = 0.9251 for 5 mg/kg, Padj = 0.8915 for 20 

mg/kg). 
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Figure 4. Syngap1-knockdown animals did not show any change in working memory 

measurements; however, MK-801-induced impairment was reduced in SynGAP animals. A. 

Following Syngap1 knockdown in mPFC (post-injection), working memory performance 

was comparable with the control group. B. Sample initiation latency analysis did not show 

any difference between the control and SynGAP group after injection. C. Choice latency 

analysis did not show any difference between the control and SynGAP group after viral 

injection. D. MK-801-induced impairment in working memory was reduced in SynGAP 

animals after viral injection. E. RO 25-6981-treatment did not yield any differences between 

control and SynGAP groups following viral injection. Values show group mean ± SEM; *P < 

0.05. 

Discussion 

In this study, we successfully developed the TUNL assay in mouse for pharmacological 

testing. We investigated NMDAR-antagonism on working memory performance in TUNL. 

Our results show that systemic MK-801 treatment impaired working memory performance 

with increased choice latency, suggesting an impairment in memory retention or decision 
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execution. NMDAR antagonist ketamine at a low, pro-motivational dose did not cause any 

significant effect on working memory performance. GluN2B-selective antagonism by RO 25-

6981 impaired working memory performance in a dose-dependent manner. Despite 

reduced latencies (including choice latency) and increased task engagement after RO 25-

6981 treatment, animals still failed to accomplish the task successfully presumably due to 

their increased impulsive and inattentive behavior. Furthermore, we investigated effects of 

mPFC-specific circuit manipulation on working memory by selectively deleting GluN2B or 

knocking down NMDAR-associated gene Syngap1. Interestingly, GluN2BΔmPFC exacerbated 

MK-801-induced impairment while Syngap1-knockdown blunted this effect. 

Traditional working memory tasks such as T-maze, radial arm maze, delayed non-matching 

to sample, operant delayed-non-matching-to-position (DNMTP) generally provide overall 

performance as a readout for working memory assessment (117, 199). The main 

advantages of TUNL compared to these methods are that it allows experimenters to dissect 

the task into several quantifiable components mainly in the form of latency measures and 

provide multiple locations for choice phase to reduce body orientation bias as observed in 

DNMTP (118). In this study, we took advantage of latency measures to understand how 

different forms of NMDR antagonism affected working memory specifically. Despite 

common phenotype of reduced working memory performance after both MK-801 and RO 

25-6981 treatment (Fig. 1 B-C), detailed analysis revealed that these antagonists actually 

affected different cognition-related functions to impair working memory –namely decision 

execution for MK-801 measured by increased choice latency (Fig. 2B), and 

impulsivity/attentional deficit for RO 25-6981 measured by decreased overall latencies 

(Fig. 2 C&E, Fig. S4 C-E) without working memory improvement. Furthermore, opposing 

choice latency measure observed between subtype-nonspecific and GluN2B-selective 

antagonism (Fig. 2D vs Fig. 2E) suggests that different NMDAR subunits might contribute to 
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working memory regulation by affecting diverse cognition-related pathways (122). 

Therefore, ability to distinguish cognitive features is particularly important to understand 

distinct biological basis of cognitive deficiencies present in schizophrenia, or 

neurodevelopmental disorders in general, and to define biological mechanisms. 

A single, low dose of ketamine has a rapid antidepressant effect in treatment-resistant 

patients (200) and improves attentional processing in healthy controls by reducing the 

response time to target stimuli in visual oddball task for assessing attentional processing 

(201). In mice, low dose ketamine has a pro-motivational effect in the forced swim test and 

tail suspension test –both of which assess behavioral despair (135). Based on these 

findings, we hypothesized that a low dose ketamine treatment in mice could have a positive 

effect on working memory performance by improving motivation and task engagement. 

However, a low dose ketamine treatment (3 mg/kg) failed to cause a significant effect on 

working memory performance in TUNL (Figure 1D). We interpret this finding as ketamine’s 

presumed pro-motivational effect was not sufficient to improve working memory 

performance especially in the absence of any cognitive dysfunction. This finding is also 

consistent with the fact that GluN2BΔmPFC alone did not result in any change in working 

memory performance (Figure 3A) as we previously demonstrated that in vivo deletion of 

GluN2B in mPFC mimics and occludes ketamine’s positive actions on depression-like 

behavior (135). 

The absence of any effect of genetic manipulations on working memory by GluN2BΔmPFC 

(Fig 3A-C) or Syngap1 knockdown (Fig. 4 A-C) can be possibly explained by the fact that 

these manipulations alone might not be sufficient to induce any visible phenotype. Given 

that these animals did not possess any known susceptibility to cognitive dysfunction, their 

subtle effect might not be reflected in our study. Alternatively, our study might be 

underpowered to significantly reveal any subtle behavioral change caused by mPFC-specific 
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manipulations due to inadequate number of animals. Also the number or type of cells 

transfected by the virus might have contributed to the variation of the effect size. Increased 

baseline performance levels after viral injections (Fig. 3A), possibly due to prolonged 

training of animals, might also lead to a ceiling affect that prevents the detection of any 

improvement caused by viral manipulations. A more thorough investigation is necessary to 

rule out these experimental caveats. TUNL training time can be shortened by specific 

modifications or genetic knockdown approach can be used to study cognitive effects of 

GluN2B or Syngap1 reduction. For example, a recent study reported impaired cognitive 

flexibility following genetic GluN2B deletion in CaMKII-positive cell population (134). This 

study convincingly demonstrated that GluN2B deletion disrupted the coordination between 

orbitofrontal cortex and dorsal striatum by altering the neuronal firing rates that are 

necessary for optimal behavioral flexibility. It would be interesting to see whether GluN2B’s 

role of mediating neuronal timing is applicable to other cognitive function, for example MDT 

→ mPFC afferents in genetic GluN2Bnull animals for sustaining activity during working 

memory maintenance.  

Interestingly, in the case of cognitive dysfunction induced by MK-801, GluN2BΔmPFC 

resulted in an additional detrimental effect on working memory performance (Fig 3D) 

possibly enhancing pathway(s) that led to impulsive, inattentive behavior as induced by 

systemic GluN2B-selective RO 25-6981 treatment (Fig. 1C). On the other hand, cognitive 

dysfunction induced by MK-801 was blunted by mPFC-specific knockdown of Syngap1 (Fig. 

4D). This finding could be explained by a few possible mechanisms: first is that Syngap1 

acts downstream of a subgroup of GluN2B-containing NMDARs that contribute to working 

memory regulation, second is that Syngap1 is preferably located downstream of NMDARs 

with other subunit composition such as GluN2A-containing, and last is that CaMKII (for 

GluN2B knockout) and Emx1 (for Syngap1 knockdown) promoters might be targeting 
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different cell populations. The last explanation is highly unlikely as Emx1 is known to be 

expressed in excitatory neurons (196), which also express CaMKII. Regarding the first two 

possibilities, the findings that Syngap1 preferably associates with GluN2B over GluN2A (57) 

and the absence of rescue effect of Syngap1 knockdown in systemic GluN2B-selective 

antagonism (Fig. 4E) suggest that second explanation is less likely. In this case, that would 

be interesting to further investigate the heterogeneity of GluN2B-containing NMDARs and 

their distinctive roles in cognition.  

A possible role for Syngap1 in the mPFC is that it might be located downstream of MDT to 

mPFC afferents that regulate working memory sustainment (192, 193). A mechanism we 

hypothesize for this role is that Syngap1+ GluN2Bs are specifically receiving input from 

MDT that sustains attention, and knocking down the negative regulator Syngap1 in this 

pathway disinhibits MDT to mPFC activity and contributes to enhanced working memory. A 

possible way to test this hypothesis would be injecting anterograde Cre-expressing viral 

vector in the MDT and co-injecting Cre-dependent Syngap1-siRNA virus in the mPFC. 

Another mechanistic explanation we can speculate is that Syngap1+ synapses might be 

specifically receiving input from the ventral hippocampus (vHPC) that provides spatial 

encoding in working memory (202). In this scenario, Syngap1 knockdown would facilitate 

the afferents coming from vHPC, thereby enhancing the spatial memory that is necessary for 

the TUNL task. Syngap1 and GluN2B synapses were also shown to be not always 

overlapping in vivo (38), so this mechanism could also explain the opposing phenotypes we 

observed between genetic GluN2B and Syngap1 reduction after MK-801 administration 

(Fig. 3D and Fig. 4D). Identifying downstream pathways of Syngap1+ NMDARs in the mPFC 

would be also important for a thorough understanding of circuitry and brain regions 

involved in working memory regulation. 
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Altogether, our data provides an understanding of how different NMDAR subunits can affect 

working memory performance through distinct cognitive functionalities by applying a 

dissecting approach for working memory. We suggest a potential circuit mechanism that 

involves heterogeneous NMDAR subgroups with diverse molecular makeup for regulating 

different features of cognitive function. Our approach can be used to study biological 

mechanisms and distinct modalities of cognition and to develop and test therapeutics for 

neurodevelopmental diseases. 
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Supplementary Figures 

 

Figure S1. Delay-dependent worsening of working memory performance in mice with 

different backgrounds A. B6129S mice had a delay-dependent working memory worsening 

when introduced variable delays (n = 15, F(1.968, 27.56) = 4.968, P = 0.0147, Padj = 0.0400 for 4 

s, Padj = 0.0295 for 6 s, compared to mean of 2 s). B. C57BL/6 mice had a delay-dependent 

working memory worsening when introduced variable delays (n = 14, F(1.89, 24.56) = 21.31, P 

< 0.0001, Padj = 0.0023 for 4 s, Padj < 0.0001 for 6 s, compared to mean of 2 s). Values show 

group mean ± SEM; *P < 0.05, **P < 0.01, ****P < 0.0001. 
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Figure S2. Lower doses of RO 25-6981 did not cause a significant change in working 

memory performance, sample initiation latency or choice initiation latency A. Lower doses 

of RO 25-6981 (0.08 mg/kg, 0.31 mg/kg, 1.25 mg/kg) treatment did not cause any 

significant change in working memory performance (n = 8, F(1.66, 11.62) = 1.219, P = 0.0598). 

B. Sample initiation latencies were comparable after treatment with lower doses of RO 25-

6981 (n = 8, F(1.516, 10.61) = 1.23, P = 0.3171) C. Choice latencies were comparable after 

treatment with lower doses of RO 25-6981 (n = 8, F(1.606, 11,24) = 1.327, P = 0.2959). Values 

show group mean ± SEM. 
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Figure S3. Detailed analyses of TUNL parameters after MK-801 treatment. A. Delay-

dependent impairment was enhanced after MK-801 treatment (F(2, 28) = 4, P = 0.0296 for 

effect of delay, F(1, 14) = 7.473, P = 0.0162 for effect of drug, Padj = 0.5838 for 2 s, Padj = 

0.0193 for 4 s, Padj = 0.1455 for 6 s). B. There was no significant effect of MK-801 treatment 

on number of completed trials (n = 8, P = 0.3628). Maximum number of trials was limited 

to 48. C. There was no significant effect of MK-801 treatment on sample latency (n = 8, P = 

0.3594) D. There was no significant effect of MK-801 treatment on choice initiation latency 

(n = 8, P = 0.3111) E. There was no significant effect of MK-801 treatment on collection 

latency (n = 8, P = 0.1482) Values show group mean ± SEM.; *P < 0.05. 
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Figure S4. Detailed analyses of TUNL parameters after RO 25-6981 treatment. A. There was 

a significant delay-dependent and RO 25-6981-induced impairment (F(2, 56) = 31.54, P < 

0.0001 for effect of delay, F(3, 28) = 9.048, P = 0.0002 for effect of drug; For 2 s delay: 

Padj>0.9999 for 1.25 mg/kg, Padj > 0.9999 for 5 mg/kg, Padj = 0.0029 for 20 mg/kg; For 4 s 

delay: Padj = 0.7237 for 1.25 mg/kg, Padj = 0.0176 for 5 mg/kg, Padj = 0.0040 for 20 mg/kg; 

For 6 s delay: Padj = 0.0972 for 1.25 mg/kg, Padj = 0.0382 for 5 mg/kg, Padj = 0.0972 for 20 

mg/kg). B. There was no significant effect of RO 25-6981 treatment on number of 

completed trials (n = 8, F(1.033, 7.233) = 3.416, P = 0.1051). Maximum number of trials was 

limited to 48. C. There was a significant effect of RO 25-6981 treatment on sample latency (n 

= 8, F(1.411, 9.879) = 7.843, P = 0.0135, Padj = 0.7271 for 1.25 mg/kg, Padj = 0.0874 for 5 mg/kg, 

Padj = 0.0256 for 20 mg/kg). D. There was no significant effect of RO 25-6981 treatment on 

choice initiation latency (n = 8, F(1.613, 11.29) = 3.131, P = 0.0902). E. There was a significant 

effect of RO 25-6981 treatment on collection latency (n = 8, F(1.382, 9.677) = 8.321, P = 0.0120, 
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Padj = 0.0833 for 1.25 mg/kg, Padj = 0.0166 for 5 mg/kg, Padj = 0.0546 for 20 mg/kg). Values 

show group mean ± SEM.; n.s.: p ≥ 0.05, *P < 0.05.  
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Figure S5. GluN2B deletion in mPFC did not cause any significant changes in TUNL 

parameters analyzed A. There was a significant delay-dependent worsening in working 

memory performance but no change after viral injection (F(2, 36) = 15.01, P < 0.0001 for 

delay, F(3, 18) = 0.5785, P = 0.6366 for viral injection). B. There was no significant effect of 

GluN2B deletion in mPFC on number of completed trials (F(1, 9) = 0.4738, P = 0.5086 for 

virus type, F(1, 9) = 1.64, P = 0.2323 for injection status). Maximum number of trials was 

limited to 48. C. There was no significant effect of GluN2B deletion in mPFC on sample 

latency (F(1, 9) = 0.4893, P = 0.5019 for virus type, F(1, 9) = 0.0006, P = 0.9810 for injection 

status) D. There was no significant effect of GluN2B deletion in mPFC on choice initiation 

latency (F(1, 9) = 1.027, P = 0.3373 for virus type, F(1, 9) = 0.5211, P = 0.4887 for injection 

status) E. There was no significant effect of GluN2B deletion in mPFC on collection latency 

(F(1, 9) = 0.2845, P = 0.6067 for virus type, F(1, 9) = 0.2428, P = 0.6340 for injection status) 

Values show group mean ± SEM. 
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Figure S6. Design and characterization of conditional AAV virus for Syngap1 knockdown A. 

Simplified schematic of the viral vector we designed for shRNA expression in a Cre-

dependent manner. In absence of Cre recombinase, murine U6 promoter is spatially 

separated from shRNA cassette by EGFP positioned between two loxTATA boxes. Therefore, 

activity of U6 promoter is suppressed and RNA Polymerase III cannot have access to shRNA 

cassette for siRNA synthesis. In absence of Cre recombinase, EGFP and mCherry are co-

expressed but no siRNA can be synthesized. In presence of Cre recombinase, upstream 

hCMV promoter and EGFP sequence are incised completely from loxTATA sites, which 

results in U6 promoter and shRNA cassette coming into close vicinity. Therefore, RNA 

Polymerase III can have access to U6 promoter and shRNA, and synthesize siRNA. In 

presence of Cre recombinase, EGFP can no longer be synthesized but mCherry and shRNA 

can be transcribed. B. Fluorescent imaging of primary neuronal cultures that were 

transduced with SynGAP-siRNA and Scrambled-siRNA viruses confirmed reduction of GFP 

signal in co-presence of Cre recombinase (upper and middle panel, compare GFP columns; 

reduced GFP expression in the left panel in presence of Cre compared to the right panel in 

absence of Cre). mCherry expression was also enhanced both for SynGAP-siRNA and 

Scrambled-siRNA viruses in presence of Cre (upper and middle panel, compare mCherry 

columns; enhanced mCherry expression in the left panel in presence of Cre compared to the 

right panel in absence of Cre). Cre-only or untreated conditions did not yield any GFP or 

mCherry expression. C. RT-qPCR analysis revealed a highly significant and dose-dependent 

knockdown of Syngap1 after co-transduction of SynGAP-siRNA virus and Cre (Ordinary 

one-way ANOVA, F(4, 20) = 35.44, P < 0.0001, Padj = 0.2304 for 1:200 only, Padj = 0.0003 for 

1:5000 + Cre, Padj < 0.0001 for 1:1000 + Cre, Padj < 0.0001 for 1:200 + Cre). There was no 

significant change in Syngap1 levels after co-transduction of the Scrambled-siRNA virus and 

Cre (Ordinary one-way ANOVA, F(4, 20) = 1.304, P = 0.3023). Cre transduction-only did not 

yield any significant change in Syngap1 levels compared to Untreated group (Unpaired t 
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test, n = 5 biological replicates, P = 0.1311). Values show group mean ± SEM.; ***P < 0.001, 

****P < 0.0001. Scale bar represents 100 µm. 
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Figure S7. Syngap1 knockdown in mPFC did not cause any significant changes in TUNL 

parameters analyzed A. There was a significant delay-dependent worsening in working 

memory performance but no change after viral injection (F(2, 32) = 36.05, P < 0.0001 for 

delay, F(3, 16) = 0.3517, P = 0.7885 for viral injection). B. There was no significant effect of 

Syngap1 knockdown in mPFC on number of completed trials (F(1, 8) = 0.003194, P = 0.9563 

for virus type, F(1, 8) = 0.00386, P = 0.9520 for injection status). Maximum number of trials 

was limited to 48. C. There was no significant effect of Syngap1 knockdown in mPFC on 

sample latency (F(1, 8) = 0.09682, P = 0.7636 for virus type, F(1, 8) = 0.04987, P = 0.8289 for 

injection status) D. There was no significant effect of Syngap1 knockdown in mPFC on 

choice initiation latency (F(1, 8) = 0.1632, P = 0.6968 for virus type, F(1, 8) = 0.07337, P = 

0.7934 for injection status) E. There was no significant effect of Syngap1 knockdown in 

mPFC on collection latency (F(1, 8) = 0.1821, P = 0.6808 for virus type, F(1, 8) = 2.993, P = 

0.1219 for injection status) Values show group mean ± SEM. 
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Supplementary Materials and Methods 

Primary Cortical Culture and Viral Transduction 

Primary cortical culture was prepared as previously described (47). Plating concentration 

of neuronal culture was 1 x 106 cell/ml. Cultures were transduced on DIV 7-9 by directly 

adding diluted viral particles in sterile PBS and incubated for 4-6 days. For Cre expression in 

cortical cultures, CAV2-CMV-Cre from the Center National de la Recherche Scientifique 

(203) was used with a final dilution of 1:200. SynGAP-siRNA targeted 19 bp sequence of 

GCCATAGAAGAGTATATGA while Scrambled-siRNA sequence was 

GGTGGATAATCGTAACAAA. 

Immunohistochemistry 

For validation of injection sites, mice were transcardially perfused with 4% PFA in PBS. 

Brains were post-fixed in 4% PFA overnight at 4°C and then transferred to PBS until 

sectioning. Brains were sliced into 50 µM free-floating coronal sections using a vibratome 

(VT1000 S, Leica Biosystems, Nussloch, Germany). Sections were washed 3 times for 10 

minutes with PBS containing 0.5% Triton-X-100 (PBST). After blocking for 2 h at room 

temperature with PBST containing 5% normal horse serum (NHS). Slices were incubated in 

PBST containing 2.5% NHS overnight at 4°C with primary antibody. Slices were washed 3 

times for 10 minutes in PBST and incubated with secondary antibody diluted to 1:2000 in 

PBST containing 2.5% NHS for 2 hours at room temperature. Slices were washed 3 times for 

10 minutes in PBS. In second wash, DAPI with a working concentration of 5 µg/ml (Cat# 

40043, Biotium, Inc., Fremont, CA, USA) was added for nucleic acid staining.  Slices were 

mounted with ProLong™ Gold Antifade Mountant (P10144, Thermo Fisher Scientific, 

Waltham, MA, USA). Primary antibodies and working concentrations are as follows: Anti-

Cre recombinase (mouse monoclonal, 1:400, Sigma, Cat#MAB3120), Anti-GFP (chicken 

polyclonal, 1:1000, Cat#A10262, Thermo Fisher Scientific), Anti-DsRed (for mCherry 
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staining, rabbit polyclonal, 1:1000, Cat#632496, Clontech), Anti-GluN2B (mouse 

monoclonal, 1:400, Cat#75-097, NeuroMab), GluN2B (rabbit polyclonal, 1:400, 

Cat#TA328822, OriGene). Sections were imaged using an inverted microscope (Axio 

Vert.A1, ZEISS, Oberkochen, Germany). 

RNA Isolation and RT-qPCR 

Total RNA was isolated using Qiagen® RNeasy® Mini Kit (Hilden, Germany) according to 

manufacturer’s protocol. Optional DNase treatment step was performed. One-step RT-qPCR 

was performed using AgPath-ID™ One-Step RT-PCR kit (Cat# 4387391, Thermo Fisher 

Scientific) according to recommended protocol with a Roche LightCycler® 480 Instrument 

(Roche Molecular Systems, Inc., Pleasanton, CA, USA). TaqMan probes (Thermo Fisher 

Scientific) were used to detect Syngap1 (Assay ID Mm01306150_m1) and 18S rRNA levels 

(Assay ID Hs99999901_s1). Ct values were calculated using absolute quantification/2nd 

derivative maximum method in high confidence mode with LightCycler® 480 Software, 

Version 1.5. The Comparative CT Method (also referred as the ΔΔCT Method) was used to 

calculate relative Syngap1 expression levels normalized to 18S rRNA levels and untreated 

sample. Standard deviation values of ΔΔCT were used for statistical analysis. ΔΔCT and SEM 

values were incorporated into fold-difference.  
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Concluding Remarks and Future Outlook 

Despite the increasing interest in and continuing research, elucidating  spatial and temporal 

expression patterns of lncRNAs is still necessary for understanding their dynamics in the 

nervous system and neurodevelopmental disorders (93). To address this need, we 

performed an RNA-Seq study and demonstrated that some ASD-related genes and their 

antisense transcripts are differentially expressed between mPFC and striatum through 

development. These differences should be taken into account in order to obtain a more 

comprehensive understanding of the interplay of sense-antisense partners that lead to the 

disease state. The differentially expresses genes from the analysis should be studied more in 

depth to understand their circuit specific roles and involvement in neurological 

mechanisms that lead to pathology. 

In general, a comprehensive mouse antisense transcriptome with tissue and developmental 

age specific annotations for mouse brain is lacking. In this thesis, de novo antisense 

transcriptome with over 70,000 contigs for the mPFC and striatum was generated to 

partially fulfill this need. This novel antisense transcriptome can be used as a reference for 

determining NAT candidates for research activities in the CNS and its disorders. However, 

the functional confirmation of the identified transcripts is still an essential requirement for 

any subsequent study.  

In this thesis, the blast analysis of de novo antisense transcripts identified highly 

complementary and covered sequences between mouse and human. This finding is 

particularly important for generating preclinical models to study lncRNA function in 

relation to CNS diseases. However, it should be noted that sequence homology is not the 
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only factor that determines functional similarity in different species and a more 

comprehensive approach is necessary to draw conclusions (187). 

Given that our study is contributing to the understanding of lncRNA research, 

epidemiological studies carried out on patients and further development in bioinformatics 

are crucial to have a better understanding of the lncRNA function in general and to gain a 

better insight into their roles in ASD and other neurodevelopmental diseases (93, 204, 205).  

In this thesis, working memory assay TUNL was optimized for pharmacological testing in 

mice. This approach can be further improved and applied to study biological mechanisms 

and distinct modalities of cognition, and to develop and test therapeutics for the CNS 

diseases. Nevertheless, the limitations of animal studies for studying human-specific 

neurodevelopmental conditions should always be taken into consideration should these 

findings are translated to humans. 

As demonstrated in this thesis, the glutamatergic system has an important role in regulating 

cognitive related processes. Therefore, targeting glutamatergic signaling using NMDAR 

modulators stands out as a promising modality for the treatment of cognitive disturbances 

seen in patients with neurodevelopmental diseases. Functional brain network 

understanding of how glutamatergic compounds are affecting cognition could contribute to 

the potential success of glutamatergic drug validation (122). 
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