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ABSTRACT

Behavioral and molecular studies on the neurodevelopmental

disorders using Shank2 and Snf7-3 knock out mice

Hyopil Kim
School of Biological Sciences
The Graduate School

Seoul National University

Neurodevelopmental disorders are defined as a group of conditions caused by developmental
deficits with onset in the relatively early period of lifetime, which produce cognitive and
behavioral abnormalities including learning, memory, locomotion, attention and social functions
according to the fifth edition of Diagnostic and Statistical Manual of Mental Disorders (DSM-5).
They are classified into disorders such as intellectual disabilities, autism spectrum disorder (ASD),
attention deficit hyperactivity disorder (ADHD), obsessive compulsive disorders and tic disorders
by specific behavioral and mental symptoms, and in many cases patients of neurodevelopmental
disorders share some symptoms. However, the causes and physiological mechanisms of each
disorder is not well understood yet, and even in one category of disorder, it seems that various

distinct mechanisms are implicated in it.

Among the neurodevelopmental disorders, ASD is characterized by deficits of sociability,
social communication, repetitive behaviors and restricted interests. Because of its high prevalence,
genetic analyses of ASD patients have been done worldwide and these studies indicate that many
synaptic genes including SH3 and multiple ankyrin repeat domains protein 2 (SHANK?2) are
involved in ASD. Concomitantly with these studies, two Shank2 knock out mice line with deletion

of'exon 6 and 7 (Shank2 KO ¢67) and with deletion of exon 7 (Shank2 KO ¢7) were characterized



as autistic behaviors. However, when I analyzed the transcriptome of the two lines, expression of

Gabra?2 gene, encoding y-aminobutyric acid (GABA) A receptor subunit a2 (GABAAa2) and

inhibitory neurotransmission were reduced only in Shank2 KO e67. The excitatory
neurotransmission was normal, so the excitatory and inhibitory balance (E/I balance) was
impaired. Restoring this inhibitory neurotransmission could rescue spatial memory deficits of

Shank2 KO e67 mice, while it did not affect the spatial memory deficits of Shank2 KO e7 mice.

In addition to the work, I investigated if the endo-lysosomal pathway is involved in the
neurodevelopmental processes. Interestingly my colleague found that when the expression of
Snf7-3 protein, a component of endosomal sorting complexes required for transport III (ESCRT-
III), was reduced in developing neuron culture, the dendrite outgrowth was exaggerated. To
examine this phenotype is involved with the symptoms of neurodevelopmental disorders, I
generated conventional and conditional KO mice of Snf7-3, and the mice displayed hyperactivity
which is the main symptom of ADHD. Furthermore, in the conditional KO mice, object location
memory was also impaired. In addition, since the E/I balance of neurotransmission is often
disturbed in the model mice of neurodevelopmental disorders, I assessed this possibility and found
that the frequency of spontaneous excitatory neurotransmission was elevated in the KO mice of

hippocampus.

Keyword: Neurodevelopmental disorders, ASD, ADHD, Shank2, Snf7-3, E/I balance
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BACKGROUND

Causes of neurodevelopmental disorders

Neurodevelopmental disorders are defined as a group of pathological conditions including
various deficits in intellectual abilities, attention, locomotion and social functions with onset in
the relatively early period of lifetime. They are not convergent to one disorder and even in same
disorder, the symptoms and causes are quite different. Consistently with the complex property of
neurodevelopmental disorders, various environmental and genetic factors have been identified
implicated in the disorders.

Environmental factors include prenatal exposure to valproic acids, gut microbiota and maternal
obesity, increasing the incidence of neurodevelopmental disorders, especially ASD (Buffington
et al., 2016; Li et al., 2017a; Schneider and Przewlocki, 2005). Genetic studies have identified
hundreds genes related with a lot of biological processes, such as synaptic scaffolding proteins,
neurotransmitter receptors, adherent molecules, cytoskeletal proteins and signaling molecules.
Although it is difficult to find out general mechanism for neurodevelopmental disorders, it seems
that the factors cause developmental delays and abnormal brain connectivity. For example, lots
of genes are found to be interact with signaling proteins of Rho GTPases pathways which is
critical for synapse development (Govek et al., 2005). In addition, mutations in genes involved in
regulation of mRNA translation of synaptic proteins are also found to be related with
neurodevelopmental disorders, including fragile X mental retardation protein (FMRP), tuberous
sclerosis protein 1/2 and eukaryotic translation initiation factor 4E (eiF4E) (Gkogkas et al., 2013;
Schneider and Przewlocki, 2005; The Dutch-Belgian Fragile et al., 1994). Mutations in the genes
cause dysregulation of protein synthesis, altering synaptic density and neurotransmission

properties.



E/I balance
Fine tuning of activation or inhibition of a specific population of neurons is important for the
adequate development and function of brain, and a neuron can regulate the activity of another
neuron by excitatory or inhibitory neurotransmission. The most well-known excitatory and
inhibitory neurotransmitter is glutamate and GABA respectively. There are two major ionotropic
glutamate receptors, ®-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (Gkogkas et al.)
receptor and N-methyl-D-aspartate (NMDA) receptor, that can activate a neuron after binding
glutamate by generating positive sodium or calcium ion influx. Similarly, GABA can inhibit a
neuron with GABA receptors (GABA-R) which are divided into GABAA and GABAB receptors,
by generating negative chloride influx. Thus, if there are alterations in the neurotransmitter
release and the number or conductance of the receptors, the E/I balance can be disturbed and this
condition possibly result in abnormal pathophysiological conditions. Indeed, many mouse
models of neurodevelopmental disorders such as Shank2 KO and Cntnap2 KO mice have
disturbed E/I balance, and social and cognitive functions can be regulated by manipulating E/I
balance in specific brain areas (Lee et al., 2017; Pefiagarikano et al., 2011; Schmeisser et al.,

2012; Won et al., 2012; Yizhar et al., 2011).

Hyperactivity and neurodevelopmental disorders

Hyperactivity is a main symptom of ADHD which is a major neurodevelopmental disorder. The
term of hyperactivity means exaggerated motions and locomotion in both vertical and horizontal
directions. Although the hyperactivity itself is not a main diagnosis criteria of the other
neurodevelopmental disorders, in many cases, patients and animal models of neurodevelopmental
disorders, including autism display the hyperactivity. For example, autistic mouse models such as
Shank2 KO, Cntnap2 KO and Scnla +/-, are found to be hyperactive (Han et al., 2012;
Pefiagarikano et al., 2011; Schmeisser et al., 2012; Won et al., 2012). In addition, patients of
autism or tic disorders are characterized by repetitive behaviors which are regulated by the

cortico-striatal circuit that also regulates locomotion (Kim et al., 2016).



RNA sequencing

Finding molecular targets of specific biological processes is very important to understand the
molecular mechanisms of the processes. There are many methods to test if a candidate molecule
is a really important molecule, but it is not easy to set the candidate molecules. Moreover,
nowadays, a pathological condition is thought to be resulted from dynamic alterations in a
molecular profile rather than from alteration in one molecule. For the reasons, RNA sequencing
is a widely used technique that provides a RNA transcriptome profile, and by comparing the
transcriptome, we can get a clue for actual important molecules. For that purpose, mRNA is
extracted from a sample and fragmented, and copied into cDNA. This cDNA library is sequenced
by short-read sequencing. Each reads are aligned to a reference genome and quantitative analysis

about gene expression can be made from the data.

Three-chamber test

Three-chamber test is a behavioral test which addresses sociability and social recognition
(Figure 1A). The test has been widely used to investigate social behaviors of animal models since
when it was developed by Jacqueline N. Crawley (Moy et al., 2004). The test is composed of
two phases. At the first phase, a mouse is placed in a center chamber of sequential three chambers.
In the two chambers of outside, a social target, stranger mouse, or a non-social target, such as a
little block, is presented in a wired cup respectively. A subject mouse spends time exploring the
targets, and normal mice usually display much higher exploration to the social target. If a mouse
has a problem in sociability, it would not spend much time with the stranger mouse. At the second
phase, the non-social target is replaced with new stranger mouse and in this phase, normal mice
spend more time with a novel stranger, because they have instinct to explore novel social target.
If a mouse has poor social recognition ability, the mouse cannot distinguish the novel stranger
from the prior one. Autistic mice usually display abnormal sociability or social recognition in

the test (Han et al., 2012; Pefiagarikano et al., 2011; Schmeisser et al., 2012; Won et al., 2012).

Morris-water maze

Morris-water maze is developed by Richard G. Morris in 1981 as a test for spatial memory, and

10 ST



many reports have shown that the spatial memory is dependent on proper hippocampal function
in the task (Morris et al., 1982; Vorhees and Williams, 2006). In Morris-water maze, a platform
(mouse cannot see the platform because the plat form is hidden under the surface of opaque water)
is prepared in a water pool and specific spatial cues are presented around the pool. Then a mouse
is placed in the pool and the mouse try to escape from the pool, since mice do not like being
soaked in water and mice feel more comfortable on the hard platform. In the training session,
mice were guided to find the platform so they learn the location of the platform based on the
spatial cues. After this training sessions, a probe test is performed in which mouse is exposed to
the pool again without platform, and the time spent near the platform position is assessed (Figure

1B).
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Figure 1. Representative images of three-chamber test and Morris-water maze
(A) Representative images of three-chamber test

(B) Representative images of Morris-water maze
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PURPOSE OF THIS STUDY

1. Distinct mechanisms accounted for behavioral deficits of two Shank2 KO lines

Despite to the high prevalence of ASD, there is no general effective treatment for ASD
and lots of researchers are still trying to understand the mechanisms of ASD and develop
effective treatments for the disorder. However, the heterogeneity of ASD makes it difficult
to study and treat the disorder.

For the purpose of studying the neuronal and molecular mechanisms of ASD, genetic
analyses of ASD patients have been done globally. Interestingly, these studies indicated that
many synaptic genes are involved with ASD including SCNIA, CNTNAP2 and NRXNIA
(Kim et al., 2008; Strauss et al., 2006; Weiss et al., 2003). Among the synaptic genes
involved in ASD, genes encoding SH3-Ankirin and proline rich synaptic associated protein,
Shank, are strongly associated with neuropsychiatric disorders (Guilmatre et al., 2014).
Furthermore, it was found that copy number variations in SHANK?2 gene is involved with
ASD and mental retardation (Berkel et al., 2010). Based on this, a group of researchers,
investigated if Shank2 deleted mice display autistic behaviors and if so, what the underlining
mechanism of the behaviors is.

For that purpose, our laboratory investigated autistic behaviors of Shank2 KO e67 and
showed that the KO mice have social impairment, repetitive jumping behavior and
intellectual disabilities. Furthermore, the neurotransmission through N-methyl-D-aspartate
receptors (NMDA-R) is weakened in the mouse and enhancing the function of NMDA-R
ameliorated the social deficit of the Shank2 KO e67 mice (Won et al., 2012). Consistently
with the findings, another group reported that another Shank2 KO mouse, Shank2 KO e7
mouse, also displays autistic like phenotypes including social deficits. However,
interestingly, the NMDA-R function was not weakened in the KO mice, rather enhanced

(Schmeisser et al., 2012). Thus, I hypothesized that their behaviors may be resulted from
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different molecular mechanisms even though the behavioral patterns are quite similar.

Researchers made ASD model mice based on the candidates, and they studied
physiological and molecular characteristics of the models. However, the phenotypes of the
models were not convergent even if they have similar deficits related with ASD (Kim et al.,
2016). Since the causes of ASD are not well known, and the symptoms of ASD are quite
variable, I do not think that one golden solution exists for ASD. Specific molecular
mechanisms underlying a specific behavioral deficit should be studied and treatment also be
done according to the mechanisms. Moreover, it is possible that different molecular
mechanisms underpin same behavioral deficits. Therefore, to understand the mechanisms of
ASD we need non-biased studies, and should know detailed causes of a specific phenotype
to treat ASD efficiently.

The goal of this study is to compare molecular and physiological profiles of the two
Shank2 KO lines, and find out which mechanism is accounted for each behavioral deficit of

the lines. In addition, the final goal is to rescue the deficits based on the mechanism.

2. Role of Snf7-3 in regulating the neurodevelopmental processes

Snf7-3 is a protein which is a member of Snf7 family, and also known as chromatin-modifying
protein/charged multivesicular body protein 4C (Chmp4C). Snf7 proteins are components of
endosomal sorting complex required for transport IIT (ESCRT-III), and the complex is involved
in the endo-lysosomal pathway, regulating multivesicular body (MVB) formation (Schuh and
Audhya, 2014). ESCRT-III is composed of Vps20, Snf7, Vps24 and Vps2 and they form a spiral
structure in membrane of endosome or plasma membrane, so influencing MVB formation,
cytokinesis and virus budding (Henne et al., 2011).

In addition to that, a drosophila homolog of Snf7, Shrub, is involved in the pruning of
dendrites in developing neurons, regulating the morphology of the neurons (Loncle et al., 2015;
Sweeney et al., 2006). However, it is not well-known that if Snf7 or ESCRT-III has a role in
neurodevelopmental processes in mouse. Mouse has two paralogues of Snf7, Snf7-2 and Snf7-

3, and my colleague showed that in primary neuron culture, dendritic development was
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decreased when she reduced the expression of Snf7-2 (Lee et al., 2007). Interestingly, according
to her, reducing the expression of Snf7-3 caused the opposite phenomenon increasing the
dendritic development. Furthermore, Snf7-3 was most highly expressed on DIV6 in mouse
primary culture, when the development of culture neurons is vigorous, including dendrite
outgrowth and maturation. Thus I became interested in the protein and thought that it might be
implicated in neurodevelopmental disorders. Supporting this, a genetic study of human patients
indicated that (SNPs) in CHMP7, a homologue of SNF7, may be involved in ADHD (Neale et
al., 2010).

Therefore, I generated Snf7-3 KO mice and addressed if the depletion of Snf7-3 would affect
the regulation of dendrite complexity in vivo. In addition, I examined if the Sxnf7-3 KO mice

display some physiological and behavioral features of neurodevelopmental disorders.
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INTRODUCTION

ASD is diagnosed based on social deficits, communication deficits, stereotypic behaviors and
restricted interests according to DSM-5. In addition to the primary symptoms, lots of ASD
patients have intellectual disabilities and 25-75% of them have learning and memory problems
(O'Brien and Pearson, 2004). Furthermore, consistently with the term of ‘Spectrum’, the patients
show various range of cognitive deficits and the severity of the symptom is also divergent. For
instance, some patients are hyperactive, while others are hypoactive. Some patients show
microencephaly, while others show megalencephaly (Fombonne et al., 1999).

For the last decades, the number of ASD patients have been increased dramatically and recent
surveys said that the prevalence of ASD is 1 in 42 children in United States and 1 in 38 children
in South Korea (Kim et al., 2011; Zablotsky et al., 2015). As the most frequently occurring
neurodevelopmental disorder, it demands tremendous social payment for treating the patients.
However, despite the high prevalence of ASD, there is no effective treatment for the disorder.
Just risperidone and aripiprazole are approved by FDA for treating ASD patient to reduce
irritability, while they are not that effective for main symptoms of ASD.

ASD is thought to be caused by both genetic and environmental factors. Nowadays, some
environmental factors implicated in ASD have been uncovered, such as administration of
valproic acid during pregnancy or alteration in the balance of the gut microbiome (Christensen
et al., 2013; Li et al., 2017a). On the other hand, ASD is highly heritable disorder and a lot of
studies have discovered ASD associated genes by genome analyses. About 20% of ASD cases
are involved with genetic and epigenetic variations including alterations in chromosomal
structures, copy number variations and mutations in coding sequences (Leblond et al., 2014).
According to Simons Foundation Autism Research Initiative, SFARI, over a thousand of ASD
risk genes are scored and estimated.

Among them, genes encoding synaptic proteins are one of the most highlighted gene group,

including ion channels, adhesion molecules and scaffolding proteins, such as SCN14, CNTNAP2
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and NRXNI1A (Kim et al., 2008; Strauss et al., 2006; Weiss et al., 2003). Based on the genetic
studies of human patients, dozens of animal models were generated by mimic the mutations of
the candidate genes, and some animals actually displayed social deficits and repetitive behaviors
which are main symptoms of ASD (Etherton et al., 2009; Han et al., 2012; Pefiagarikano et al.,
2011).

SHANK encoding SH3 and multiple ankyrin repeat domains protein, Shank, is one of the
genes which is implicated in ASD. Shank protein is a major synaptic scaffolding protein in
excitatory synaptic spines, make a network between glutamate receptors such as NMDA-R and
mGluR, and actin structures. Mammalian SHANK family of genes is composed of SHANK]I,
SHANK?2 and SHANK3. All the SHANK genes are dynamically involved in neuropsychiatric
diseases and ASDs. About 1~2 % of patients with ASD or intellectual disabilities patients have
mutations in the SHANK genes (Leblond et al., 2014).

Especially, it was found that copy number variations in SHANK? gene is involved with ASDs
and mental retardation (Berkel et al., 2010). Based on this, a group of researchers including our
lab, investigated if Shank2 deleted mice display autistic behaviors and if so, what the underlining
mechanism of the behaviors is. For that purpose, we investigated autistic behaviors of Shank2
KO e6-7 and showed that the KO mice have social impairment, repetitive jumping behavior and
intellectual disabilities. Furthermore, the neurotransmission through N-methyl-D-aspartate
receptors (NMDA-R) is weakened in the mouse and enhancing the function of NMDA-R
ameliorated the social deficit of the Shank2 KO e6-7 mice (Won et al., 2012). Consistently with
the findings, another group reported that another Shank2 KO mouse, Shank2 KO e7 mouse, also
displays autistic like phenotypes including social deficits. However, the NMDA-R function was
not weakened in the KO mice, rather enhanced (Schmeisser et al., 2012).

This implies that the two KO lines may have different molecular mechanisms for their
behavioral and physiological symptoms, and different treatment will work. Studying this
differences would help to understand various mechanisms for autistic behaviors.

To compare the molecular differences of the two KO lines I conducted unbiased RNA
sequencing in the hippocampus and analyzed the transcriptomes of them. Interestingly, I found

that the expression of Gabra2 gene which encoding GABAA«2, was reduced in Shank2 ¢67 KO
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mice while it was intact in Shank2 KO e7 mice.

GABAA receptors are ligand-gated chloride channels and consist of two o subunits, two 3
subunits and one y subunit. The subcellular localization is dependent on their composition and
GABAA receptors containing o.1-3 are mainly synaptic, while receptors containing a4—6 subunits
are mainly extrasynaptic (Belelli et al., 2009). Especially GABAA02 is important for regulating
neuronal activities and implicated in emotional processes such as anxiety and depression, and the
CNS development (Dixon et al., 2008; Gonzalez-Nunez, 2015).

In relation with ASD, alterations of GABAergic signaling or disturbed E/I balance is commonly
found in the neurodevelopmental disorders (Braat and Kooy, 2015; Han et al., 2014; Han et al.,
2012; Robertson et al., 2016). Several mouse models harboring ASD-associated mutations display
altered ratio of E/I ratio (Cui et al., 2008; Gkogkas et al., 2013; Han et al., 2012; Houbaert et al.,
2013; Lee et al., 2014; Tabuchi et al., 2007). In addition, copy-number variations (CNVs) in
chromosome 15q11-13 which includes genes encoding GABAA receptor subunits, have been
found in patients of a type of ASD, Prader-Willi/Angelman syndrome. (Hogart et al., 2007; Scoles
et al., 2011). Furthermore, it was found that GABA receptor subunits are less expressed in ASD
patients by post-mortem studies (Fatemi et al., 2014; Oblak et al., 2011).

Thus I hypothesized that this difference might be accounted for the differences of the Shank2
KO lines. Consistently with the reduced expression of Gabra2, GABA-R mediated synaptic
transmission was reduced in ¢6-7 KO, while the excitatory AMPA receptor (AMPA-R) mediated
synaptic transmission was normal, so alternating the E/I ratio. Then I applied an agonist of
GABAA receptor including the alpha 2 subunit, L838,417, to see if it can rescue some behavioral
deficits of the Shank2 ¢6-7 KO mice. Treatment of L838,417 did not affect the social impairment
ofthe two Shank2 KO mice. However, the treatment of L838,417 reverses spatial memory deficits
in Shank2 e6-7 KO mice, while it had no effects in Shank2 e7 KO mice. These findings would be
attributed to understanding the heterogeneity of ASD and developing effective treatments for each

patient.
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EXPERIMENTAL PROCEDURES

Animals

I used two Shank2 KO mouse lines, Shank2 KO e67 and Shank2 KO e7, for following
experiments. They were targeted and deleted exon6 and exon7, or only exon7 respectively (Figure
2). Each line had been backcrossed to CS57BI/6N and C57Bl/6] respectively. To generate
homogeneous KO mice and WT littermates, I crossed heterogeneous male with heterogeneous
female mice. For the RNA sequencing, western blot and electrophysiological experiments, 4 to 5
weeks old male mice were used and for the behavioral experiments, 8 to 15 weeks old male mice
were used.

Food and water were provided ad libitum and all the mice were kept on a 12 h light/dark cycle.
All the experimental procedures were done during the light phase of the cycle. The Institutional
Animal Care and Use Committee of Seoul National University approved the animal care and

experiments.
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Figure 2. Strategies to delete Shank2 by targeting exon 6 and 7 or only exon 7
(A) KO strategy to delete Shank2 by targeting exon 6 and 7

(B) KO strategy to delete Shank2 by targeting exon 7

21 , ﬂ 5 ” aﬂ T



RNA sequencing

After anesthetization with isoflurane, hippocampi of Shank2 KO €67 or Shank2 KO ¢7 mice
with their respective littermate WT mice was extracted. To make RNA libraries, the hippocampus
was grinded and total RNA was separated by TRIZOL (Invitrogen). 5 pg of poly-A mRNA was
processed by Illumina Truseq RNA Sample Prep Kit with poly-T oligo-attached magnetic beads.
To make cDNA libraries, reverse transcription was performed using Superscript Il reverse
transcriptase (Life Technologies). The adaptor-ligated libraries were separated in gel
electrophoresis and extracted using QIAquick gel extraction kit (Qiagen). These libraries were
sequenced on Illumina HiSeq 2500 (NICEM, Seoul National University) in the paired-end
sequencing mode (2 x 101 bp reads), and these raw reads were mapped onto the mouse genome
reference mm10 using GSNAP (version 2013-11-27). Uniquely and properly mapped read pairs
were used for further analysis.

Gene expression level was calculated based on the RPKM (reads per kilobase of exon per million
mapped reads) measure. To identify differentially expressed genes (DEGs) between the WT and
KO groups, cuffdiff module in the Cufflinks package (version v2.1.1) was used and in this
analysis DEGs were defined as those with changes of at least 1.5-fold between samples at a false
discovery rate of 10%. Finally, PANTHER (Protein ANalysis THrough Evolutionary
Relationships) Tools (http://www.pantherdb.org/) and GO term enrichment analysis were used to

divide the DEGs into biological and functional protein classes.

Quantitative real time-PCR (qQRT-PCR)
cDNA samples were generated from RNA samples used for RNA sequencing. qRT-PCR was

performed using ExTaqll SYBR Green Master Mix (Takara) in ABI7300 (Applied Biosystems)

system. Primer sequences for each gene are listed below.

Shankl 5> CCGCTACAAGACCCGAGTCTA 3’ 5> CCTGAATCTGAGTCGTGGTAGTT 3’
Shank3 5> CCGGACCTGCAACAAACGA 3’ 5 GCGCGTCTTGAAGGCTATGAT 3’

Grial 5> GTCCGCCCTGAGAAATCCAG 3’ 5 CTCGCCCTTGTCGTACCAC 3’

22 ST



Gria2 5 TTCTCCTGTTTTATGGGGACTGA 3° 5 CTACCCGAAATGCACTGTATTCT 3’
Gria3 5> ACCATCAGCATAGGTGGACTT 3’ 5> ACGTGGTAGTTCAAATGGAAGG 3’
Grinl 5° TGGCCGTGTGGAATTCAATG 3* 5° TTGTGGGCTTGACATACACG 3’

Grin2a 5> GACATCCACGTTCTTCCAGTT 3’ 5 GGCGTCCTCAAAAGAGGTGT 3’
Grin2b 5 GCCATGAACGAGACTGACCC 3’ 5 GCTTCCTGGTCCGTGTCATC 3’

Dlg4 5> ACCAGAAGAGTATAGCCGATTCG 3’ 5> GGTCTTGTCGTAGTCAAACAGG 3’
Dlgapl 5> AAACCGATGTCTGTCTATTGGGA 3’ 5> GGGCCAGGACACGAATTGT 3’
Grml 5 TGGAACAGAGCATTGAGTTCATC 3° 5 CAATAGGCTTCTTAGTCCTGCC 3’
Grm5 5° CCCAGCACAAGTCGGAAATAG 3’ 5° TGTCTGGTTGGGGTTCTCCTT 3’

Gabra2 5 CCAAGTGTCATTCTGGCTGA 3’ 5 GCCCATCCTCTTTTTGTGAA 3°

Cycling conditions were 95 °C for 30 s, followed by 40 cycles of 95 °C for 5 s and 60 °C for

31 s. GAPDH was used as an internal control for each gene.

L.838,417 preparation

L838,417 (Sigma, L9169) was dissolved in DMSO at 10 mg/ml and aliquots of L838,417 was
stored at —20 °C. To administrate L838,417 in the behavioral experiments, 10 mg/ml of L838,417
was diluted in saline to a final concentration of 0.02 mg/ml. DMSO diluted in saline at a
concentration of 0.2% was used as a vehicle. 0.02 mg/ml of L838,417 and 0.2% DMSO were also
stored at —20 °C and thawed immediately before to use. 5 ml/kg (0.1 mg/kg) of L838,417 or
vehicle was injected intraperitoneally for the behavioral experiments. Drug injection was

randomized by other experimenters who did not perform behavior experiments.

Behavioral Tests

Elevated zero maze (EZM) test
A round-shaped (inner diameter: 50 cm, outer diameter: 60 cm) maze which is made of white
Plexiglass and elevated 40 cm from the floor, was used. The maze was composed of 4 arms, 2 of

open arms and 2 of closed arms with 20 cm walls on both sides. A mouse was placed on the center
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of one of closed arm of the maze, and the movement of the mouse was tracked for 5 min by using
a tracking program (EthoVision 9.0, Nodulus), under bright light. If a mouse fell onto the floor,
the mouse was excluded from the analysis. 30 min before the test, L838,417 or vehicle was

injected and experimenters were blinded to the genotypes and identity of injected drugs.

Open-field test

A mouse was placed in the middle of a square white plexiglass box (40 x 40 x 40 cm) under dim
light. The movement of the mouse and location in the box was tracked using a tracking program
(EthoVision 9.0, Nodulus) for 20 min. The center was defined as the middle area that occupied
1/2 of the total area. 30 min before the test, L838,417 or vehicle was injected and experimenters

were blinded to the genotypes and identity of injected drugs.

Morris water maze (MWM) test

Mice were handled for 3 min on 4 consecutive days before performing the test. During training
session, a mouse was placed into a white opaque water-filled (22-23 °C) tank (140 cm diameter,
100 cm height) placed in a room with multiple spatial cues under dim light. The tank was divided
into 4 virtual fan-shaped quadrants, which target quadrant (TQ), opposite quadrant (OQ), adherent
quadrant 1 (AQ1) and adherent quadrant 2 (AQ2). In a fixed location of TQ, a 10 cm diameter-
platform was placed. On the training days, mice were pseudo-randomly released at the edge of
the maze facing the inner wall of the tank and trained to reach the platform for 60 s. If the mice
failed to reach the platform for 60 s, they were guided to the platform and maintained on the
platform for 10 s. When the mice successfully reached the platform and stayed on the platform
for more than 1 s, mice were rescued from the maze after 10 s. Mice were trained with 4 trials per
day to be released at all the quadrants and the trial interval was 2 min. During the 6 consecutive
training days, 30 min before the first trial, L838,417 or vehicle was injected. The day after the
final day of training, a probe test was performed. In the probe test, the platform was removed and
a mouse was released at the center of the pool. The mouse was tracked for 60 s with a tracking
program (EthoVision 9.0, Nodulus) and, mean distance from the platform, the number of platform

location crossing and time spent in each quadrant were analyzed. Experimenters were blinded to
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the genotypes and identity of injected drugs.

Three-chamber test

A three-chamber apparatus was made up of successive three chambers with a door between the
faced two chambers (two outer chambers: 20 x 15 x 25 cm and an inner chamber: 20 x 10 x 25
cm). Stranger mice were habituated in a metal-wired cage placed in the outer chamber for 10 min
on 4 consecutive days. Shank2 KO mice and their littermate WT mice (test mice) were also
habituated in the apparatus with the doors open on two consecutive days and they had not met
with the stranger mice. 24 hours after the habituation, the test mouse was placed in the inner
chamber with the doors open. After 10 min, the test mouse was guided to the inner chamber and
the doors were closed. A wired cup with the stranger mouse (stranger) and a wired cup with yellow
block (object) were introduced into each of the outer chamber, and then the doors were opened to
test sociability. The movement of the test mouse was tracked for 10 min with a tracking program
(EthoVision 9.0, Nodulus). 30 min before the test, L838,417 or vehicle was injected and
experimenters were blinded to the genotypes and identity of injected drugs. Experimenters were

blinded to the genotypes and identity of injected drugs.

Electrophysiology

After anesthetization with isoflurane, mice were decapitated and their brains were extracted. For
spontaneous/miniature and evoked IPSC experiments, 300 pm thick hippocampal slices were
sectioned using a vibrating blade microtome (Leica VT1200S) and incubated in a chamber at
28 °C for at least 1 h for recovery. After the recovery period, the slices were placed in a recording
chamber at 25 °C and perfused (1-1.5 ml/min) with oxygenated artificial cerebrospinal fluid
(ACSF: 124 mM NaCl, 2.5 mM KCI, 1 mM NaH2PO4, 25 mM NaHCO3, 10 mM glucose, 2 mM
CaCl2, and 2 mM MgSO04, 290 mOsm). For the spontaneous/miniature recording, pyramidal cells
of CALl area were recorded by whole-cell patch clamp using a glass electrode (3—4 MQ) filled
with internal solutions. One of internal solution was chosen depending on experimental conditions
between Cs-gluconate internal solution containing 100 mM Cs-gluconate, 5 mM NaCl, 10 mM

HEPES, 10 mM EGTA, 20 mM TEA-Cl, 3 mM QX-314, 4 mM MgATP, and 0.3 mM Na3GTP
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(280-300 mOsm, pH adjusted to 7.2 with CsOH) and High-Cl internal solution containing 145
mM KCl, 5 mM NaCl, 10 mM HEPES, 10 mM EGTA, 10 mM QX-314, 4 mM MgATP, and 0.3
mM Na3GTP (280-300 mOsm pH adjusted to 7.2 with KOH). For the evoked IPSC recording,
the Schaffer collateral (SC) pathway was stimulated every 20 s using concentric bipolar electrodes
(MCE-100; Kopf Instruments). For E/I ratio recording, evoked excitatory currents through
AMPA-R and inhibitory currents through GABA-R were recorded in the same CA1 pyramidal
cells. AMPA-R-mediated currents were recorded by holding at —40 mV in AP5-containing ACSF
and then switched to ACSF with AP5S and CNQX to measure GABA-R-mediated currents at
holding potential of 0 mV from the same cells. About 200 um away from the recorded cells,
electronic stimulations were given to obtain approximately 300 pA of AMPA current.
Experimenters were blinded to the genotypes and treatment conditions and treatment of L838,417
or vehicle was randomized by other experimenters who did not perform electrophysiological

experiments.

Western Blot

After anesthetization with isoflurane, hippocampi of Shank2 KO ¢6-7 or Shank2 KO e7 with
their respective littermate WT mice was extracted. Then the hippocampus in the lysis solution (30
mM Tris-Cl pH 7.4, 4 mM EDTA, 1 mM EGTA, Protease inhibitor cocktail) was homogenized
with metal beads using a vibrating homogenizer (Qiagen). The homogenates were centrifuged at
500 g for 5 min at 4 °C to remove nucleus fraction. The supernatant was centrifuged at 100,000
g for 1 h at 4 °C and then the pellet was lysed in 0.5% Triton X-100 added lysis solution. The
lysates were carefully loaded onto the surface of 1 M sucrose and then centrifuged again at
100,000 g for 1 h at 4 °C. Then, total protein amounts were quantified in the supernatants by the
Bradford assay. Equal amounts of proteins were electrophoresed on SDS polyacrylamide gels and
separated proteins were transferred onto a nitrocellulose membrane. After blocking with 5% skim
milk in Tris-buffered saline plus Triton X-100 (TBST) for 2 h at room temperature, membranes
were incubated with rabbit anti-GABAA-R o2 antibody (1: 2,000, R&D Systems) overnight at
4 °C. After washing with TBST buffer, the membranes were treated with an HRP-conjugated

secondary antibody for 2 h at room temperature. The protein bands by HRP with enhanced
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chemiluminescence reagents were detected and analyzed using the ChemiDoc (Bio-Rad) program.

Statistics

For the Morris water maze, the one-way ANOVA (analysis of variance) was performed to examine
whether the mice spent significantly more time in the target quadrant than in the other three
quadrants. Effects of L838,417 on different genotypes were analyzed using two-way ANOVA
followed by Bonferroni post-hoc test. When two groups were compared, the unpaired two-tailed
t-test was used. All data are represented as mean = SEM and the statistical analyses were

performed with Graphpad 5.0 software.
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RESULTS

Comparison of transcriptomes of the two Shank2 KO lines

It had been interesting to me that Shank2 KO €67 mice and Shank2 KO e7 mice have opposite
physiological characteristics related with NMDA-R functions. Thus I decided to compare the two
KO lines further using RNA sequencing technique. Since the previous differences in NMDA-R
functions of the two KO lines were examined in the hippocampus, I made cDNA libraries from
the hippocampus of the two KO mice and their respective WT littermates.

At first, RNA sequencing confirmed that exon 6 and 7 or exon 7 of Shank2 gene was completely
deleted in the two KO lines respectively (Figure 3). Next, the mRNA expression profile of each
KO line was generated compared to their WT littermates in a hierarchical clustering analysis and
93 and 59 genes are identified as DEGs respectively in Shank2 KO e67 and Shank2 KO ¢7 (Figure
5, Tables 1 and 2). Furthermore, a GO enrichment analysis indicated that these DEGs were
involved in lots of biological processes, including synaptic functions (Tables 3 and 4). These data
showed that the two Shank2 KO lines were differently affected by the genomic modifications in
Shank?2 gene, and suggested the possibility of further differences in synaptic functions other than

NMDA-R related functions.
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Figure 3. Confirmation of Shank2 expression in Shank2 KO e67 and e7 mice in RNA

sequencing

(in collaboration with Dr. Jae-Hyung Lee)

€67 WT €67 KO 7 WT &7 KO
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Figure 4. Differential gene expression profiles of Shank2 €67 or ¢7 KO lines (WT vs KO)
(A) Volcano plots showing up-regulated (Kroon et al.) and down-regulated (blue) DEGs, as the
x-axis and the y-axis representing the magnitude of fold changes (log2 transformed) and adjusted
p-value (-log2) respectively.

(B) A heatmap of expression levels of DEGs in four different groups (log2RPKM; reads per
kilobase of exon per million mapped reads).

(in collaboration with Dr. Jae-Hyung Lee)

29 H '::':.' 1_'_“ ;-j]l_ ITUl



Table 1. Differentially expressed genes in Shank2 KO e67 mice

Folr! 1760582704
Agp! 1726247111
Crabp2 2011441807
Bmp7 1529037723
Epn3 1728306393
Prgds 1759862849
Steap? 194110344
Steap2 1826981468
thp 2126145015
Sulft 2142804157
Wide2 1852780533
Perp 1663234974
Aebpt 1575502452
Ace 1961216766
Serpinaldn 2508439252
Fos 1736252775
Ogn 20549738
Gpxd 150652227
ow2 2285516129
Cab39l 160356629
Scaras 2039718414
Enpp2 2086637513
Cidat 1716988052
Cie6 2376848584
Krt18 1607158259
Cara 1635943587
Sk2206 2066515235
5 2823764943
n2 3706146729
Rps2a) 4731907609
Apbb2 1852088451
Sppt 1534366365
Colta2 154870461
Peoice 1787572803
Pon3 2022312332
Sic13a4 2152733902
A2m 1607718697
Migort 3319762424
Culdb 152347729%
21p185 1875952112
Shp1 1748400869
Cede13$ 1905293164
Cgnlt 1770381156
can2 1661815248
Cds9a 1596887855
A 3279418451
Dynirb2 1805464433
Tofi 1589166184
Colec12 1506838709
Sostdct 2273807309
Cedet13 178196994
n

Cdinte 1577660738
Neks. 1946526519
8mph 1970974348
Igfbp2 1625499139
Strip2 1640281015
Kene2 2338267524
Mdfic 1865953456
Serpinadg 212102261
Fmod 1609200398
Tubste 1710198754
Iqub 1742990855
Pppir3d 2427094026
vani 1856776283
Cian2 2262848503
Mif1 1914330599
Mzl 1599705129
xng 2043581811
W86 1975593326
Cosa2 2004927405
X 2272247522
GmME969 2598375618
Colgal 2170067623
Itpripit 1937585535
26793 1095327203

00539673
00107543

0074205
00378597
00378597
00107543
00107543

10480958
00107543
00107543

0019274
00107543
00378597

00107543
00107543
00378597

00107543
003298
00107543
00107543
00691742
00107543
00107543
00107543

00378597
00107543
00432262
00985535
00107543
00107543
00107543
00107543
00107543

0019274

ENSMUSGD0000031762
ENSMUSG00000035202
ENSMUSGO0000037166
ENSMUSGO0000037541
ENSMUSGO0000037846

ENSMUSGO0000062611
ENSMUSGO0000065037
ENSMUSGO0000070348
ENSMUSGO0000092837
ENSMUSGO0000096349

1556114264
1691668635
159349777
1512322684
1567066062
1505765385
2218585265
1973577263
1876123761
173045449
1587124167
1721737258
1678747208
3887519737
3335839785
2288290159

00107543
00480958
00107543
00107543
00107543
00107543
00107543
0074205
00107543
00645261
00107543
00107543
00107543
00107543
0059629
00691742

(in collaboration with Dr. Jae-Hyung Lee)
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Table 2. Differentially expressed genes in Shank2 KO e7 mice

Ensembl 1D Fold cha -val Ensembl ID symbal _Fold change (WT/KQ) _ g-value
ENSMUSGOODO00044 15 Col26at 2111546473 00253531 ENSMUSGO000003 1654 Chint 153937743 aoanze
ENSMUSGLO000016024 Lbg 168205514 0014728 | ENSMUSGODOBOO403E0 Chind 8277814964 00253931
ENSMUSGOO000019232 Etrgpl 1642723877 00253931 ENSMUSGO0000050919 Iipiek 1811073378 ooreze
ENSMUSGD00000201 85 Cap2 1535861369 00439642 |  ENSMUSGODODODSZ407 Cede17H 2203642206 0014728
ENSMUSGO00000207 559 Teki1 1552070402 00789 ENSMUSGO00000534 75 Tndaipt 15806793 00830189
ENSMUSGI0000021702 Thirsd 2943923128 0014728 | ENSMUSGOOODODSSS23 Gucyly 1957845606 0014728
ENSMUSGRODM0021763 BCOGTOTE 1813269043 Q0362164 ENSMUSGO0000062151 Unclie 1516490016 aorer2e
ENSMUSGO000002 1873 Dnahl2 199936795 00587081 ENSMUSG00000065037 RnTsic 2381185476 0ota2e
ENSMUSGO0000022759 4930451 C15RE 2118273816 oo47z8 ENSMUSGO0000070348 Condl 172055618 anrazs
ENSMUSGO0000022805 Maats? 173701956 0014728
ENSMUSGIO0000240T6 wit 1510588605 DOES0ISE
ENSMUSGO0000025036 Stanz. 1506334319 00850154
ENSMUSGO0000026668 Uema 2350357151 0nr472s
ENSMUSGRO0O00262 34 1700003M02Rik. 1844981052 Q0938549
ENSMUSGDO0000028393 Alad 1.590520537 0014728
ENSMUSGO00000291 55 Spatals 213177248 0014728
ENSMUSGOO0O0029561 stz 182719043 00439642
ENSMUSGOO000025% 75 Ein 1664305178 004728
ENSMUSGOO0000323 34 Lo 162265017 004728
ENSMUSGO0000032680 682040801 5RIE 2225007193 00727309
ENSMUSGRODO0033207 Mamdc2 2053891541 oot4728
ENSMUSGIO0000335ES Nl 1614060885 0014728
ENSMUSGOO000034108 Ces 1.568453763 00253831
ENSMUSGDOD00034227 Foul 1598520228 0014728
ENSMUSGOO00035539 E230008N1 3Rk 2268367096 00930189
ENSMUSGO00M003TN6 Frem2 1541755508 0014728
ENSMUSGOO00003T1 66 Pppirida 1624705237 00597081
ENSMUSGOO000035422 bidhd3 1847139723 0014728
ENSMUSGO00000392 78 Peskin 1523964187 0014728
ENSMUSGLO000041323 x? 1858334229 onn4728
ENSMUSGO0000041423 PagiE 1561022141 00880154
ENSMUSGO00000441 77 Wiikkn2 1935028748 o0t4728
ENSMUSGIO0000452TS Least 1732865883 00660872
ENSMUSGOO000046229 Seand! 2672296336 00918545
ENSMUSGIO00004T021 Cede 108 1516482658 0014728
ENSMUSGOO000047 361 Gm&T3 1570890914 0014728
ENSMUSGIO0O0051048 Paha3 1986405278 0014728
ENSMUSGOO0000522 21 Ppplris 2042817042 DDEE0STZ
ENSMUSGOO000053153 Spagié 2077070238 aor4728
ENSMUSGEO000057969 Semaib 1542873735 00253531
ENSMUSGEO000059854 Hydin 1724471158 0014728
ENSMUSGOO000060224 Pyrond2 1825014593 00845437
ENSMUSGOO0000653 17 Hba-a2 1628708027 0014728
ENSMUSGOO00069919 Hba-a1 1513318861 0014728
ENSHMUSGR000007035T E030019B06RK 2216834323 Dog4s437
ENSMUSGOOOO007T388  2410004PD3Rik 1739757226 oora72e
ENSMUSGO000007 2554 Gm16439 3005447877 0014728
ENSMUSGO00000T34 18 cab 1784132794 oot4728
ENSMUSGRO0O007 3340 Hbb-bt 1828051862 0014728
ENSMUSGO00000950%8 Ceaelsh 150937261 00253931

(in collaboration with Dr. Jae-Hyung Lee)
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Table 3. Gene ontology (GO) analysis on DEGs of Shank2 KO €67 mice
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Table 4. GO analysis on DEGs of Shank2 KO e7 mice
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Among the DEGs, mRNA expression of Gabra2 was significantly down-regulated in Shank2
KO e67 mice, but not in Shank2 KO e7 mice. Based on this result, I performed quantitative RT-
PCR to evaluate the mRNA expression of genes related to postsynaptic functions (Figure SA, B).
I confirmed that the mRNA expression of Gabra2 was significantly reduced only in Shank2 KO
€67 mice. In addition, mRNA expression of a gene encoding the subunit 1 of NMDA-R (Grinl)
was reduced in Shank2 KO e67 mice, but not in Shank2 KO e7 mice. mRNA expression of a gene
encoding the subunit 1 of AMPA-R (Grial) and a gene encoding a postsynaptic density protein,
Dlg4, were increased in Shank2 KO e7 mice, but not in Shank2 KO e67 mice. However, the
alterations in the mRNA expression of Grinl, Grial and Dig4 were not that dramatic and I
focused Gabra2. To evaluate the GABAA02 protein level, I performed western blot analysis in
the hippocampus of the Shank2 KO e67 mice. Since GABAAa2 is primarily located in
postsynaptic area, | extracted the synaptic fraction from the hippocampus and found that
GABAAG2 was significantly decreased in Shank2 KO e67 mice compared to their WT littermates
(Figure 5C, D).

In addition, we found another difference between the two Shank2 KO lines. An unknown
transcript of Shank?2 is expressed only in Shank2 KO e67 mice, which starts from center of exon
8 and expanded to exon 16 without SH3 and PDZ domains (data not shown). However, since it
was not certain whether the transcript is really expressed as a protein, I focused on the difference

level of Gabra2 expression.
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Figure 5. Decreased Gabra2 expression in mRNA and protein level

(A, B) qRT-PCR analyses to evaluate the expression level of postsynaptic genes from the
hippocampus of Shank2 KO e67 and €7 mice (WT: n = 3, KO: n = 3, unpaired t-test *P < 0.05,
**P < 0.01). (C, D) Reduced expression of GABAA«2 in the hippocampus of Shank2 KO e67
mice. Pan-cadherin was used as internal control and the expression levels of GABAA a2 subunit
are normalized by the intensity of (WT: n =8, KO: n = 6, unpaired t-test **P < 0.01).

(in collaboration with Dr. Nam-Kyung Yu Dr. Hyoung-Gon Ko)
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Functional identification of decreased GABAAAQ2 in Shank2 KO e67

mice

I found that the expression of GABAAa2 was reduced only in the Shank2 KO e67 mice.
GABAA receptors are localized in both synaptic and extrasynaptic sites and primarily involved
in the inhibitory neurotransmission in the cortex and hippocampus (Benarroch, 2007). Thus I
expected that the inhibitory transmission of Shank2 KO e67 mice was impaired, changing the
normal E/I balanced states.

To examine it, GABAergic inhibitory currents were recorded from CA1 pyramidal neurons
using whole-cell patch clamp while the Schaffer collateral pathway was stimulated with varying
intensities (input-output relationship). Consistently with the decreased expression of GABA«a2,
the amplitude of inhibitory currents was slightly, but significantly reduced in the Shank2 KO e67
mice compared to their WT littermates (Figure 6A) On the other hand, the input-output
relationship of inhibitory currents of the Shank2 KO e7 mice was comparable to their WT
littermates (Figure 6B). The reduced inhibitory transmission in Shank2 KO e67 mice could be
resulted from general impairment of neurotransmission. Thus, the AMPA-R mediated excitatory
transmission was also examined and AMPA-R currents was not affected by Shank2 KO in both
lines (Figure 6C). As a result, the E/I ratio was increased in the Shank2 KO e67 mice, while the
ratio was not altered in the Shank2 KO e7 mice (Figure 6D).

To further confirm whether the change in inhibitory currents are resulted from an impairment
in GABAA functions by reduced GABA02, a GABAA receptor agonist, especially containing o2
subunit, [.838,417, was treated during the patch clamp recording. The AMPA-R mediated
currents were not affected, while the reduced GABA-R currents and E/I ratio of Shank2 KO ¢67
mice were restored being comparable to those of WT littermates. The GABA-R currents of WT
mice were not increased by L838,417 and it might be resulted from the ceiling effect (Figure 6C,

D).
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Figure 6. Decreased inhibitory GABAergic function and rescue of it by 1.838,417 in Shank2
€67 KO mice

(A) Decreased GABAergic current in input-output relationships of CA1 neurons of Shank2 KO
€67 mice compared to WT littermates (WT-Vehicle: n = 27 cells/6 animals; KO-Vehicle: n = 28
cells/6 animals; two-way ANOVA, genotype X intensity interaction, *P < 0.05). (B) Normal
GABAergic current in input-output relationships of CA1 neurons of Shank2 KO e7 mice (WT: n
= 21 cells/4 animals; KO: n = 20 cells/4 animals; two-way ANOVA, genotype X intensity
interaction, P = 0.743). (C) Representative traces (left) and plot (right) of AMPAR or GABAR
mediated currents from CA1 neurons of Shank2 KO e67 mice after treatment with vehicle or
L838,417 (GABAR currents, WT-Vehicle vs. KO-Vehicle, unpaired t-test, **P < 0.01; KO-
Vehicle vs. KO-L838,417, unpaired t-test, **P < 0.01). Scale bar: 200 pA, 100 msec. (D)
Increased E/I ratios in CA1 neurons in Shank2 KO e67 mice compared to WT littermates. The E/I
ratio was rescued by L838,417 treatment (WT-Vehicle: n = 12 cells/5 animals; KO-Vehicle: n =
13 cells/5 animals; WT-L838,417: n = 9 cells/4 animals; KO-L838417: n = 13 cells/5 animals;
two-way ANOVA, effect of genotype, *P < 0.05, Bonferroni posttests, KO-Vehicle vs. KO-
L838,417, **P < 0.01). NS, not significant.

(in collaboration with Dr. Chae-Seok Lim)
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In addition to the evoked transmissions, spontaneous miniature EPSC (mEPSC) and IPSC
(mIPSC) were also recorded in CA1 pyramidal cells since in many neurodevelopmental disorders,
the frequency or amplitude of the spontaneous postsynaptic currents are also perturbed (Gkogkas
et al., 2013; Han et al., 2012; Kim et al., 2016; Lee et al., 2017). The frequency or amplitude of
mEPSC and mIPSC of Shank2 KO were not significantly different from those of WT littermates
(Figure 7A, B). Presynaptic release probability was also examined by paired-pulse ratio (PPR) in
the CA1 pyramidal cells at two stimulation intervals (70 ms and 150 ms) and at both intervals,

the PPR was not different between Shank2 KO ¢67 mice and WT littermates (Figure 7C).
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Figure 7. Recording of spontaneous mEPSC or mIPSC, and paired-pulse facilitation ratios
(PPR)

(A, B) Normal spontaneous and miniature inhibitory postsynaptic currents (sIPSC and mIPSC)
in Shank2 KO e67 mice compared with WT littermates (sSIPSC, WT: n=26; KO: n =25; mIPSC,
WT:n=21; KO: n= 18 cells). Scale bar: 300 pA, 2 s. (C) Normal paired-pulse facilitation ratios
(PPR) in Shank2 KO e67 mice compared with WT littermates (70 ms, WT: n=13; KO: n = 14;
150 ms, WT: n=9; KO: n= 12 cells; two-way ANOVA, genotype: F1,44 =0.03, P =0.855). NS,
not significant

(in collaboration with Dr. Chae-Seok Lim)
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Effects of L.838,417 in the social behaviors of Shank2 KO e67 mice.

Alterations in E/I balance are frequently observed phenomena in the animal models of
neurodevelopmental disorders (Lee et al., 2017; Pefiagarikano et al., 2011; Schmeisser et al., 2012;
Won et al.,, 2012; Yizhar et al., 2011), and suggested as one of underlying physiological
mechanism of the cognitive deficits of the disorders. Previously, Shank2 KO e67 mice are
characterized by autistic behaviors such as social deficits and repetitive jumping behaviors, and
enhancing NMDA-R function partially improved social behaviors of Shank2 KO e67 mice (Won
etal., 2012). To estimate if restoring the E/I balance by enhancing GABAA-R function also could
rescue the social deficits of the mice, I performed three-chamber test after treating L.838,417 in
the Shank2 KO e67 mice. Consistently with the previous report, the sociability of Shank2 KO e67
mice was significantly impaired compared to that of WT littermate mice, however, the impaired
sociability was not rescued by the L838,417 treatment (Figure 8). The result suggests that the

decreased GABAA-R function may not attribute to the social deficits in the Shank2 KO e67 mice.
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Figure 8. Effects of L838,417 treatment on impaired social behaviors of Shank2 KO e67 mice
L838,417 did not affect the sociability of Shank2 KO e67 mice in the three-chamber test (WT-
Vehicle: n =9; WT-L838,417: n = 8; KO-Vehicle: n = 8; KO-L838,417: n = 7; unpaired t-test,

#P < 0.05).
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Effects of 838,417 in spatial memory deficits of Shank2 KO e67 mice.

Individuals of ASD are suffer from various cognitive deficits such as anxiety, learning and
memory deficits, as well as the impaired social behaviors. Shank2 KO e67 mice also displays
spatial learning and memory deficits (Won et al., 2012). I focused on the spatial learning and
memory, since intellectual disabilities are frequently accompanied with the ASD patients. In
addition, imbalances of the E/I balance in the hippocampus have also been reported to be involved
in the learning and memory deficits (Cui et al., 2008; Han et al., 2014; Han et al., 2012; Houbaert
etal., 2013; Lee et al., 2014).

I examined whether the spatial learning and memory deficits of Shank2 KO e67 mice in Morris-
water maze could be restored by the L838,417 treatments. As previously reported, vehicle treated
Shank2 KO e67 mice did not acquire the position of the hidden platform well compared to WT
littermate mice during the training sessions (Figure 9A). L838,417 treated Shank2 KO e67 mice
also could not find the platform well and the latency to find the platform was not significantly
different from that of vehicle treated Shank2 KO e67 mice. L838,417 treated WT littermate mice
learned the position of the platform well. In the probe test, WT littermate mice spent significantly
more time in the target quadrant where the platform was located during the training sessions,
while vehicle treated Shank2 KO €67 mice randomly went around the pool and spent similar time
in each quadrant. On the other hand, L.838,417 treated Shank2 KO e67 mice spent significantly
more time in the target quadrant (Figure 9B). Moreover, the mean distance from the center of the
platform was significantly higher in the vehicle treated Shank2 KO e67 mice group compared to
the L838,417 treated group (Figure 9C). The mean swimming velocity was comparable in all
groups, suggesting that these results were not coming from the alterations on locomotive

properties (Figure 9D).
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Figure 9. Effects of L838,417 treatment on spatial memory deficits of Shank2 KO €67 mice
(A) Learning curve of Shank2 KO e67 mice in the Morris water maze task (WT-Vehicle vs KO-
Vehicle, two-way ANOVA, genotype: F1,90 = 17.74, P < 0.001; KO-Vehicle vs KO-L838,417,
two-way ANOVA, treatment: F1,100 = 1.704, P > 0.05). (B) Time spent in each quadrant during
probe test, 24 h after training (WT-Vehicle: n = 9; WT-L838,417: n = 8; KO-Vehicle: n = 11;
KO-L838,417:n=11; one-way ANOVA of KO-Vehicle, NS; one-way ANOVA of KO-1838,417,
***P < 0.001). TQ: target, OQ: opposite, AQ1: right, AQ2: left quadrant. (C) Enhanced spatial
memory of Shank2 ¢67 KO mice in mean distance from the platform during probe test by
L838,417 (WT-Vehicle: n=9; WT-L838,417: n=8; KO-Vehicle: n=11; KO-L838,417: n=11,

two-way ANOVA followed by Bonferroni posttests, *P < 0.05). (D) Swimming velocity of
Shank2 KO ¢67 mice was comparable with WT littermates during probe test (WT-Vehicle: n=19;

WT-L838,417: n = 8; KO-Vehicle: n = 11; KO-L838,417: n = 11, unpaired t-test). NS, not

significant.
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I examined spatial memory of Shank2 KO €7 mice in the Morris-water maze task either, to
address whether the mice also show deficits in spatial learning and memory. In spite of the normal
E/I ratio of them, the Shank2 KO e7 mice also showed a tendency of deficit during the training
days (Figure 10A). Furthermore, vehicle treated Shank2 KO e7 mice randomly swam around the
four quadrants, while WT littermates spent significantly more time in the target quadrant during
the probe test. The results indicated that the spatial memory of Shank2 KO e7 mice is also
impaired (Figure 10B).

If the rescue effect of L838,417 in Shank2 KO e67 mice was really resulted from the restoring
of E/I balance, I expected that the drug should have no memory rescue effect in Shank2 KO 7
mice. As I expected, when I treated L838,417 in Shank KO e7 mice, contrary to e6-7 KO mice,
the mice did not show a preference for the target quadrant, still randomly swimming around the
four quadrants during the probe test (Figure 10B). In addition, the mean distance from platform
position was comparable between the L838,417-treated Shank2 KO e7 mice group and the vehicle
treated group, suggesting that L.838,417 did not rescue the impaired spatial memory of Shank2
KO e7 mice (Figure 10C). As in the Shank2 KO e67 mice, L838,417 treatment did not affect the
swimming velocity (Figure 10D). Taken together, these results suggest that the spatial memory
deficits of Shank2 KO e7 mice was not resulted from the GABAA-R functions, but from other
mechanisms, while the alteration of GABAA-R functions is attributable for the spatial memory

deficits of Shank2 KO e67 mice.
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Figure 10. Effects of L.838,417 treatment on spatial memory deficits of Shank2 KO e7 mice
(A) Learning curve of Shank2 KO e7 mouse line during training in the Morris water maze task
(WT-Vehicle vs KO-Vehicle, two-way ANOVA, effect of genotype, P = 0.146; KO-Vehicle vs
KO-L838,417, two-way ANOVA, effect of treatment: P = 0.639). (B) Time spent in each quadrant
during probe test, 24 h after training (WT-Vehicle: n =10; WT-L838,417: n = 6; KO-Vehicle: n =
12; KO-L838,417: n = 11; one-way ANOVA of WT-Vehicle, *** P < 0.001; WT-838,417, *** P
<0.001; KO-Vehicle, P=0.168; KO-L838,417, P=0.961). TQ: target, OQ: opposite, AQ1: right,
AQ2: left quadrant. (C) L838,417 did not improve mean distance from the platform of Shank2 7
during probe (WT-Vehicle: n = 10; WT-L838,417: n = 6; KO-Vehicle: n = 12; KO-L838,417: n=
11, two-way ANOVA, effect of genotype, P <0.01; effect of treatment, P = 0.404). (D) Swimming

velocity of Shank2 KO e7 mice was comparable with WT littermates during probe test (WT-
Vehicle: n=10; WT-L838,417: n = 6; KO-Vehicle: n=12; KO-L838,417: n = 11, unpaired t-test).

(in collaboration with Jaehyun Lee)
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Effects of 1.838,417 in emotional status and locomotion of Shank2 KO

€67 mice.

In addition to the behavioral tests involved in sociability and spatial memory, I performed
elevated zero-maze task and open-field test to examine effects of L838,417 on the emotional states
or locomotion (Figure 11 A, B). In the elevated zero-maze, time in open area of vehicle treated
Shank2 KO e67 mice was significantly different with that of vehicle treated WT littermates.
1.838,417 treated Shank2 KO e67 mice also spent comparable time with the vehicle treated
Shank2 KO e67 group. Similarly, in the open-field test, the center duration of L838,417 treated
Shank2 KO e67 group was not different from that of vehicle treated KO group. These results
suggest that L838,417 treatment did not affect the anxiety of the Shank2 KO ¢67 mice. In relation
with locomotion, in both elevated zero-maze and open-field test, the hyperactivity of Shank2 KO
e67 was tended to reduce by L838,417 but it was not statistically significant.

Taken together, our results suggest that restoring GABAergic synaptic transmission and E/I
balance using L838,417 could ameliorate the spatial memory deficit of Shank2 e6-7 KO mice,

without affecting the social or emotional behaviors of the KO mice.
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Figure 11. Effects of L838,417 on anxiety like behavior and locomotor activity of Shank2
KO €67 mice

(A) No changes in basal anxiety level of Shank2 ¢6-7 KO mice and WT littermates following
administration of L838,417 in the elevated zero-maze (EZM) test (left, WT-Vehicle: n = 11;
WTL838,417: n = 10, KO-Vehicle: n = 8; KO-L838,417: n = 7; two-way ANOVA, interaction,
F1,32 = 0.339, P = 0.564) while locomotor activity was significantly increased compared with
WT littermates (right, WT-Vehicle vs. KO-Vehicle, unpaired t-test, * P < 0.05). (B) In the open-
field test, Shank2 e6-7 KO mice showed significantly decreased time spent in the center region
compared with WT littermates (left, WT-Vehicle: n = 11; WT-L838,417: n = 10; KO-Vehicle: n=
8; KO-L838,417: n = 7, KO-Vehicle vs KO-L838,417, unpaired t-test, * P < 0.05), while
locomotor activity was significantly increased compared with WT littermates (right, WT-Vehicle
vs KO-Vehicle, unpaired t-test, *** P < 0.001), which was partially rescued by L838,417

administration (KO-Vehicle vs. KO-L838,417, unpaired t-test, P = 0.183). NS, not significant.
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DISCUSSION

In the present study, I showed that two Shank2 KO mice (e67 and e7) are different at the
transcriptome level, where the level of Gabra2 mRNA was reduced in the hippocampus of Shank2
KO ¢67 mice, but not in Shank2 KO e7 mice. This result provides a new evidence that the two
KO lines are different even if the deleted gene is same. Consistently with the reduction of Gabra2
expression in Shank2 KO e67 mice, inhibitory GABA current was also reduced making elevated
E/l ratio. Treatment of L838,417, a positive allosteric modulator of a2, a3, and aS-specific
GABAA-R, restored the reduced GABA current and normalized the E/I ratio in Shank2 KO e67
mice. Finally, administration of L.838,417 enhanced hippocampus dependent spatial memory
deficit but not the social deficit of Shank2 ¢67 KO mice. These findings uncover a novel

mechanism underlying the spatial memory deficit in Shank2 KO e67 mice.

Brain regions involved in the spatial deficits of Shank2 KO e67 mice

Since I systemically injected L838,417, the drug could affect many areas of brain. However,
since hippocampus was a primary brain region involved with spatial memory (Olton and Paras,
1979; Tsien et al., 1996), and all the molecular biological and physiological experiments are done
using hippocampus, I think that the spatial memory rescue effect of L838,417 was hippocampus
dependent. In relation with the social behaviors, many other brain regions are involved including
medial prefrontal cortex, amygdala and nucleus accumbens hippocampus (Gunaydin et al., 2014;
Schoch et al., 2017; Selimbeyoglu et al., 2017), so the E/I balance or GABAergic functions may
be differently regulated in the areas compared to. Investigating the molecular profile or
physiological characteristics of the other regions in Shank2 KO mice would provide further

understanding of the social deficits of the mice.

Mutations in same gene, but different phenotypes

Consistently with the reduced Gabra2 expression only in Shank2 KO e67 mice, L838,417
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treatment rescued the spatial memory deficits only in €67 KO, but not in 7 KO mice. In addition
to the different expression of Gabra2, Shank2 e67 KO and €7 KO mice showed differences in the
NMDAR functions previously (Schmeisser et al., 2012; Won et al., 2012). There are other
examples which show that different mutations in the same gene could cause distinct phenotypes.
Shank3 ¢4-9 KO mice have impaired spatial memory (Wang et al., 2011), whereas Shank3 ¢13-
16 KO mice (Peca et al., 2011) have normal spatial memory. Shank3 e13-16 KO mice also have
distinct cellular phenotypes from Shank3 e4-9 KO mice. Moreover, mice with different mutations
in Shank3, show distinct behavioral deficits (Zhou et al., 2016). In addition, two different
mutations of MECP2 (MeCP2-R270X and MeCP2-G273X) which is implicated in Rett
Syndrome, a kind of autism spectrum disorders, differentially affected the function of MECP2
and making distinct bending patterns of the protein (Baker et al., 2013). Mice with each mutation
also showed different severity of phenotypes, which is similar to the disease progression observed
in the patients with the two mutations (Baker et al., 2013).

It is not easy to say how the two Shank2 KO lines have different molecular and physiological
phenotypes. When we target a gene to be mutated, we mostly focused only exons and known
transcripts, but we don’t know the complex regulation of genome perfectly. For example, the
transcription of targeted gene by KO strategy might be complicated generating a novel transcript.

These possibilities should be addressed sometime.

E/I balance in ASD

Maintaining proper E/I balance is required for normal social behaviors and cognitive functions
(Lee et al., 2017; Yizhar et al., 2011). Recent studies have highlighted that imbalance of E/I ratio
as a common physiological mechanism underlying behavioral deficits of animal models of ASD.
Indeed, a number of ASD model mice apart from Shank2 KO mice, are also characterized by
alterations in E/I balance, sometimes increasing, other times decreasing (Chao et al., 2010;
Etherton et al., 2009; Gkogkas et al., 2013; Han et al., 2014; Han et al., 2012; Hines et al., 2008;
Hung et al., 2008).

Especially, GABAergic transmission is a major inhibitory mechanism of brain and many ASD

model mice are characterized by alteration in GABAergic systems (Cellot and Cherubini, 2014,
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Chao et al., 2010, Han et al., 2012, Han et al., 2014, Oblak et al., 2011, Robertson et al., 2016).
Although Shank proteins are mainly localized in excitatory postsynaptic density, I found that
GABAergic currents were decreased in Shank2 ¢67 KO mice, suggesting the role of Shank2 in
GABAergic systems. Supporting the role, expression of parvalbumin, a marker for a
subpopulation of GABAergic neurons, was also decreased in Shankl KO and Shank3B KO mice

(Filice et al., 2016).

Molecular mechanisms related with reduced Gabra2 in Shank2 KO ¢67 mice

Because Shank? is a scaffolding protein and do not directly regulate gene expression itself, it
is unclear how the lack of Shank?2 expression in Shank2 67 KO mice affected Gabra?2 expression.
One possible molecular target is the Janus kinase signal transducer and activator of transcription
(STAT) signaling pathway. STAT protein is a well-known transcription modulator and there are
some evidences that STAT might affect the expression of genes involved in excitatory and
inhibitory neurotransmissions in Shank2 KO e67 mice. For example, it was reported that JAK2
and STAT3 are required for NMDAR-dependent LTD in hippocampus, and STAT3 regulates
expression of GABAA receptor subunits in hippocampus (Lund et al., 2008; Nicolas et al., 2012).
Since NMDAR-dependent LTD in hippocampus was diminished in Shank2 KO e¢67 mice (Won
etal., 2012) and Gabra?2 expression was also decreased in the mouse line, the JAK/STAT pathway

might be responsible for the impairments of Shank2 67 KO mice considering the function of it.
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CHAPTER I1I

Role of Snf7-3 in neurodevelopmental disorders regulating the

dendritic developmental processes
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INTRODUCTION

Snf7-3 is a protein which is a member of Snf7 family, and also known as chromatin-
modifying protein/charged multivesicular body protein 4C (CHMP4C). Snf7 proteins are
components of endosomal sorting complex required for transport III (ESCRT-III), which is
composed of Vps20, Snf7, Vps24 and Vps2. The complex is involved in many cellular processes
including cytokinesis, regulating membrane structures by forming a spiral coild-coil structure of
Snf7 in membrane of endosome or plasma membrane (Henne et al., 2011; Schuh and Audhya,
2014) (Hurley and Hanson, 2010); McCullough, 2018 #102).

Especially in the endo-lysosomal pathway, ESCRT-III generates multivesicular body (MVB)
where cargo proteins from endosomal membrane are stuck. Since endo-lysosomal pathway is
deeply involved in cell survival and viability, dysfunction of ESCRT-III complex can affect the
neuronal survival. Supporting this concept, there are some reports that dysfunction of ESCRT-
II1 is involved in neurodegeneration. For examples, mutations in CHMP2B, a homolog of Vps2,
is implicated in neurodegenerative diseases such as Alzheimer’s diseases, frontotemporal
dementia and amyotrophic lateral sclerosis (Cox et al., 2010; Hooli et al., 2014; Skibinski et al.,
2005). A mouse line that mimic one of the mutations which makes a truncated form of CHMP2B,
showed age-dependent social impairments (Gascon et al., 2014). In addition to that, knock-down
of Snf7-2, a homolog of Snf7-3, caused autophagosome accumulation and neurodegeneration
(Lee et al., 2007).

Although it is not well-known if Snf7 or ESCRT-III has a role in neurodevelopmental disorders,
it seems that they have important roles in regulating neuronal developmental processes.
Previously, my colleague studied the function of Snf7 in cortical neurons (Lee et al., 2007).
According to her, in developing neuronal cultures, the expression of Snf7-3 was highest on DIV
6, when the dendrite development is vigorous (Figure 12A). Then, she applied siRNA targeted to
Snf7-2 or Snf7-3 to reduce the expression of the genes in neuron cultures. Interestingly, the knock-
down of Snf7-3 increased the length or branching of dendrites, while the knock-down of Snf7-2

caused opposite phenotypes (Figure 12B). In addition to that, a drosophila homolog of Snf7, Shrub
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promotes dendritic pruning during development, as deficiency of Shrub resulted in increased
growth and branching of dendrites (Loncle et al., 2015; Sweeney et al., 2006). Since altered
structural connectivity of nervous systems is implicated in neurodevelopmental disorders, I
became interested in the protein and thought that it might be implicated in (Beare et al., 2017,
Konrad and Eickhoff, 2010). Supporting the idea, a genetic study of human patients indicated that

(SNPs) in CHMP?7, a homologue of Suf7, may be involved in ADHD (Neale et al., 2010).
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Figure 12. Differential role of Snf7-2 and Snf7-3 in dendritic developments

(A) Increased expression of Snf7-3 in cortical culture neurons on DIV6 when dendritic
developments are vigorous, compared with other time points.

(B, C) Knock-down of Snf7-2 significantly decreased total dendritic length and branching, while
knock-down of Snf7-3 causing opposite phenotypes.

(in collaboration with Dr. Jin-A Lee)
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As implicated in the name of ADHD, the main symptoms of ADHD are inattention and
hyperactivity. In most cases, impulsivity is also followed. Similarly, with ASDs, the prevalence
of ADHD has been increased gradually during last decades and it is estimated to be 5.29% to
7.1% in children and adolescents (Fayyad et al., 2007). While medications such as amphetamine
and methylprenidate, are used for treatment of ADHD, they can cause some side effects like
sleep disorders or social withdrawal and the drugs are only partially effective to some patients
(Punja et al., 2016).

To address if dysfunction of Snf7-3 is implicated in phenotypes related with
neurodevelopmental disorders, I generated two lines of Snf7-3 deficient mouse. One is mouse
line is like conventional KO in which the expression of Snf7-3 is transcriptionally inhibited in
all cells, while another is conditional KO in which Snf7-3 is deleted in forebrain excitatory
neurons. Both KO mouse lines showed hyperactivity and conditional KO mice displayed
impaired object location memory, while the phenotypes disappeared when the mice became
about 6 months old. Interestingly, the frequency of spontaneous excitatory transmission was

elevated in hippocampus of the KO mice, suggesting altered E/I balance.

55 - B



EXPERIMENTAL PROCEDURES

Animals

An embryonic stem cell line from European Conditional Mouse Mutagenesis Program
(EUCOMM), in which a cassette, named as promotorless cassette, was inserted in front of exon
2 of Snf7-3 gene (Figure 13A). This cassette contains polyadenylation sequence (pA), so the
transcription of Sxf7-3 is inhibited. Thus, I used this for a mouse line that mimic conventional KO
in which Snf7-3 is not expressed in all cells. In addition to that, exon 2 of Snf7-3 is flanked by
loxP sites, which is recognized by Cre recombinase, so exon2 can be deleted under existence of
Cre. In that case, the open reading frame of Snf7-3 is changed and a stop codon is made in the
very early position of the protein coding sequence. Thus after removing the promoterless cassette
which is flanked by FRT sequences, the expression of Snf7-3 is dependent on Cre recombinase.

The embryonic stem cell (ES cell) line was sent to a company, and injected to a mouse
blastocyst. After implanting the blastocyst in a foster mouse, chimera mice were born. Newly
born mice from the chimera mice was genotyped. These mice contained the promotorless cassette
in their genome, so they were used for conventional KO line. For the conditional KO line, I mated
the mice with a mouse line that express Cre recombinase only in Ca 2+/calmodulin-dependent
protein kinase II a (CaMKIla) neurons, which is a marker for excitatory forebrain neurons, so
Snf7-3 is not expressed only in the CaMKIlo neurons. Mice with a genotype of Snf7-3 fI/fl;
CaMKIIa-Cre +/- were used as conditional KO and littermate mice with a genotype of Snf7-3 fl/fl;
CaMKIla-Cre -/- were used as WT controls (Figure 13B).

8 to 24 weeks or over than 25 weeks old mice were used for following experiments. Food and
water were provided ad libitum and all the mice were kept on a 12 h light/dark cycle. All the
experimental procedures were done during the light phase of the cycle. The Institutional Animal

Care and Use Committee of Seoul National University approved the animal care and experiments.
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Final use of mice
Snf7-3 fl/fl Snf7-3 fl/fl Snf7-3 +/+ snf7-3 PC/PC
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Figure 13. Generation of conventional and conditional Srnf7-3 KO lines

(A) Construction of Snf7-3 gene area in a ES cell line from EUCOMM, which is designed to
restrict the expression of Snf7-3 by poly A sequence (pA) and with a potential to be used as
conditional KO. (B) Generation of conventional and conditional KO mice. For conventional KO,
PA sequence was maintained to block the transcription of Snf7-3. For conditional KO, the mice
generated from ES cells were mated with protamine-FLPE line to remove pA sequence of PC.
Then, to delete Snf7-3 only in excitatory neurons of brain, the mice were mated with CaMKIIa-

Cre mice to remove exon 2 making stop codon.
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qRT-PCR

After anesthetization with isoflurane, hippocampi were extracted and grinded. Total RNA was
separated by TRIZOL (Invitrogen). mRNA was reverse-transcribed using the poly-A primer and
Superscript III (Invitrogen). qRT-PCR was performed in triplicate using ExTaqll SYBR Green
Master Mix (Takara) in ABI7300 (Applied Biosystems) system. The sense primer (5’
CAACACGGAGGTCTTACGGAA 3’) was designed to detect exon 2 area of Snf7-3 gene, while
the anti-sense primer (5’ GGCAAACTGAACCCTTTGAGAAA 3’) was designed to detect exon
3 area. Cycling conditions were 95 °C for 30 s, followed by 40 cycles of 95 °C for 15 s, 60 °C for

20s and 72 °C 31 s. GAPDH was used as an internal control.

Behavioral Tests

Open-field test

A mouse was placed in the middle of a square white plexiglass box (40 x 40 x 40 cm) under dim
light. The movement of the mouse and location in the box was tracked using a tracking program
(EthoVision 9.0, Nodulus) for 20 min. The center was defined as the middle area that occupied
1/2 of the total area. 30 min before the test, L838,417 or vehicle was injected and experimenters

were blinded to the genotypes and identity of injected drugs.

Elevated zero maze (EZM) test

A round-shaped (inner diameter: 50 c¢cm, outer diameter: 60 cm) maze which is made of white
Plexiglass and elevated 40 cm from the floor, was used. The maze was composed of 4 arms, 2 of
open arms and 2 of closed arms with 20 cm walls on both sides. A mouse was placed on the center
of one of closed arm of the maze, and the movement of the mouse was tracked for 5 min by using
a tracking program (EthoVision 9.0, Nodulus), under bright light. If a mouse fell onto the floor,
the mouse was excluded from the analysis. 30 min before the test, L838,417 or vehicle was

injected and experimenters were blinded to the genotypes and identity of injected drugs.
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Object location memory test

Mice were handled for 3 min on 4 consecutive days and then placed in a square box for 15 min
on 2 consecutive days for habituation. The box has one transparent side and three white opaque
sides, and opposite side of the transparent side have a visual cue. After the habituation, on
conditioning day, two objects of same shape were placed sequentially in front of the opposite side
of the transparent side. Mice explored the objects for 10 min. On next day (test day), one of the
object was placed in front of the transparent side while the position of the other object was not
changed. Mice explored the objects for 5 min and the ratio of time spent for investigating the
moved object was calculated. If a mouse investigated the objects less than 10 secs or 2 secs, during
conditioning and test respectively, the mouse was excluded for data. In addition, if a mouse
investigated one object 3 times or more than the other object, the mouse was also excluded for

data.

Three-chamber test

A three-chamber apparatus was made up of successive three chambers with a door between the
faced two chambers (two outer chambers: 20 x 15 x 25 cm and an inner chamber: 20 x 10 x 25
cm). Stranger mice were habituated in a metal-wired cage placed in the outer chamber for 10 min
on 4 consecutive days. Shank2 KO mice and their littermate WT mice (test mice) were also
habituated in the apparatus with the doors open on two consecutive days and they had not met
with the stranger mice. 24 hours after the habituation, the test mouse was placed in the inner
chamber with the doors open. After 10 min, the test mouse was guided to the inner chamber and
the doors were closed. A wired cup with the stranger mouse (stranger) and a wired cup with yellow
block (object) were introduced into each of the outer chamber, and then the doors were opened to
test sociability. The movement of the test mouse was tracked for 10 min with a tracking program
(EthoVision 9.0, Nodulus). 30 min before the test, L838,417 or vehicle was injected and
experimenters were blinded to the genotypes and identity of injected drugs. Experimenters were

blinded to the genotypes and identity of injected drugs.
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Morris water maze (MWM) test

Mice were handled for 3 min on 4 consecutive days before performing the test. During training
session, a mouse was placed into a white opaque water-filled (22-23 °C) tank (140 cm diameter,
100 cm height) placed in a room with multiple spatial cues under dim light. The tank was divided
into 4 virtual fan-shaped quadrants, which target quadrant (TQ), opposite quadrant (OQ), adherent
quadrant 1 (AQ1) and adherent quadrant 2 (AQ2). In a fixed location of TQ, a 10 cm diameter-
platform was placed. On the training days, mice were pseudo-randomly released at the edge of
the maze facing the inner wall of the tank and trained to reach the platform for 60 s. If the mice
failed to reach the platform for 60 s, they were guided to the platform and maintained on the
platform for 10 s. When the mice successfully reached the platform and stayed on the platform
for more than 1 s, mice were rescued from the maze after 10 s. Mice were trained with 4 trials per
day to be released at all the quadrants and the trial interval was 2 min. The day after the final day
of 5 to 7 days of training, a probe test was performed. In the probe test, the platform was removed
and a mouse was released at the center of the pool. The mouse was tracked for 60 s with a tracking
program (EthoVision 9.0, Nodulus) and, mean distance from the platform, the number of platform
location crossing and time spent in each quadrant were analyzed. Experimenters were blinded to

the genotypes and identity of injected drugs.

Contextual fear conditioning

Mice were handled for 3 min on 4 consecutive days before the conditioning. After the handling,
a mouse was placed in a conditioning chamber (Coulbourn instruments) for 210 secs and two
electrical foot shocks (2 secs, 0.6 mA) were delivered at 150 secs and 180 secs respectively.
Freezing level was analyzed by Freeze Frame program (Coulbourn instruments) before the first
shock. After 24 hours, the mouse was returned to the chamber for 180 secs and freezing level was

analyzed.

Electrophysiology

Mice were anesthetized with isoflurane and hippocampus or medial prefrontal cortext (mPFC)

was extracted. 300um thick-slices were prepared using a vibratome (VT1200S;Leica) in ice-cold
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N-methyl-D-glucamine (NMDG) solution (93 mM NMDG, 2.5 mM KCl, 1.2 mM NaH2PO4, 30
mM NaHCO3, 20 mM HEPES, 25 mM Glucose, 5 mM sodium ascorbate, 2 mM Thiourea, 3 mM
sodium pyruvate, 10 mM MgSO4, 0.5 mM CaCl2) and recovered in the solution at 32 ~ 34 C.
After 10min, the slices were transferred to artificial cerebrospinal fluid (ACSF) (124 mM NacCl,
2.5 mM KCI, 1 mM NaH2PO4, 25 mM NaHCO3, 10 mM glucose, 2 mM CaCl2, and 2 mM
MgSO0O4) at room temperature and maintained for at least l1hr before the experiment. After
recovery, the slices were placed in a recording chamber maintained at 30°C and constantly
perfused with oxygenated ACSF at a rate of Iml/min.

The recording pipettes (3 ~ 5 MQ) were filled with an internal solution containing 145mM K-
gluconate, SmM NaCl, 10mM HEPES, ImM MgCl12, 0.2mM EGTA, 2mM MgATP, and 0.1mM
Na3GTP (280 ~ 300 mOsm, adjust to pH 7.2 with KOH) with 0.2% biocytin. Picrotoxin (100 uM)
and Tetrodotoxin (1 pM) were added to the ACSF to block the GABA-R-mediated currents and
sodium channel mediated currents.

Pyramidal cells were selected by manually and voltage-clamped at -70 mV using an Axopatch
200B (Molecular Devices). After at least 5 min for complete diffusion of internal solution
throughout the neuron, spontaneous postsynaptic currents are recorded during 5 min. This
electrophysiological data was analyzed by MiniAnalysis program (Synaptosoft). Only neurons

with a change of access resistance less than 20% were included in the analysis.

Dendrite analysis

Recording pipettes were filled with internal solution containing 2 mg/ml biocytin (pH 7.2 with

KOH, 280-290 mOsm). After electrophysiological recordings, the brain slices were fixed with 4%

paraformaldehyde. The fixed slices were then washed for 1 h three times with PBS and blocked
with 5% goat serum and 0.2% Triton X-100 in PBS for 1 h at room temperature. For staining, the
slices were incubated overnight at 4 °C in streptavidin and Alexa Fluor® 488 conjugate (Life
Technologies) at 1:2000 in the blocking solution. The slices were then washed for 1 h three times
with PBS and mounted with 50 % glycerol on slide glasses. In the biocytin injected neuron,

dendrites were imaged using a confocal microscopy (Leica, TCS SP8) with Z stacks and the Z
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stack images were reconstructed to generate a 3D image of the biocytin injected neuron using a
IMARIS software (Bitplane). Using the software, Sholl analysis was performed and the length or

branching of each dendrite was analyzed.

Statistics

For the Morris water maze, the one-way ANOVA (analysis of variance) was performed to examine
whether the mice spent significantly more time in the target quadrant than in the other three
quadrants. For the three-chamber test and contextual fear memory test, two-way ANOVA was
performed to evaluate the effects of genotype x target or genotype x time respectively. When two
groups were compared, the unpaired two-tailed t-test was used. All data are represented as mean
+ SEM and the statistical analyses were performed with Graphpad 5.0 software. Sample sizes
including animal numbers were chosen to ensure adequate statistical power comparable to

previously published papers. Data distribution of experiments was assumed to be normal.
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RESULTS

Confirm of Snf7-3 KO

I generated conventional and conditional Snf7-3 KO lines, and I checked if Snf7-3 is really not
expressed in the KO mice as we expected. To confirm if the Snf7-3 mRNA is not expressed in the
conventional KO mice, I performed qRT-PCR in hippocampus and Snf7-3 was barely expressed
in the KO mice compared to WT littermates (Figure 14A). I also performed the same qRT-PCR
in the conditional KO mice, and in this case the Snf7-3 expression of KO mice was about half of
that of WT littermates, which is concomitant with the feature of conditional KO (Figure 14B). I
also performed western blot analysis to check if Suf7-3 protein is not expressed, but the antibody

quality for Snf7-3 was not good, so I could not compare the Suf7-3 protein level (data not shown).
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Figure 14. Reduced expression of Srnf7-3 in generated KO lines
(A) Decreased Snf7-3 mRNA expression in the hippocampus of Snf7-3 conventional KO mice
(WT: n=4, KO: n =4, unpaired t-test ***P < 0.001). (B) Decreased Snf7-3 mRNA expression in
the hippocampus of Snf7-3 conventional KO mice (WT: n = 4, KO: n = 4, unpaired t-test **P <
0.01). Since hippocampus consists of not only CaMKIla neurons, but also other cells such as

interneurons or glial cells, the expression of Snf7-3 in hippocampus was not totally blocked.
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Hyperactivity and a mild cognitive deficit of Snf7-3 KO mice (8 to 24

weeks old)

Based on my colleague’s data (Figure 12) showing that Snf7-3 regulates the growth and
branching of dendrites during developing neurons, I performed behavioral experiments which are
involved in the symptoms of neurodevelopmental disorders, such as locomotion activity,
emotional status and cognitive deficits.

At first, I addressed behavioral phenotypes of Snf7-3 KO mice of 8 to 24 weeks, which is
generally used age for behavioral experiments. I examined locomotive activity and anxiety of
both conventional and conditional Snf7-3 KO lines in open-field test and found that both KO mice
moved much more distance in the open-field box compared to WT littermates (Figure 15A, D).
Time duration in center area was comparable between KO and WT mice. Similarly, in elevated-
zero maze test, time duration in open area of KO mice was not significantly different from that of
WT littermates, suggesting that anxiety is not affected by the Snf7-3 KO (Figure 15B, E). Because
the hyperactivity is a primary symptom of ADHD, this suggests a relationship of Snf7-3 with
ADHD.

Since ASD is one of the most popular neurodevelopmental disorder, which is deeply related
with social behaviors, the sociability and social recognition ability of Snf7-3 KO mice was
examined in three-chamber test. However, unlike the case of Shank2 KO mice, both conventional
and conditional KO mice showed normal social behaviors compared to WT littermates (Figure

15C, F).
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Figure 15. Locomotion, anxiety and social behaviors of 8 to 24 weeks old Snf7-3 KO mice
(A, D) Increased locomotion activity with normal anxiety of Snf7-3 conventional and conditional
KO mice in the open-field test (Conventional, WT: n = 8, KO: n =9, unpaired t-test **P < 0.01;
Conditional, WT: n = 6, KO: n = 8, unpaired t-test **P < 0.01). (B, E) No significant change in
anxiety in Swnf7-3 conventional and conditional KO mice in elevated zero maze (Conventional,
WT: n=_8, KO: n=9, unpaired t-test; Conditional, WT: n = 6, KO: n = §, unpaired t-test). (C, F)
No significant change in sociability (left panel) and social recognition (right panel) in Snf7-3
conventional and conditional KO mice in three-chamber test (Conventional, WT: n = 8, KO: n =
9, two-way ANOVA, genotype x target; Conditional, WT: n = 6, KO: n = 8, two-way ANOVA,

genotype x target).
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Intellectual disabilities such as learning and memory deficits are frequently accompanied in the

neurodevelopmental conditions. Thus I investigated learning and memory abilities in the KO mice.

At first, I performed object location memory test that examine a kind of spatial memory of mice.
In the test, conventional KO mice showed comparable exploration for the moved object with WT
littermates, indicating that they could memorize the location of objects well (Figure 16A).
However, conditional KO mice showed a little bit, but significantly impaired location memory
compared to WT littermates, suggesting a mild cognitive deficit in conditional KO mice (Figure
16D). Furthermore, I also performed Morris-water maze task, another spatial memory test. In the
test, both conventional and conditional KO mice learned and memorized the position of a platform
well as much as WT littermates (Figure 16C, E). Finally, the contextual fear memory of the KO
mice was evaluated, which is one of the most common form of memory tested in laboratories,
and there was no significant difference in the contextual fear memory between WT and KO mice

(Figure 16D, F).
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Figure 16. Hippocampus dependent spatial and contextual fear memories of 8 to 24 weeks

old Snf7-3 KO mice

(A) No significant change in object location memory of Snf7-3 conventional KO mice (WT: n=

6, KO: n = 8, unpaired t-test). (D) Impaired object location memory of Snf7-3 conditional KO

mice (WT: n = 11, KO: n = 10, unpaired t-test *P < 0.05) (B, E) Learning curve (left panel) and

probe test (right panel) of Snf7-3 conventional and conditional KO in Morris-water maze. The

learning ability or spatial memory of Snf7-3 KO mice were comparable to those of WT mice

(Conventional, WT: n = 8, KO: n =9; Conditional, WT: n = 6, KO: n = 8). (C, F) No significant

change in contextual fear memory of Snf7-3 conventional and conditional KO (Conventional, WT:

n =8, KO: n =9, two-way ANOVA, genotype x time; Conditional, WT: n = 6, KO: n = §, two-

way ANOVA, genotype x time). Pre: before conditioning, Ret: during retrieval (after conditioning)
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Normal locomotion activity in relatively old S»nf7-3 KO mice (more than

25 weeks old)

Neurodevelopmental disorders are prominently studied in early ages like childhood, and
sometimes the symptoms get better as the individual grows (Bishop and Rutter, 2009). To address
if the abnormal behavioral features were also reproduced in the relatively old ages, I performed
the behavioral tests of above again with different group of mice. Interestingly, the hyperactivity
of KO mice in the open-field test was not shown. Anxiety like behaviors in elevated-zero maze
was comparable between WT and KO mice, as in the relatively young mouse groups (Figure 17B,
E). The locomotion activity of them was similar with that of WT littermates in both conventional
and conditional KO lines (Figure 17A, D). The total distance moved in WT littermate mice was
not that different from that of relatively young 8 to 24 weeks old WT mice. In addition to that,
object location memory was also comparable between KO and WT mice, even in the conditional
KO lines (Figure 18A, D). These indicate that hyperactivity and cognitive deficit of Snf7-3 KO
mice have disappeared as the mice growing.

Social recognition of the relatively old KO mice tended to be impaired slightly, supporting the
previous reports that ESCRTIII complex is involved in social behaviors at old ages (Gascon et al.,
2014) (Figure 17C, F). Contextual fear memory and spatial memory in Morris-water maze were
not significantly impaired, similarly to the results of relatively young 8 to 24 weeks old mice

(Figure 18B, C, E, F).
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Figure 17. Locomotion, anxiety and social behaviors of more than 25 weeks old Snf7-3 KO
mice

(A, D) No change in locomotion activity and anxiety of Snf7-3 conventional and conditional KO
mice in the open-field test (Conventional, WT: n= 8§, KO: n = 8, unpaired t-test; Conditional, WT:
n = 8§, KO: n = 8§, unpaired t-test). (B, E) No significant change in anxiety in Sxnf7-3 conventional
and conditional KO mice in elevated zero maze (Conventional, WT: n = 8, KO: n = §, unpaired
t-test; Conditional, WT: n = 8, KO: n = 8, unpaired t-test). (C, F) No significant change in
sociability (left panel) in Snf7-3 conventional and conditional KO mice, while the social
recognition (right panel) of Snf7-3 conventional KO mice was impaired compared to WT
littermates (Conventional, WT: n = 8, KO: n = &, two-way ANOVA, genotype x target, paired t-

test ¥*P < 0.05). NS, not significant.
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Figure 18. Hippocampus dependent spatial and contextual fear memories of more than 25

weeks old Snf7-3 KO mice

(A, D) No significant change in object location memory of Snf7-3 conventional and conditional

KO mice (WT: n =8, KO: n = §, unpaired t-test; WT: n = 5, KO: n = 6, unpaired t-test) (B, E)

Learning curve (left panel) and probe test (right panel) of Snf7-3 conventional and conditional

KO in Morris-water maze. The learning ability or spatial memory of Snf7-3 KO mice were

comparable to those of WT mice (Conventional, WT: n = 8, KO: n = 8; Conditional, WT: n = §,

KO: n = 38). (C, F) No significant change in contextual fear memory of Snf7-3 conventional and

conditional KO (Conventional, WT: n = 8, KO: n = §, two-way ANOVA, genotype x time;

Conditional, WT: n =8, KO: n = 8§, two-way ANOVA, genotype x time). Pre: before conditioning,

Ret: during retrieval (after conditioning)
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Dendrite growth and complexity in Snf7-3 KO mice

Previously, the knock-down Snf7-3 caused increased dendrite complexity in neuronal culture,
so | examined if the dendrite growth or morphology is changed in the Sunf7-3 KO mice. Among
lots of brain region, I chose medial prefrontal cortex (mPFC) and hippocampus. mPFC is known
to be involved in neurodevelopmental disorders, regulating cognitive functions like planning, and
dysregulation of connectivity or activity in the area is associated with cognitive dysfunction in
ADHD (Bos et al., 2017; Yabuki et al., 2014). Hippocampus is also deeply involved in object
location memory and represent abnormal features of neurodevelopmental disorders in patients
and animal models (Lim et al., 2017; Plessen et al., 2006; Won et al., 2012).

The length and number of dendrites are analyzed in biocytin injected neurons in each brain
region of conditional KO mice (Figure 19A, C). However, total length or number of dendrites
were not significantly different between KO and WT mice, even if the average length of dendrites
were tended to be longer in KO mice than WT littermates. In spite of the results, in the Sholl
analysis, there are a mild tendency of increased branching of dendrites at length about100 to 200
pm, in mPFC (Figure 19B, C), supporting the previous knock-down results. The analysis was
performed with adult mice over 8 weeks old, but dendritic branching is vigorous between from
embryonic day 15 to postnatal day 21 (Koleske, 2013). Thus in juvenile or pups, the dendrite

growth and branching of KO may be more exaggerated than those of WT littermates.
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Figure 19. Dendrite growth and complexity in the hippocampus and mPFC of conditional

Snf7-3 KO mice

(A, C) No significant change in the total length, total number and average length of dendrites in

the hippocampus or mPFC of Snf7-3 conditional KO mice (Hippocampus, WT: n=5, KO: n=6,

unpaired t-test; mPFC, WT: n =4, KO: n =7, unpaired t-test). (B, D) Sholl analysis of neurons in

hippocampus or mPFC of Snf7-3 conditional KO mice. There is a slight increase of intersections

in neurons of mPFC (Hippocampus, WT: n = 5, KO: n = 6, unpaired t-test; mPFC, WT: n = 4,

KO: n=7, unpaired t-test *P < 0.05).

(in collaboration with June hyun Jeong)
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Increased spontaneous excitatory neurotransmission in Snf7-3 KO mice

Abnormal neurotransmission and altered E/I balance are frequently reproduced phenotypes in
animal models of neurodevelopmental disorders. Thus spontaneous excitatory neurotransmission
was recorded in the hippocampus and mPFC of Snf7-3 conditional KO mice, using whole cell
voltage-clamp technique. Interestingly, the frequency of mEPSC was significantly increased in
hippocampus, while the amplitude was comparable to WT littermates (Figure 20). I did not

investigate mIPSC yet, but the increased mEPSC suggests the possibility of alteration in E/I ratio.
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Figure 20. Spontaneous mEPSC frequency and amplitude in the hippocampus and mPFC
of Snf7-3 conditional KO mice

(A) Increased frequency of mEPSC in neurons in hippocampus of Snf7-3 conditional KO mice
(WT: n = 8, KO: n = 8, unpaired t-test ¥P < 0.05). mESPC amplitude was not changed in
hippocampus. (B) No change in frequency and amplitude in neurons in mPFC of Snf7-3
conditional KO mice (WT: n= 8, KO: n= 10, unpaired t-test).

(in collaboration with Dr. Su-Eon Sim & Jisu Lee)
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Discussion

In the present study, I examined the role of Snf7-3 in relation with neurodevelopmental
disorders based on previous results of Snf7-3 knock-down showing that reduced Snf7-3 could
result in abnormal increased dendrite growth and branching. For that purpose, I generated
conventional and conditional Sxnf7-3 KO mouse lines from ES cells and investigated behavioral
and physiological phenotypes of the mice. Interestingly, both conventional and conditional KO
mice showed increased locomotion activity, and conditional KO mice showed object location
memory deficit. The hyperactivity and cognitive deficit disappeared in the relatively old group of
mice, supporting the idea that these behavioral phenotypes are implicated in neurodevelopmental
disorder. In addition to that, the excitatory neurotransmission was increased in the hippocampus
of conditional KO mice, suggesting the possibility of alteration in E/I balance. Taken together,
these data suggest that dysfunction of Suf7-3 may be attributed to the pathways of

neurodevelopmental disorders such as ADHD.

Involvement of ESCRTIII in neurodevelopmental processes and ADHD

Role ESCRTIII complex or endo-lysosomal pathway in neurodevelopmental disorders is not
well studied yet. However, there are evidences that ESCRTIII or homologues of Snf7 are
important for pruning of dendrite during circuit maturation, indicating the they have roles in
neurodevelopmental processes (Loncle et al., 2015; Sweeney et al., 2006). In addition, recently a
group of researchers showed that a mutation in Vpsl5 gene which is crucial for endosomal
pathway, perturbed neuronal migration during development (Gstrein et al., 2018), emphasizing
the relationship between enso-lysomal pathway and neurodevelopmental processes.

Genetic studies of ADHD patients have assisted to understand the cellular and molecular
pathways that affects the condition. Usually, mutations in genes implicated in monoamine
neurotransmitter systems are frequently observed to be involved in ADHD (Li et al., 2014).

Among the monoamines, dopamine is highly implicated in the disorder in genetic studies, and
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dopamine function in striatum is directly involved with movement regulation. Since endo-
lysosomal pathway regulates the degradation process of membrane receptor cargo, it can affect
dopamine pathway regulating such as dopamine receptors. Supporting this, dopamine D2 receptor
(D2R) is degraded through MVBs formatted by ESCRTIII complex (Rosciglione et al., 2014).
Since loss of D2R causes hypoactivity (Yamaguchi et al., 1996), dysregulation of D2R caused by

dysfunction of ESCRTIII complex may resulted in hyperactivity.

Differences between Snf7-2 and Snf7-3.

Snf7-2 and Snf7-3 share quite similar sequence and structure like coiled-coil domain, except a
little difference in the C terminal tail. Both of them interact with Vps20 in ESCRTIII complex
and generate a spiral structure on membrane. It is not certain why the similar proteins have
different roles in regulating dendrite developments yet. However, there are some other clues that
suggesting different roles of the two Snf7 proteins.

At first, express pattern of them is different. Absolute expression of Snf7-2 is much higher than
that of Snf7-3 in mouse brain, and Snf7-3 is mostly expressed in kidney, while Snf7-2 is mostly
expressed in CNS and placenta (Yue et al., 2014). In addition, when Snf7-3 was overexpressed in
culture neurons, it seemed that actin cytoskeleton structures collapsed, while overexpression of
Snf7-2 did not show the phenomena (data not shown). Furthermore, there are some reports that
suggest the specific role of Snf7-3 in regulating checkpoint of cellular processes in human cell
lines. According to the reports, SNF7-3 stabilizes microtubule attach to kinetochore during mitotic
processes, and depletion of SNF7-3 exaggerated early cytokinesis (Carlton et al., 2012; Petsalaki
et al., 2018). Based on the reports, Snf7-3 may regulate microtubule structures of dendrites which

is critical for stability of them, differently from Snf7-2.

E/I balance and hyperactivity

E/I balance is perturbed in many cases ADHD and ASD with hyperactivity (Brennan and
Arnsten, 2008; Naaijen et al., 2017). For example, children who suffer from ADHD, showed
reduced GABA concentration in a MRI study (Edden et al., 2012). In addition, a group of

researchers investigated hundreds of variants in glutamatergic or GABAergic genes known to be
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related with ADHD, and they found that mutations in the gene sets have correlation with the
severity of hyperactivity/impulsivity symptoms in ADHD patients (Naaijen et al., 2017). In the
case of animal model, N-myc downstream-regulated gene 2 (NDRG2) deficient mouse with
ADHD-like behaviors, showed increased glutamatergic transmission and increased amplitude of
mEPSC with normal mIPSC (Li et al., 2017b). In the paper, injecting NDRG2 peptides could
rescue the increased excitatory transmission and hyperactivity. Furthermore, deficiency of GABA
transporter subtype 1 (GAT1) resulted in ADHD phenotypes including hyperactivity (Chen et al.,
2015; Yang et al., 2013). There are not many reports that showing the rescue of hyperactivity by
restoring E/I balance, but it seems that the correlation between E/I balance and hyperactivity is

clearly exist and studying the relationship would contribute to develop treatments for ADHD.
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CONCLUSION

In this study, I have investigated behavioral and physiological phenotypes, and implicated
molecular mechanisms in animal models of neurodevelopmental disorders such as ASD and
ADHD.

In Chapter 11, I focused on Shank2 KO mice and compared two Shank2 KO lines. Previously,
mutations in SHANK?2 gene are associated with ASD and intellectual disability in human patient
studies (Berkel et al., 2010). In addition, two lines of Shank2 knockout mice (Shank2 KO e67
and e7) showed similar autistic-like behaviors, but different physiological phenotypes
(Schmeisser et al., 2012; Won et al., 2012). In the present study, I compared the transcriptomes
of Shank2 KO and e7 KO mice using RNA sequencing and found that mRNA level of Gabra2,
which encodes the a2 subunit of GABAA receptors, is significantly reduced only in Shank2 KO
e67 mice, while the expression was unchanged in Shank2 KO €7 mice. Based on the finding, we
showed that GABAergic neurotransmission is impaired in Shank2 KO e67 mice and the spatial
memory deficit in the KO mice could be ameliorated by elevating the GABAergic
neurotransmission by L838,417. I discovered a novel mechanism underlining the memory deficit
of an ASD mouse model, and the finding would be helpful to treat individuals with ASD as lots
of them have intellectual disabilities and memory deficits.

L838,417 treatment did not affect the spatial memory deficit of Shank2 KO e7 mice and social
behaviors even in Shank2 KO e67 mice. It is worth noting that ASD is genetically and
behaviorally heterogeneous, and each individual patient with specific mutations in the same gene
may have a different underlying molecular even for a similar symptom. Furthermore, different
domains of symptoms may have distinct underlying mechanisms. The present study indicates
the importance of the development of individualized treatment for in some cases of ASD.

In Chapter 111, I studied the role of Snf7-3, which constitutes a spiral structure in ESCRTIII
complex, in neurodevelopmental processes and disorders. Previously, my colleague showed that

down-regulation of Snf7-3 caused increased dendrite growth and branching during dendrite
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developmental period in culture. I generated Snf7-3 KO mice and the mice showed hyperactivity
with a mild cognitive deficit. Furthermore, frequency of mEPSC was elevated in Snf7-3 KO mice,
indicating alteration of E/I balance in the KO mice. Taken together, I suggest a novel role of
ESCRTIII complex and endo-lysosomal pathway in ADHD or other neurodevelopmental
disorders.

However, there are still many aspects to be examined. Although hyperactivity is one of
primary symptoms of ADHD, the patients are frequently characterized by impulsivity and
attention deficits. To address these symptoms, other behavioral tests can be done, such as 5-
choice serial reaction time task which estimates impulsivity and attention in animals.
Furthermore, dendrite growth and branching of Snf7-3 KO mice should be examined again in
relatively young mice along with dendrite developmental period. Finally, it would be worth to
investigate whether abnormal dendrite complexity have causal relationship with the
hyperactivity.

The cost for treating neurodevelopmental disorders including ASDs and ADHD have been
increased as the prevalence increasing. According to a report, the annual costs associated with
ASD in the United States is estimated to about $250 billion (Buescher et al., 2014). Despite the
huge amount of costs, there is no effective treatment for the disorders yet, because of the complex
and dynamic characteristic of them. Thus multidirectional studies should be done dealing with
various cases associated with neurodevelopmental disorders. My works with the Shank2 KO and
Snf7-3 KO mice would contribute to understanding molecular and physiological mechanisms of

the disorders.
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