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Abstract

Neuropsychiatric disorders encompass a wide range of diseases that manifest as
one or many altered behaviors, including but not limited to self-injurious behavior,
impaired social-emotional communication and cognitive deficits. Due to the lack of
biomarkers and overlapping behavioral symptoms, diagnosis of neuropsychiatric
disorders sometimes relies on exclusion of other underlying conditions. Current data
from large scale genomic studies, suggests overlapping genes and pathways for
different neuropsychiatric disorders. Proteins that play a role in synaptogenesis or
excitatory/inhibitory synaptic transmission are implicated as well as cortico-striato-
thalamocortical circuits (CSTC).

In recent years striatal dysfunction has been hypothesized in repetitive and
stereotyped behaviors associated with neuropsychiatric disorders, such as obsessive
compulsive disorder (OCD) and autism spectrum disorders (ASD). Autism spectrum
disorders (ASD) are clinically defined by the symptoms of social impairment and
repetitive behavior/restricted interests, affecting 1 in 68 children in the United States.
OCD (Obsessive Compulsive Disorder) affects 2-3 % of the worldwide population and is
characterized by excessive preoccupations (obsessions) associated to specific rituals
(compulsions). Approximately 30-40 % ASD patients have comorbidity with OCD,
suggesting some degree of overlapping circuitry.

Shank3, one of the most prominent ASD genes that is estimated to contribute to
~1 % of all ASD cases, is enriched at corticostriatal glutamatergic synapses and directly
interacts with SAPAP protein-family. At corticostriatal glutamatergic synapses SAPAP3
and SHANKS proteins show a unique expression pattern, being the only members of
their protein-family highly enriched at this location. Deletion of the Sapap3 gene in mice
leads to striking OCD-like behavior and mice with Shank3 deletion exhibit self-injurious
repetitive grooming and social interaction deficits, reminiscent of autistic-like behaviors.

Experimental work described on this thesis deepens our knowledge on the neural
(and genetic) basis of compulsive behavior and anxiety, using Sapap3 and Shank3-KO
mice as animal models of OCD and ASD-like behaviors. Results suggest that insufficient
striatal inhibition might be causing striatum hyperactivity in the Sapap3-KO mice and
leading to repetitive overgrooming. Parvalbumin interneurons within the striatum are
shown to be required for proper habit formation in WT mice, implicating them as key

players in determining striatum behavioral output.



Experimental work described on this thesis also takes advantage of a Shank3 cKI
mouse to show that pathological grooming and social interaction deficits can be reversed
in adulthood, but not anxiety. This supports the idea that different symptom dimensions
might be associated with distinct neural substrates and might be independent of one
another. Further experimental work shows that two mutant mice lines carrying exon 21
Shank3 mutations linked to ASD and schizophrenia, display both shared and distinct
defects. This study provides an explanation at the molecular, synaptic, circuit and
behavioral level, on how different mutations in the Shank3 gene may contribute to
different symptoms and hence disorders.

Although Sapap3- and Shank3-KO mice have self-injurious grooming phenotypes
that are unique in their biological origins, both genes share an enriched corticostriatal
expression. In regards to human pathology, we suggest that a commonly shared
pathological behavior, compulsivity, may arise from different causal insults that impact
the same brain circuits. Moreover these results illustrate how disruption of scaffolding
proteins can affect brain circuitry and are able to provide insightful links to
neuropsychiatric disorders.

Key words: Obsessive Compulsive Disorder, Autism Spectrum Disorders, Basal ganglia



Resumo

As doencas neuropsiquiatricas abrangem um largo espectro de distlrbios
comportamentais, incluindo auto-flagelagao, défices cognitivos, problemas de interaccao
social e emocional, entre outros. Dada a auséncia de biomarcadores concretos e a
sobreposicdo de sintomas comportamentais, o diagnostico das doencas
neuropsiquiatricas € por vezes efectuado por exclusdo relativamente a outras causas
subjacentes. Estudos gendémicos em larga escala revelaram uma sobreposicdo de
genes e vias de sinalizagdo envolvidas em diferentes transtornos neuropsiquiatricos.
Proteinas relacionadas com a sinaptogénese ou com a ftransmissdo sinaptica
excitatoria/inibitria, parecem estar implicadas, assim como os circuitos cértico-estriado-
talamo-corticais (CETC).

Hipoteses recentes sugerem que uma disfuncao estriatal possa estar na génese
de padrdes repetitivos e estereotipados de comportamento associados a doencgas
neuropsiquiatricas, tais como a Perturbacdo Obsessiva-Compulsiva (POC) e as
Perturbacoes do Espectro Autista (PEA). As PEA afectam uma em cada 68 criancas nos
Estados Unidos e sado caracterizadas clinicamente por dificuldades ao nivel da
socializacdo e a pela existéncia de interesses repetitivos/esteredtipados. A Perturbacao
Obsessiva-Compulsiva (POC) afecta 2-3 % da populacdo mundial e é caracterizada
pela manifestacdo de preocupacdes excessivas (obsessdes) associadas a rituais
especificos (compulsées). Aproximadamente 30-40 % dos doentes com PEA
apresentam comorbidade com POC, sugerindo alguma sobreposicao ao nivel dos
circuitos neuronais envolvidos.

O gene Shank3, um dos principais candidatos em PEA que contribui
possivelmente para ~1 % de todos os casos, encontra-se enriquecido em sinapses
cortico-estriatais glutamatérgicas e interage directamente com proteinas da familia
SAPAP. Ao nivel das sinapses glutamatérgicas cortico-estriatais, as proteinas SAPAP3
e SHANKS3 apresentam um padrao de expressao Unico, sendo os Unicos membros das
respectivas familias proteicas enriquecidos nesta localizagdo. A deleccdo do gene
Sapap3 em murganhos resulta em comportamentos semelhantes a POC e a deleccao
do gene Shank3 resulta em lesbes devido a grooming repetitivo e problemas de
interacgcao social, assemelhando-se aos comportamentos observados em PEA.

O trabalho experimental descrito nesta tese aprofunda o conhecimento
relacionado com as bases neurais (e genéticas) do comportamento compulsivo e da
ansiedade, utilizando murganhos Sapap3 e Shank3-KO como modelos de



comportamento animal semelhante a POC e PEA. Os resultados sugerem que uma
insuficiéncia de inibicao estriatal pode causar uma hiperactividade do estriado nos
murganhos Sapap3-KO, conduzindo a grooming excessivo. Demonstra-se que o0s
interneurénios do estriado que expressam parvalbumina sdo necessarios para o
estabelecimento de habitos nos murganhos WT, indicando-os como elementos-chave
do perfil comportamental determinado pelo estriado.

No trabalho descrito nesta tese foram também utilizados murganhos Shank3-cKI
para demonstrar que o grooming patolégico e problemas de interaccdo social, mas nao
a ansiedade, podem ser revertidos no estado adulto. Isto corrobora a hipétese de que
diferentes dimensées sintomatolégicas podem nao s6 estar associadas com substratos
neuronais distintos, como também ser independentes entre si. O trabalho realizado
permitiu também observar que duas linhas distintas de murganhos transgénicos,
contendo mutacdes associadas a PEA e esquizofrenia no exdo 21 do gene Shank3,
apresentam défices distintos e outros partilhados entre elas. Este estudo ilustra ao nivel
molecular, singptico, bem como ao nivel de circuitos neuronais e comportamental, como
diferentes mutagbes no gene Shank3 podem contribuir para sintomas distintos e
perturbacdes associadas.

Embora os murganhos Sapap3- e Shank3-KO apresentem um fenétipo de lesbes
devido a grooming repetitivo com origem bioldgica distinta, ambos os genes partilham
um padréo de expressao elevado ao nivel cortico-estriatal. Relativamente a patologia
humana, propomos que um comportamento patolégico em comum possa na verdade
emergir de diferentes perturbagbes afectando os mesmo circuitos neuronais. Estes
resultados ilustram também a forma como uma disrupgéo de proteinas com uma fungéo
sinaptica pode afectar os circuitos neuronais e ao mesmo tempo promover a descoberta

de elos importantes na compreensao de doencas neuropsiquiatricas.

Palavras-chave: Perturbacdo Obsessiva-Compulsiva, Perturbagbes do Espectro Autista,
Ganglios da base



Acknowledgements

Ao Professor Carlos Jorge Alves Miranda Bandeira Duarte por todo o apoio ao longo
do doutoramento e disponibilidade incondicional. Muito obrigada.

To Professor Guoping Feng for his unconditional support and mentoring (both
professionally and personally). Thank you so much Guoping.

A Fundacdo para a Ciéncia e a Tecnologia pelo apoio financeiro concedido através da
bolsa de doutoramento SFRH / BD / 33894 / 2009.

To all the Fengtastic lab members, | have learned so much from all of you. Special
thanks to Wenting, Qiangge, Dongqing, Yang, Zhanyan, Holly and Boaz for teaching

and support throughout different stages of this long journey.

Aos amigos do coracao:

A Patricia, obrigada por estares sempre presente na minha vida e por “andares sempre

ao meu passo’. Que a vida seja sempre uma caminhada ao teu lado. Obrigada Pat.

Ao Carlos. Este doutoramento ndo teria sido o mesmo sem ti e o teu apoio
incondicional. E como um “obrigada” isolado nunca sera suficiente para te agradecer,

escrevo um “obrigada” imortalizado nesta tese.

A Susana por fazeres parte da familia que escolhi. Obrigada por me deixares atravessar
arua ha 14 anos atras e entrar na tua vida. Cinco dedos de uma mao.

A Rita por seres parte desta familia que Coimbra me deu. Por seres sincera, por seres
amiga. Longe ou perto, estas sempre no meu coracdo. Obrigada pelo carinho e apoio

incondional.

A Zé, por seres a “caixa de chocolates” do Forrest Gump. Es uma amiga com “A”
grande. Obrigada.

Ao Ruben, pelas risadas, conversas, cultura cinematografica e consumo de café. A

minha vida sem ti ndo teria as mesmas cores, obrigada por fazeres parte dela.

Ao Gongalo, por quem tenho um carinho imenso. “Coimbra” e “amizade” serao sempre
sin6bnimos do teu nome. Que a Lia possa um dia encontrar um amigo como tu.
Obrigada.



A minha familia, por serem a minha raiz primaria a partir da qual outras raizes podem

brotar:
A minha tia que teria muito orgulho em ver este dia. Obrigada por tudo tia, até sempre.

Aos meus pais, a quem dedico esta tese e todo o meu amor incondicional. Vocés sao o

meu exemplo e 0 meu orgulho. Amo-vos muito.

A minha irmé, por seres o meu modelo. Cresci a olhar pra ti e a querer fazer o que tu
fazias e ser como tu eras. Ainda continuo assim. Obrigada por me dares a Beatrize o

Guilherme. Espero um dia ser uma mae como tu.

Ao meu irmao, por seres a minha metade e por estares sempre ao meu lado. Sem fti
estaria incompleta e sem ti a vida nao faria sentido. Tenho muito orgulho em ti. Obrigada

por cresceres comigo e seres o meu heroi.

Ao Artur, por seres todas estas pessoas juntas. Es a minha familia, amigo e raiz.
Obrigada pelo teu apoio e amor incondicional. Es o meu porto de abrigo e fazes de mim
uma pessoa melhor todos os dias. Sem ti esta tese nio teria sido possivel. Sem ti, “eu”
como sou, ndo existiria. Obrigada.

vi



CONTENTS






Contents

L0 1 F- T o1 (=1 [OOSR 3
1.1 Striatum anatomy ... s 6
1.2 Striatal MacroCirCUITIY..........cc.coviiiiiii s 9
1.3 Striatal MICrOCIICUITIY........c..coiiiiiii e 12
1.4  Postsynaptic density (PSD) ..........cocooiiiiiiiiee e 15
1.5 Obsessive Compulsive Disorder (OCD) ..........cccccooiniiiininienire e 17

1.5.1 Neurophysiology Of OCD .......coiiiiiie e e 18
1.5.2  Behavioral studies in animal models of OCD.........ccoccciniiiininieniie e 20
1.5.3  Genetic studies of OCD - insights from patients and animal models......... 21
1.6  Autism Spectrum Disorders (ASD)...........ccoueiiiiiiiniiiiie e 25
1.6.1 Neurophysiology Of ASD ... e 26
1.6.2  Genetic studies of ASD — insights from patients and animal models ......... 28
1.6.3  Behavioral studies in animal models of ASD ........cccooceiininiininienie e 33

L0 1 F- T o) (=1 o OSSP 39
2.1 SUMMATY ...ttt ettt e b e st bbbt ebtebe bt e naensebeene 41
2.2 BaCKgrOUNG............cooiiiiiiiiie ettt st st e 41
2.3 RESUILS ... et e 42

2.3.1  Pvalb™ (@A ROSA26-stop™ -td Tomato mice label striatal parvalbumin
INEEINEBUIONS ...ttt ettt ettt e et e e et e e e be e et be e eabe s eaabeeeateaesasaeeseseeeeseesasteenns 42

2.3.2  Striatal PV interneurons have different intrinsic excitability in medial and
oY =T = U (T A1 (o (== ST P 45

2.3.3 Parvalbumin interneurons receive higher mEPSC and lower mIPSC
frequency in dorsomedial StHatum .........ccooiiiiiiii e 47

2.3.4  Mapping inputs to striatal parvalbumin cells using rabies-virus
monosynaptic tracing reveals unique mPFC projections to DMS-PV interneurons.. 49

2.3.5 Conditional expression of TeLC in striatal parvalbumin-interneurons

efficiently reduces inhibitory transmission onto MSNS ..........cccccoeviiiiviiceciecie e 51
2.3.6  Parvalbumin-inhibitory activity in DMS is required for habit learning, but not
g0al-direCted [EAIMING .....cei ittt et st et st neenaas 53
2.4 DiSCUSSION... ..ottt ettt et et s be et sbe st sbe e e sae e nee e e eennas 56
2.5 METROAS ... et 58



L0 1 F- T o1 (=1 g OSSP 63

i1 SUMMATY ...t sttt s et bbbt eat bt bt e seebeebe e 65
3.2 BaCKgrOUNG..........cccooiiiiiiiii ettt st et e 65
3.3 RESUILS ... et e 66

3.3.1  Shank3”™ mice have disrupted SHANK3 expression, corticostriatal and

DENAVIOr AEFICITS ...ueieiiice ettt 66
3.3.2  Rescue of PSD proteins and cortico-striatal transmission..........cc.cccccceeune. 69
3.3.3  Adult Shank3 expression rescues grooming-induced lesions and social
INEEIACHON ...ttt et et e te e ae e e ate e e aae e e e taae e e eteeeesteenns 74
3.3.4  Restoring Shank3 expression in adulthood does not rescue anxiety and
(o) r=1g0 o o (= 1 o7 iR 76
3.4 DISCUSSION.........oociiiciiiee ettt ettt ettt et e s te e ste e s te e s te e stbeetbeetsaeeaneans 78
3.5 MEROAS ... et 79
L0 1 F- T o) (=1 O OSSOSO 85
.1 SUMMATY ..ottt ettt sttt et b bbbttt entebe bt e saensebeene 87
4.2  BaCKgrOUNG............coooiiiiiiiie ettt ettt 87
4.3 RESUIS ..o e b sree e 90

4.3.1 Distinct effects of InsG3680 and R1117X mutations on SHANK3 protein

ANA MBNA L e e s te e te et bt e st e st e s beabe et e enteesaeeeree e 90
4.3.2 InsG3680 but not R1117X mutants exhibit early synaptic defects.............. 94
4.3.3  Reduced striatal synaptic transmission in both adult mutant lines.............. 97

4.3.4  Distinct alteration of synaptic transmission in prefrontal cortex of R1117X
MUEANT IMICE ...cttiitiictiee ettt e ettt ettt eette e ste e ste e e te e st be st bessbesbeebeannseenssenseans 100

4.3.5  Alteration of PSD composition in R1117X and InsG3680 mutant mice.... 104
4.3.6 InsG3680 and R1117X mutant mice show both common and distinct

behavioral PhENOLYPES ... .ooeeieiie e e e s 107

4.4 DiSCUSSION.....c.ciitiiiiieitieetet ettt ettt ettt eae e stesbe et sbe st e seebe st enbenneesneens 114
4.5  MethOAS ..o e 119
L0 1 F- T o) (=1 o OO 129
Bul  SUMMATY ...ttt ettt e sttt b st st ne e 131
5.2 BaCKGrOUNG............cooiiiiiiiie ettt et et st neeen e 131
5.3 RESUILS ... e st 132



5.3.1 Sapap3 mutant mice exhibit a deficit in adaptive grooming response during

CONAILIONING TASK ...ttt et st s e 132
5.3.2  Dynamic learning-related changes in IOFC and striatal ensemble activity
differ in wild-type and Sapap3 mutant MiCe .........coeeuiriiieiiiie e 137
5.3.3  Optogenetic stimulation of IOFC in Sapap3 mutants enhances feed-forward
inhibition in striatal CIFCUIIY ........ouiiiiiee e 142
5.3.4  Optogenetic stimulation of IOFC alleviates compulsive grooming of Sapap3
MUEANT IMICE ...cvtietiiciiee ettt e ettt et et beette e ste e s te e e te e st be st bessbeesbessteasaseenssenseans 148
5.4 DISCUSSION.........oociiiiiciie et ettt ste e s te e s ae e ere e esbeesteeasaeeneas 150
5.5 MEROAS ... e 151
CRAPTEE 6. ettt sttt e ae bbbt et et ee e 157
REFEIENCES ...ttt et ae e et e et e e abaeereesaeas 163

Appendix A - Striatal circuits, habits, and implications for obsessive—compulsive

AISOFAEr [REVIEW] ..ottt sttt st sttt sae e 187
Appendix B - Supplementary materials ... 207
Chapter 4 supplementary materials...............ccccco i, 209
Chapter 5 supplementary materials...............ccccco i, 210

Xi






List of figures

Figure 1.1 | Simplified neuroanatomical model of cortico-striatal circuitry within
the human and mouse brain................ccoo e 7
Figure 1.2 | Cortico-striato-thalamocortical circuit (CSTC). ...........ccccciiiiiiinen. 10
Figure 1.3 | Schematic representation of basal ganglia-thalamocortical circuitry
upon dopaminergic striatal activation. ... 11
Figure 1.4 | Simplified representation of intrastriatal microcircuitry...................... 14
Figure 1.5 | Representation of glutamatergic post-synaptic site (adapted from Pega
L L0 1 8 R VOO 16
Figure 1.6 | Diverse Shank3 isoforms result from intragenic promoters and
alternative splicing (adapted from Wang et al., 2014™). ..o 30
Figure 1.7 | Targeted mutations in Shank3 Gene in Mice (adapted from Yong-hui
Jiang and Michael D. Ehlers, 2013™). .. ...oooioiiee e, 32
Figure 2.1 | Larger elaborate PV population in DLS and smaller simple PV

population iNDMS.............. e ————— 43
Figure 2.2 | Pvalb™'®A*":ROSA26-stop”*-tdTomato mice express tdTomato
fluorescence in striatal parvalbumin interneurons.......................oocoiiiiiiiincinn, 44

Figure 2.3 | PV interneurons in DMS and DLS regions have different intrinsic
EXCIEADIIITY. .....ooiiiee 46
Figure 2.4 | Lower rheobase and smaller capacitance values indicate that DMS-PVs
are intrinsically more excitablity than DLS-PVs................ccccoo i, 47
Figure 2.5 | Increased mEPSC frequency and decreased mIPSC frequency in DMS-
PV INTEIrNEUIONS. .. ...t e e e e e e e e e e e nnneeeas 48
Figure 2.6 | Cre-dependent monosynaptic retrograde tracing from striatum
parvalbumin iNterNEUIONS. ........... ..o e 50
Figure 2.7 | Conditional expression of TeLC in striatal parvalbumin-interneurons
efficiently reduces synaptic inhibitory transmission onto MSNs. ........................... 52
Figure 2.8 | Parvalbumin-inhibitory activity in DMS is required for habit learning
but not goal-directed reSPONSE. ..o 54
Figure 2.9 | Silencing DMS-PVs does not induce changes in anxiety or locomotion.

Figure 3.1 | Shank3fx/fx mice have disrupted SHANK3 expression, corticostriatal

and behavior defiCits. ... 68
Figure 3.2 | Generation of Shank3CKI mouse. ................cocoiiiiiiiiiiiiii e 69
Figure 3.3 | Rescue of PSD proteins and cortico-striatal transmission................... 71

Xiii



Figure 3.4 | Tamoxifen-inducible Cre strategy leads to broad reporter expression.

Figure 3.5 | Rescued cortico-striatal transmission but not miniature excitatory
post-synaptic currents in Shank3fx/fx rescued mice. ...............ccccccoeiiiiiiiines 73
Figure 3.6 | Adult Shank3 expression rescues grooming-induced lesions and
SOCIAl INEEraCtiON... ... e e 75
Figure 3.7 | Restoring Shank3 expression in adulthood does not rescue anxiety
and rotarod defiCits. .............ooii i 77
Figure 4.1 | Genetically engineered mice with InsG3680 or R1117X Shank3

mutation differentially express SHANK3 proteinand mRNA......................... 92
Figure 4.2 | InsG3680 and R1117X Shank3 mutations differentially affect SHANK3
Proteins iN the COMEX. ... ... e e e 94

Figure 4.3 | InsG3680 but not R1117X mice display impaired striatal synaptic

transmission at P14. ... e 96
Figure 4.4 | Miniature EPSC recordings from R1117X and InsG3680 mutants at P14.
...................................................................................................................................... 97
Figure 4.5 | Striatal synaptic transmission is reduced in adult R1117X and
INSG3680 MUEANT MICE. ... e 99
Figure 4.6 | Profound cortical synaptic defects manifest in mice carrying the
schizophrenia-associated R1117X mutation. .................c.ccoe 102
Figure 4.7 | No upregulation of Shank1 and Shank2 mRNA in the striatum.......... 104

Figure 4.8 | InsG3680 and R1117X mutant mice display common and distinct
disruptions of post-synaptic signaling complexes.............cccoooiiiiiiiiiiiiinenenee 107
Figure 4.9 | InsG3680 and R1117X mutant mice display anxiety behavior and social
interaction defiCits. ... 111
Figure 4.10 | InsG3680 mice show more profound repetitive self-grooming,
whereas R1117X mice display allogrooming and aggressive behavior. ............... 112
Figure 4.11 | No chamber preference during the habituation phase of social
INtEraction teSt. ... e 113
Figure 5.1 | Sapap3 mutant mice exhibit a deficit in adaptive grooming response
during conditioning task............c.ooiuiii e 133
Figure 5.2 | Successive snapshots from video recording over 200 ms (30-Hz

sampling rate) during performance of the conditioning task................................. 134
Figure 5.3 | Behavior of individual wildtype and Sapap3 mutant mice.................. 134
Figure 5.4 | Examples of grooming behavior by a wildtype mouse and a Sapap3
mutant mouse during probe trials...............cccooi i 135
Figure 5.5 | Grooming during intertrial intervals over 15 days of training. ........... 135

Xiv



Figure 5.6 | Percentage of grooming responses in probe trials during a control
protocol in which the tone and water-drop delivery were not systematically paired.

Figure 5.7 | Dynamic learning-related changes in IOFC and striatal ensemble
activity differ in wild-type and Sapap3 mutant mice.....................cccoi 138
Figure 5.8 | Tetrode recording sites and region of PV-positive nheuron counting. 139
Figure 5.9 | Scatter plots illustrating spike characteristics of all units recorded in

the IOFC (left) and sriatum (right) of wildtype and Sapap3 mutant mice. ............. 140
Figure 5.10 | Correlation between probability of grooming behavior and average
normalized firing rate of task-related MSNSs. ...............ccooiiiii 140
Figure 5.11 | Counts of PV-positive neurons in the centromedial striatum. ......... 141

Figure 5.12 | Optogenetic stimulation of IOFC in Sapap3 mutants enhances feed-
forward inhibition in striatal circuitry. ................cccccoiii 143
Figure 5.13 | Expression of ChR2-EYFP protein in pyramidal cells in the
orbitofrontal cortex and their projection terminals in the striatum. ...................... 144
Figure 5.14 | Neuronal responses to optogenetic stimulation. ............................. 145
Figure 5.15 | Lack of local field potential responses in optogenetic stimulation
CONEIOl PrOTOCOIS. ... e e e e 146
Figure 5.16 | Spike raster plots of a putative FSI and a putative MSN.................... 147
Figure 5.17 | Optogenetic stimulation of IOFC alleviates compulsive grooming of
Sapap3 mutant MiCe....... ..o i 149
Appendix A, Figure 1 | Hypothetical dysfunctional corticostriatal circuity in OCD.

XV






List of tables

Table 1.1- Diagnostic criteria for OCD according to DSM-5................................ 17
Table 1.2- Candidate genes from animal models with OCD-like behaviors........... 25
Table 1.3— Diagnostic criteria for ASD according to DSM-5................cccooiiiiininenn. 26

Table 1.4- Genotype/Phenotype correlations of human SHANK3 mutations
(extracted from Yong-hui Jiang and Michael D. Ehlers, 2013™%)............ccooeeiiieeinnnne. 31

Table 1.5- Molecular, biochemical, synaptic, and behavioral phenotypes of Shank3
mutant mice (extracted from Yong-hui Jiang and Michael D. Ehlers, 2013™).............. 35

Table S4.1- List of antibodies and their working condition............................... 209

Table S5.1- P-values for difference between wildtype mice and Sapap3 mutant

Table S5.2— Proportions of task-related units among all putative pyramidal
neurons recorded in the IOFC and all putative MSNs recorded in the striatum....210

XVii






List of Abbreviations

A2A
ACh
AMPAr
ASD
BG
CamKiIl
CBT
Cg
ChAT
ChR2
cKi
cKO
CPu

D

DA
DARPP32
DBS
DLO
dIPFC
DLS
DMS
Dyn
Enk
FLEX
FSi
GK
GP
GPCR
GPe
GPi
GPm
GR

IL

Kl

KO
LO
IPFC
LTS

MAGUK
mEPSC
mGIluR
mIPSC

A2A Adenosine receptor

Acetylcholine
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor
Autism Spectrum Disorders

Basal Ganglia
Calcium/calmodulin-dependent Kinase |l
Cognitive Behavioral Therapy

Cingulate

Choline acetyltransferase
Channelrhodopsin

conditional Knock In

conditional Knock Out

Caudate Putamen

Dopamine receptor

Dopamine

Dopamine- and cAMP-Regulated Neuronal Phosphoprotein
Deep Brain Stimulation

Dorsolateral Orbital

dorsolateral Prefrontal Cortex
Dorsolateral Striatum

Dorsomedial Striatum

Dynorphin

Enkephalin

Flip-Excision

Fast Spiking interneurons

Guanylate Kinase

Globus Pallidus

G Protein-Coupled Receptors

external Globus Pallidus

internal Globus Pallidus

medial Globus Pallidus

Germline Rescue

Infralimbic

Knock In

Knock Out

Lateral Orbital

lateral Prefrontal Cortex

Low Threshold Spiking interneurons
Muscarinic acetylcholine receptor
Membrane-associated Guanylate Kinases
miniature Excitatory Postsynaptic Currents
metabotropic Glutamate Receptor
miniature Inhibitory Postsynaptic Currents

Xix



MO
mPFC
MSN
NAcc
nAChR
NLG
NMDAr
NOS
NpHR
NPY
NRXN
OCD
OFC
ON
PDZ
PFC
PL
PMS
PSD
PV
SAPAP
SH3
SHANK
SNc
SNr
SOM
SP
SSFO
SSRI
STN
TAN
TS
VMS
WT

Medial Orbital

medial Prefrontal Cortex
Medium Spiny Neuron

Nucleus Accumbens

nicotinic Acetylcholine Receptor
Neuroligin

N-methyl D-aspartate receptor
Nitric Oxide Synthase
Halorhodopsin

Neuropeptide Y

Neurexin

Obsessive Compulsive Disorder
Orbitofontal Cortex

Overnight

PSD-95/Dlg-1/Z0-1

Prefrontal Cortex

Prelimbic

Phelan-McDermid Syndrome
Postsynaptic Density
Parvalbumin

SAP90/PSD-95 associated protein
Src Homology-3

SH3 and Ankyrin repeat-containing protein
Substantia nigra pars compacta
Substantia nigra pars reticulata
Somatostatin

Substance P

Stabilized Step Function Opsin
Selective Serotonin Re-uptake Inhibitors
Subthalamic Nucleus

Tonically Active Neurons
Tourette Syndrome
Ventromedial Striatum

Wild Type

XX



PART |

GENERAL INTRODUCTION






Chapter 1

Basal ganglia functional and dysfunctional
circuitry






The basal ganglia are a group of forebrain nuclei that work as a functional unit
involved in psychomotor behavior processing. These nuclei are interrelated with the
cortex, thalamus and brainstem, and are one of the oldest parts in terms of brain’s
phylogeny'. The basal ganglia (BG) were first illustrated by Andreas Vesalius in his book
De humani corporis fabrica libri septent in 1543 (Latin for "On the fabric of the human
body in seven books"). Despite this representation, no interpretation or relevance was
given until few decades later Thomas Willis pioneered the field of BG in his book Cerebri
anatome (1664). Here he first describes the “corpus striatum” and the basal ganglia as a

unique and fascinating neuroanatomical structure:

“These bodies, if they should be dissected along the middle, appear marked, with
medullar streaks, as it were rays or beams (...) And it is worth observation, that in
the whole head besides there is no part found chamferred or streaked after the
like manner” - Thomas Willis, 1664.

Willis also correctly inferred later that the corpus striatum was related to sensorimotor
functions and reported the degeneration of this structure in patients who had suffered
severe paralyses. Leveraging from his pioneer view, significant knowledge on the
neuroanatomical organization of BG was later gathered during 18"-19" century by
anatomists such as Félix Vicg-d’Azyr (who identified substantia nigra) and Karl Friedrich
Burdach (first to differentiate between caudate nucleus and putamen; identified globus
pallidus as well as the internal and external capsules)®. During 20" century, pioneer
studies started reporting associations between basal ganglia lesions and movement
disorders?, leading to a better understanding of the BG system. In 1986, André Parent
publishes the first thorough description of the basal ganglia system across different
mammalian and non-mammalian vertebrates in his book Comparative Neurobiology of
the Basal Ganglia’.

Despite an amazing level of novel neurophysiological, biochemical and genetic
understanding about the basal ganglia nowadays, much remains elusive, fascinating
contemporary neuroscientists as much as it did 350 years ago.




1.1 Striatum anatomy

Striatum is anatomically divided into a dorsal sensorimotor area and a
ventral limbic region. In primates the dorsal area is further subdivided by the
internal capsule into caudate nucleus and putamen. The caudate nucleus
receives most of its excitatory inputs from orbitofrontal, prefrontal and cingulate
cortex areas, whereas putamen receives majority of its cortical inputs from
sensorimotor areas®’.

In contrast with primates, rodent’s striatum is not anatomically divided into
caudate and putamen, rather having the appearance of a single structure. Based
on behavioral studies, a loose terminology can be adopted to define limbic,
associative and motor striatal territories in mice, as well as their respective source
of cortical inputs®®. It should be emphasized however, that despite some
functional resemblance between mice and primates structures, there are
important species-specific limitations and mice often do not fulfill primates’
neuroanatomical connectivity criteria®'®. Mice orbital cortices seem to have a
medial-lateral gradient of connectivity, where MO (medial orbital) projects more
medially into striatum compared to LO/DLO (lateral/dorsolateral orbital). Medial
prefrontal cortex (comprising PL, IL and Cg) seems organized in a dorsal—ventral
gradient of connectivity such that dorsal PL projects to dorsomedial regions of
striatum (DMS, associative striatum) and ventral PL projects mainly to ventral
striatum (limbic striatum)'®. These ventromedial striatum regions are considered
to be caudate-like in rodents®'®'*. Finally, motor cortex projects mainly to rodents’
dorsolateral striatum (DLS, a region considered more similar to primates’

putamen)®'° (Fig.1.1).
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Figure 1.1 | Simplified neuroanatomical model of cortico-striatal circuitry within the
human and mouse brain.

Motor: Human motor cortex is represented here by premotor and sensorimotor cortical regions
that mainly project to posterolateral putamen®. Mouse motor cortex is represented here by
somatosensory and motor cortex that mainly project to dorsolateral striatum region'®. Associative:
Human associative cortex represented here by the dorsolateral PFC and lateral OFC, projects to
the caudate and anteromedial portion of the putamen®. Mouse associative cortex is represented
here by dorsal prelimbic and parietal association cortices that mainly project to dorsomedial
striatum regiong. Limbic: Human limbic cortex represented here by the paralimbic and limbic
cortices (including entorhinal cortex-area28, perirhinal cortex-area35, medial OFC-areaili,

)®'®, projects to the ventral striatum (ventral region of the caudate

anterior cingulate cortex-area24
nucleus and putamen, including nucleus accumbens - NAcc). Mouse limbic cortex is represented
here by OFC and PFC (ventral prelimbic, infralimbic and cingulate cortices), that mainly project to
ventromedial striatum region (including NAcc)®'®. All regions depicted are representative and do

not intend to provide specific accurate locations.
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In recent years, neurophysiology and behavior studies have suggested
that DLS and DMS striatum regions support an important behavioral transition in
mice: intentional goal-directed actions (DMS encoded) that after repetition often
become habitual automated responses (DLS encoded)'®'*'¢2° These behavior
repertoires can be distinguished based on their sensitivity to outcome
expectancy. If behavioral adaptation occurs after obtaining an unexpected
outcome, this reflects a goal-directedness response (influenced by
consequences). On the other hand, a behavior pattern that persists after
defrauded outcome is considered habitual (controlled by antecedent stimuli).

Local modulation of striatum medium spiny neurons (MSNs) is required for
successfully engaging or transitioning between the two behavioral patterns®?.
Even though several lines of evidence support this distinct functionality between
DLS and DMS regions, it is not known exactly how this occurs at cellular level. A
dynamic competition is thought to take place between these two striatal regions
during habits acquisition. DMS likely guides the expression of behaviors as they
are turning into habits, but once this DMS activity drops, DLS-circuits take control
over behaviors®®. Evidence emerged from mice that upon DMS lesion, show
tendency for action generalization strategies (habitual responses). Indicating that
DLS (sensorimotor striatum) guides behavioral performance when DMS
(associative striatum) function is compromised'®.

Similarly to the connectivity pattern observed between cortex and
striatum, it is believed that downstream basal ganglia territories (such as globus
pallidus - GP) are equally well organization into associative, limbic and
sensorimotor regions. An important body of evidence for this cognitive, emotional
and motor organization of basal ganglia was made clear through some

groundbreaking monkey studies®*®

. Bicuculline injections in limbic region of
globus pallidus can induce stereotypies, whereas injections in associative region
can lead to attention deficit and/or hyperactivity. Abnormal movements are not
observed unless injections occur at GP’s sensorimotor region, suggesting a
particular role for associative and limbic anatomical territories in the etiology of

compulsive behaviors®.




1.2 Striatal macrocircuitry

Main regions comprising the basal ganglia are the dorsal striatum
(rodents: caudate-putamen [CPu]; primates: caudate nucleus and putamen),
ventral striatum (nucleus accumbens [NAcc]), dorsal pallidum (rodents: globus
pallidus [GP] and medial GP [GPm]; primates: external and internal GP [GPe,
GPi]), ventral pallidum, substantia nigra pars reticulata (SNr), substantia
nigra pars compacta (SNc) and the subthalamic nucleus (STN). These
structures integrate the various inputs arriving mainly from cortex and thalamus
and use this information for psychomotor and cognitive behavioral processing’.

The entry point to basal ganglia is striatum, which receives numerous
cortical converging inputs from the motor, limbic and associative cortices'>?.
Axons arriving to striatum principal cells (the medium spiny neurons — MSNSs)
convey information that is passed along through two different pathways - the
direct and indirect-pathway - defined on the basis of their axonal target
projections:

Direct pathway: axons from striatonigral MSNs leave striatum to directly form
inhibitory synapses onto basal ganglia output nuclei (SNr and GPm).

Indirect pathway: inhibitory axons from striatopallidal MSNs target the GP that
then forms inhibitory synapses onto the STN. STN cells send excitatory axons
that finally target basal ganglia output nuclei (SNr and GPm).

When information reaches basal ganglia output nuclei, SNr and GPm inhibitory
neurons send their projections to ventroposterior thalamic motor nuclei, where
excitatory neurons project back to cerebral cortex. This circuit is known as
cortico-striato-thalamocortical circuit (CSTC) (Fig.1.2A).

In virtual absence of inputs, tonically-active neurons in SNr, GP and GPm
would inhibit their downstream target structures (Fig.1.2B). Once direct-pathway
activation occurs, striatonigral MSNs directly inhibit SNr and GPm, leading to an
excitatory net effect due to thalamic disinhibition (Fig.1.2C). By contrast, indirect-
pathway activation leads to SNr and GPm activation (through a direct inhibition of
the GP and consequent disinhibition of the STN), resulting in opposite net effects
(Fig.1.2D)?",
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Figure 1.2 | Cortico-striato-thalamocortical circuit (CSTC).

Panel A: Representation of a mouse sagittal brain view with detailed schematic of the
cortico-striato-thalamocortical circuit (adapted from Kreitzer and Malenka®®). Cortical
inputs into striatum are relayed forward to BG output nuclei through direct (projects to
GPm and SNr) and indirect pathways (projects to GP that in turn projects to STN; STN
finally projects to GPm and SNr). BG output nuclei (GPm and SNr) project to
ventroposterior thalamic motor nuclei, where excitatory neurons project back to cerebral
cortex. Panel B: In virtual absence of inputs, tonically-active neurons in SNr, GP and

GPm would inhibit their downstream target structures. Panel C: Upon direct-pathway
activation, striatonigral MSNs directly inhibit SNr and GPm, leading to an excitatory net
effect in cortex due to thalamic disinhibition. Panel D: Indirect-pathway MSNs inhibit GP.
This leads to disinhibition of STN and excitation of BG output nuclei (SNr and GPm) with
consequent inhibition of thalamo-cortical excitatory projections.

Another level of complexity in the basal ganglia involves inputs arriving to
this circuit through non-corticostriatal routes. Striatum receives numerous
excitatory glutamatergic inputs from the thalamus, mainly from the intralaminar
thalamic nuclei, but also midline and specific thalamic nuclei®®. The connectivity
between striatum and GP is also important given the fact that this has been
proven not to be a “one-way road”. Although striatum strongly projects to GP, 25-
30 % GP neurons also project back to striatum, preferentially targeting striatum
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GABAergic interneurons that can exert powerful control over MSNs®**-%, Another
very important source of input to BG is composed by cortical and thalamic
excitatory axons that directly target the STN. Given STN’s prime connectivity to
SNr and GPm, this route bypasses the striatum and exerts powerful control over
BG output nuclei, being referred to as the hyperdirect pathway®*°.

Adding to these intrincated GABAergic- and glutamatergic-mediated
inputs, other neuromodulatory terminals innervate the basal ganglia nuclei (such
as dopamine, acetylcholine, adenosine and nitric oxide inputs) further shaping its
physiology and contributing to its great complexity level.

It is worth to mention that striatum MSNs project to substantia nigra pars
reticulata neurons (SNr) and in turn receive strong dopaminergic inputs from
substantia nigra pars compacta neurons (SNc). This dopaminergic source can
have opposite effects on striatal MSNs physiology, resulting in stimulation of
direct-pathway MSNs (acting through their D1 receptors) and reducing activity of
indirect-pathway MSNs (due to D2 receptors expression in this group of cells)?"%.
As a result, increased striatal dopamine levels can inhibit SNr and GP’s activity,
providing net facilitation to motor regions. Conversely, lack of dopamine input
leads to increased SNr and GP’s activity, with consequent inhibition of

thalamocortical projection neurons® (Fig.1.3).

Motor Cortex

* Striatum

D2 D1

b Thalamus
GPe
SNc
STN {
GPi, SNr

Figure 1.3 | Schematic representation of basal ganglia-thalamocortical circuitry
upon dopaminergic striatal activation.

Dopaminergic inputs from substantia nigra pars compacta (SNc) neurons stimulate direct-
pathway MSNs (acting through their D1 receptors) and reduce indirect-pathway MSNs
activity (through D2 receptors). As a result, SNr and GP’s activity are inhibited, providing
net facilitation to motor regions. Conversely, lack of dopaminergic input leads to
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increased SNr and GP’s activity, with consequent inhibition of thalamocortical projection
neurons. Excitatory connections are depicted in green and inhibitory in red.

BG circuitry dysfunction leads to heterogeneous clinical syndromes
(Parkinson’s, Huntington, Hemiballism) that often share a common result:
deterioration of motor control. Understanding the neural implementations of motor
actions can allow us to break into behavioral malfunctions and correct disease
states. Therefore, it is crucial to illuminate the synaptic and circuitry mechanisms
of basal ganglia (dys)function and understand how manipulating their output can
help us to correct disease states.

1.3 Striatal microcircuitry

An important consideration when discussing basal ganglia
neurophysiology is the microcircuitry inside striatum itself (Fig.1.4). GABAergic
medium spiny neurons (MSNs) are the major cell type within striatum (>90 %)
and can be classified into 2 main subtypes: striatonigral (direct-pathway cells;
express D1, M1, M4, mGIuR1/5; immunoreactive for dynorphin and substanceP)
and striatopallidal (indirect-pathway cells; express D2, A2A, M1, mGIuR1/5;

immunoreactive for enkephalin)?®%

. Besides these spiny projection neurons,
striatum contains mainly 3 classes of interneurons: fast-spiking interneurons
(FS; project to both MSNs but are more likely to target D1-MSNs; express D5,
nAChR; immunoreactive for parvalbumin - PV)*"%  low-threshold spiking
interneurons (LTS; project to MSNs; express M1, D5, M2; immunoreactive for

)28,37,38 and

somatostatin, neuropeptide Y, nitric oxide synthase and calretinin
cholinergic interneurons (TANs-tonically active neurons; project to MSNs and
FS interneurons; express D2, D5, M2, M4; immunoreactive for choline
acetyltransferase -ChAT)?3"3,

The classical model of basal ganglia motor output function postulates that
direct-pathway activation facilitates movement and indirect-pathway activation
suppresses movement?®?”4%41 - Although some recent mouse studies still support
this classical idea*, validity of this model has been called into question through
recent data showing concurrent activation of both pathways during action
initiation in mice®. Accordingly, critical reappraisal is emerging in the field
suggesting that indeed these two pathways are not only structurally intertwined

but also functionally intertwined and that this intrastriatal connections might be
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critical in determining BG output*. A possible reuniting explanation would be that
activation of both pathways would be important for specific action selection and
initiation: direct-pathway cells could be activated to promote a specifically
intended motor program, whereas indirect-pathway cells could be concomitantly
activated in order to inhibit specifically competing motor programs. In this
scenario we could imagine that unspecific overall activation of all indirect-pathway
cells would lead to inhibition of all motor programs (bradykinesia); whereas the
opposite (overall ablation/silencing of all indirect-pathway cells) would lead to
hyperkinesia. Moreover, another recent study has demonstrated that isolated
optogenetic activation of each projection pathway can lead to both, excitation and
inhibition of SNr neurons®, regardless of which pathway is being activated. This
suggests a cellular response heterogeneity that is far more complex than our
classical view of the direct pathway inhibiting SNr and indirect pathway exciting
SNr neurons. Despite individual cell firing data, this study did find that at the
population level, effective direct pathway-mediated motor initiation correlates with
a subpopulation of inhibited SNr neurons. Indirect pathway-mediated motor
supression was in turn correlated with excited SNr neurons.

A proper dynamic cooperation between the two pathways thus seems
crucial in all the aforementioned studies. Further experimental work will certainly
help us to better understand the relevance and functional complexity of the direct

and indirect pathways.
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Figure 1.4 | Simplified representation of intrastriatal microcircuitry.

Cortico- and thalamo-striatal excitatory axons target the dendritic spines of MSNs as well
as dendritic shafts and soma of striatal interneurons. FS interneurons receive more
cortical contacts and are more responsive to cortical inputs than MSNs*®*’; FS synapse
proximally onto both MSN types*® (with a bias towards D1+MSNSs)®; FS interneurons also
synapse with other FS (but not LTS or TANs)®®. LTS interneurons send sparse inhibitory
projections onto MSNs dendrites®****°. TANs send inputs to dendritic spines, shafts and
soma of MSNs® and provide powerful excitatory cholinergic input to FS interneurons®' 2,
D1+MSNs have greater total dendritic length (more primary dendrites)®® and project to
SNr®¥’ (not represented); this direct-pathway promotes the execution of intended motor
programs*. D2+MSNs project to GP*’ (not represented); this indirect-pathway may inhibit
the execution of competing motor programs*’. GPCRs (G protein—coupled receptors) are
depicted with their associated G-protein: Gs (pink), Gi (brown), Gq (blue). M- muscarinic
ACh receptors; nAChR- ionotropic nicotinic ACh receptor; D- dopamine receptors; A2A-
A2A adenosine receptor; ChAT- choline acetyltransferase; Enk- enkephalin; SP-
substanceP; Dyn- dynorphin; PV- parvalbumin; SOM- somatostatin; NPY- neuropeptide
Y; NOS- nitric oxide synthase.
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1.4 Postsynaptic density (PSD)

In order to achieve proper neural circuit communication, specialized cell-
to-cell contact zones (synapses) are required. During development and
throughout life, neurons undergo dynamic processes of synaptic regulation and
plasticity. Such dynamic changes occur through alterations in molecular
composition of their synapses and by chemical modification of synaptic proteins®.

Glutamatergic synapses in the central nervous system are characterized
by an electron dense thickening underneath the postsynaptic membrane, named
the postsynaptic density (PSD). PSD contains hundreds of proteins including
membrane-tethered receptors and channels (such as N-methyl D-aspartate
receptors [NMDARs], metabotropic glutamate receptors [mGluRs] and a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid receptors [AMPARs]); adaptor and
scaffolding proteins (such as post-synaptic density protein 95 [PSD-95],
SAPAP and SHANK); cytoskeletal and cell-adhesion proteins (such as actin
and neuroligin) and signaling molecules (such as calcium/calmodulin-
dependent kinase Il [CamKIl]); creating a macromolecular complex that serves a
wide range of functions®. Prominent PSD proteins such as members of the
MAGUK family build up a dense scaffold that serves as interface between
clustered membrane-bound receptors, cell adhesion molecules and the actin-
cytoskeleton®. Identification of this family of proteins and the subsequent chain-
link cloning of their associated proteins, extended our comprehension of the
molecular composition of the glutamatergic PSD>.

MAGUK proteins are composed of multiple domains that act as specific
sites for protein-protein interactions, such as PDZ (PSD-95/DLG/Z0O1) domains,
SH3 domains and C-terminal guanylate kinase (GK) domains. The tethering of
NMDA receptors to PSD-95 relies on a PDZ domain, portraying the importance of
such interactions. Moreover, the C-terminal GK domain of PSD-95 is linked to
SAPAP (SAP90/PSD-95 associated protein) family of proteins, which
subsequently bind to SHANK (SH3 and ankyrin repeat-containing protein) family
of proteins. SHANK family further connects to the actin-cytoskeleton and Homer
proteins, which in turn interact with mGluRs. Through this link, PSD-
95/SAPAP/SHANK/Homer proteins form a quaternary complex that brings
together NMDA- and mGIuR- receptor complexes in the postsynaptic
specialization, possibly providing a functional link between NMDARs and mGluRs
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that facilitates crosstalk between ionotropic and metabotropic glutamate receptors
at the PSD (Fig.1.5).
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Figure 1.5 | Representation of glutamatergic post-synaptic site (adapted from Peca
et al., 2011%).

Glutamatergic synapses are characterized by an electron dense thickening underneath
the postsynaptic membrane, named the postsynaptic density (PSD). PSD contains
hundreds of proteins including receptors (such as NMDA and AMPA); adaptor and
scaffolding proteins (PSD95, SAPAP and SHANK); cytoskeletal and cell-adhesion
proteins (such as actin and neuroligin) and signaling molecules; creating a well-
orchestrated macromolecular complex. Disruption of scaffolding proteins can affect brain
circuitry and lead to neuropsychiatric disorders.

At cortical-striatal glutamatergic synapses SAPAP3 and SHANKS3 proteins
show a unique expression pattern, being the only members of their protein-family
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highly enriched at this location. Deletion of the Sapap3 gene in mice leads to
striking OCD-like behavior®® and mice with simultaneous alpha and beta SHANK3
isoforms deletion exhibit self-injurious repetitive grooming and social interaction
deficits, reminiscent of autistic-like behaviors®™. These studies illustrate how
disruption of scaffolding proteins can affect brain circuitry and are able to provide

insightful links to neuropsychiatric disorders.

1.5 Obsessive Compulsive Disorder (OCD)

Neuropsychiatric disorders are complex neurological traits that manifest
as altered behavioral responses such as self-injurious behavior, hypo or
hyperactivity to sensory input, psychomotor dysfunction, impaired social-
emotional communication, cognitive deficits, among other symptoms. Due to their
volatile nature in terms of assessment, evaluation sometimes relies on exclusion
diagnosis, empirical observation of manifested behaviors as well as patients’ self-
assessment on the phenomenological symptoms.

Obsessive Compulsive Disorder (OCD) has a 2-3 % worldwide

60,61

prevalence and is characterized by excessive preoccupations (obsessions)

associated to specific rituals (compulsions) (Table 1.1). Current treatments to

alleviate symptoms involve cognitive behavioral therapy (CBT) and SSRlIs

)62,63

(selective serotonin re-uptake inhibitors In more severe cases where

patients do not respond to medication and CBT, other interventions have been

used such as deep brain stimulation (DBS) of subcortical structures® .

Abnormalities in the glutamatergic system have also been proposed and some

NMDA antagonists (namely ketamine and memantine) have been tested as

possible therapies®®’.

Table 1.1 — Diagnostic criteria for OCD according to DSM-5.

Diagnostic criteria for Obsessive-Compulsive Disorder (DSM-V)

A Presence of Obsessions, Compulsions or both
Obsessions: intrusive and unwanted thoughts, urges or impulses that cause anxiety or distress
Compulsions: repetitive behaviors performed in response to an obsession and aiming to
prevent anxiety or distress

B Symptoms are time-consuming or cause significant distress/impairment
E.g. obsessions or compulsions take more than 1H per day

C Symptoms are not attributable to medication or other medical condition
E.g. symptoms are not attributable to a drug of abuse

D Symptoms are not better explained by the symptoms of another mental disorder
E.g. pervasive and intrusive worries about appearance as in body dysmorphic disorder
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Previously considered under the spectrum of anxiety disorders, OCD is
now categorized with other obsessive compulsive related disorders in the recently
revised DSM-5. Re-grouping (together with trichotillomania, body dysmorphic
disorder, skin-picking and hoarding disorder) is based on behavioral similarities
and common features, namely repetitive behaviors and obsessive preoccupation.
Such stratification helps guiding diagnostic criteria and ensures consistency
between medical terms, although a more “biologically-valid framework” for mental
disorders has been proposed by the US National Institute of Mental Health
(NIMH). This new research framework designated Research Domain Criteria
(RDoC) tries to emphasize mental disorders as biological disorders that span
through specific domains of behavior, emotion, cognition (e.g., social interactions,
mood), that can co-occur in a range from normal to extreme. The future goal is to
map brain circuits, genetic and cognitive aspects of mental disorders that will help
to understand and target the biological basis of these complex behavioral traits.
Animal research can contribute to this dimensional approach by providing means
to test biological causality. Advancements have been made in several domains of
OCD (neurophysiology, behavior and genetics) using animal models of
compulsive/repetitive behavior.

1.5.1 Neurophysiology of OCD

One of the most replicated findings in human OCD studies is the
involvement of cortico-striatal-thalamo-cortical ~ circuitry (CSTC)®%%°.
Increased activity in the anterior cingulate/caudal medial prefrontal cortex,
orbitofrontal cortex (OFC) and caudate region has been reported in OCD
by functional imaging studies”. Some aspects of executive function as
well as evaluation of significance have been implicated with these
regions’, but how can these findings be connected with behavioral
manifestations observed in OCD?

One major contribution derived from animal models’ research is the
possibility of directly manipulating neural circuits and test behavioral
outcomes. Among the variety of tools that have recently became available
to study neurocircuits, one holds great promise and has sent a bolt of
interest across the neuroscience field. Optogenetics is a neuromodulation
technique that takes advantage of genetically encoded light-sensors
(microbial opsins) to induce activation or silencing of defined neuronal
populations in freely-moving animals’""2. Specific optogenetic proteins like

( 1 )
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channelrhodopsin (ChR2), halorhodopsin (NpHR) or SSFO (stabilized
step function opsin), can be used to respectively activate, silence or
stabilize membrane potentials in particular neuronal subsets just by
shedding specific light wavelengths. Using this strategy, a recent report
led by René Hen's group directly tested the CSTC hyperactivity
hypothesis in OCD™. In their study, authors directly activate orbitofrontal
cortex excitatory neurons (MO/VO) that project onto ventromedial striatum
region (VMS) using ChR2 in mice. Repeated hyperstimulation during 5
consecutive days progressively led to a surprising increase in repetitive
grooming behavior, together with increased cell firing at VMS. Acute
stimulation however was not sufficient to induce increased-grooming
patterns, suggesting the need for a reinforcing circuitry loop in repetitive
OCD-like behaviors.

Another supportive finding for the hyperactivity hypothesis arrives
from the Slitrk5 mouse model. These mice show increased FosB levels (a
cellular marker for sustained neuronal activity’®) specifically at OFC,
suggesting hyperactivity of this brain region (matching human functional
imaging data). Electrophysiological assessment of this model revealed
impaired cortico-striatal transmission (decreased fEPSPs-field excitatory
postsynaptic potentials), that can be creating imbalanced basal ganglia
activity in the direct versus indirect pathway. These results are of
particular interest when trying to understand the increased metabolic
activity that has been observed in OFC and caudate nucleus of OCD
patients’.

A recent study from Thomas Sitdhof’s lab shows that imbalanced
basal ganglia activity can clearly influence the formation of repetitive
motor routines®. In this particular study the authors show that disinhibition
of D1-MSNs in nucleus accumbens/ventral striatum can enhance the
formation of repetitive motor routines (increased rotarod learning). This
phenotype does not require cerebellum or dorsal striatum, although D1-
MSNs in dorsal striatum are important for overall motor coordination. Such
studies support the idea that different symptom dimensions might be
associated with distinct neural substrates’’. A proper balance between
direct and indirect pathway seems crucial as well as a proper dynamic
interaction between different striatal subregions. Repetitive behaviors
observed in OCD may arise from brief but repeated bursts of neuronal
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activity at specific brain areas, which will hence lead to facilitated
activation during subsequent stimulation episodes.

1.5.2 Behavioral studies in animal models of OCD

Behavioral manifestations of OCD usually entail a particular ritual
(compulsive act) that is performed in response to a specific thought
(obsession). Repertoire displayed by individuals can vary but their
obsessions/compulsions usually share common themes, ordinary content
and are uncontrollable despite individuals’ self-awareness’.

Animal models of neuropsychiatric disorders often exhibit atypical
behaviors that resemble human symptomatology (face validity). They may
also share biological grounds with human conditions such as a specific
gene (construct validity) and successfully respond to the same therapeutic
agents prescribed to patients, allowing outcome predictability (predictive
validity).

To evaluate OCD-like behaviors in animal models and establish
parallels with patients’ traits, specific behavioral paradigms have been
developed in the last decades to assess multiple components such as
anxiety and compulsivity. Patterns of exploratory activity can be evaluated
by quantifying time spent in open areas (anxiogenic areas) versus time
spent in perimeter or protected areas (open field, elevated zero/plus maze
tests). Despite the relevance of anxiety assessment, it is important to
emphasize that anxiety is an equally relevant trait to other non-OCD
spectrums. Similarly it is important to emphasize that OCD itself shares
important links with anxiety disorders, although this is not true for all other
OC-spectrum disorders’®. Additional behavioral paradigms focus on
compulsive behaviors, considering them as closer translational
manifestations of the human condition. Time spent in repetitive tasks such
as non-nutritive chewing, grooming or shifting/digging bedding (e.g.
marble burying test) can be simply observed. Other more complex tests
involve learned tasks where presence of compulsive traits can be tested
under specific conditioning paradigms (e.g. delayed reinforcement task -
helps to dissociate impulsive choices from the motor impulsivity observed
in OCD) or serial reaction time tasks (time, number and perseverance of

choices can distinguish impulsive and compulsive responses)®”.
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Several animal models exhibit OCD-like behaviors (anxiety,
compulsivity) in the aforementioned paradigms and have been useful in
underpinning distinct aspects of neurobiological mechanisms related to
OCD. The first genetic mouse model presenting face, construct and
predictive validity for OCD was published in 2007°. These mice lack
SAPAP3 a scaffolding protein normally enriched at cortico-striatal
glutamatergic synapses. Besides impaired cortico-striatal transmission,
these mice display self-injurious grooming and increased anxiety as
assessed by the open field, elevated zero maze and dark light emergence
tests. Both anxiety and compulsive grooming can be partially alleviated by
fluoxetine treatment, conferring great predictive validity to this model. An
interesting key finding in these mice is that restoring SAPAP3 expression
in the striatum can rescue self-injurious grooming and cortico-striatal
transmission, emphasizing striatum’s role in compulsive behaviors.

Other interesting finding emerged from the genetic deletion of
Slitrk5 in mice. SLITRK protein family controls neurite outgrowth® and
deletion of SLITRKS5 protein in mice leads to increased anxiety (assessed
by elevated plus-maze and open field tests) and compulsivity (increased
marble burying behavior and self-injurious grooming)®'. Chronic fluoxetine
treatment can alleviate this phenotype, entailing another example of a

promising mouse model for studying and testing OCD-like behavior.

1.5.3 Genetic studies of OCD - insights from patients
and animal models

- SLC1A1/EAACH

Common acts carried out by OCD patients involve actions such as
checking (self-doubts on accomplishment of specific tasks and repeated
double-checking), washing (unsatisfactory feeling about proper cleaning
and urge to repeat washing act) and ordering (organizing/lining up things
on a particular order or specific manner). The fact that these themes are
not random and occur consistently in patients across distinct socio-cultural
backgrounds worldwide, raises the possibility for common genetic

basis®®

. In fact, twin studies of obsessive-compulsive disorder also
support this assumption, being the strongest evidence for genetic

contribution in OCD. An extensive review work published by van
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Grootheest et al®* concluded that using dimensional approach for twin
studies holds convincing results for OCD symptom’s heritability, ranging
from 45-65 % in children and 27-47 % in adults (analyzing the data with
covariance modeling).

The first genome-wide linkage study for OCD was carried out in
2002 to identify susceptible chromosomal regions for early-onset OCD®°.
The results suggest a link to 9p24 chromosomal region with the closest
gene being SLC1A1 (Solute Carrier Family 1, Member 1) - a glutamate
transporter also known as EAACT (excitatory amino acid transporter 1).
Since then several linkage studies have supported OCD association with
this genomic region but always with nominal evidence (studies support
different SNPs association)®28. An EAAC1-null mice was first generated
and published in 1997 although with minor relevance to OCD-behaviors®.
As reported by the study, EAACT-null mice develop dicarboxylic
aminoaciduria and show reduced spontaneous locomotion in the open
field. Later studies report reduced neuronal glutathione levels and age-
dependent neurodegeneration in EAACT-null mice (age-dependent
cortical thinning and ventricular enlargement). Despite the absence of a
strong-OCD phenotype in the EAAC-7-null mice, several studies have
identified SLC1AT as being positively associated with at least some cases
of OCD®*®, |t is plausible that EAAC-1 functional deficits are not well
recapitulated in mice or that this gene rather plays a role in a multigenic
perspective (by contributing to individual susceptibility together with other
factors).

- SAPAP AND SLITRK

Recently a new attempt has been made to search for common
SNPs predisposing to OCD. More than 20 research groups have worked
together to accomplish the first Genome-Wide Association Study (GWAS)
for human OCD?®'. Results from this study suggest the involvement of two
SNPs (single nucleotide polymorphisms) located within DLGAP1 gene
that encodes the SAPAP1 protein. Previously, another member from the
same family of proteins had been implicated in a genetic mouse model
with OCD-like behavior (the Sapap3/Digap3 KO mice), reinforcing the idea
that proteins from this family might play a role in OC-related behaviors.

A recent study led by the OCD Collaborative Genetics Association

Study (OCGAS)* on human genetics of OCD, observed association of a
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marker on chromosome 9 near PTPRD (although no genome-wide
significance was achieved). PTPRD protein seems to play a role in
regulating the development of inhibitory synapses through its interaction
with SLITRK3. SLITRKS (SLITRK1-6) are a relatively recent discovered
family of proteins®® that have emerged as candidate genes in
neuropsychiatric disorders®. Human genetic studies have suggested an
association link between SLITRK? and Tourette syndrome (TS; a
neuropsychiatric disorder characterized by motor and vocal tics)*. Slitrk1-
null mice display increased anxiety and noradrenergic abnormalities
(consistent with reports of increased norepinephrine levels in
cerebrospinal fluid of Tourette’s patients®™). The hypothesis of SLITRK1
involvement in TS and the fact that SLITRKS are highly expressed in
mammalian CNS%, motivated the generation of a Slitrk5-KO mouse to
search for possible phenotypes. Slitrk5-KO mice display OCD-like
behaviors and impaired corticostriatal circuitry. Given that both Slitrk5-
and Sapap3-KO mice display impaired corticostriatal transmission and
OCD-like behaviors that are responsive to fluoxetine treatment (one of the
pharmacological agents used in OCD), it would be interesting to address
whether these proteins share common pathways among corticostriatal

circuits.

- HOXBS8

Another interesting OCD-hypothesis comes from the genetic
deletion of the Hoxb8 gene in mice, suggesting a link between immune
system and OCD¥’. This transcription factor is detected in the adult brain,
being expressed in bone-marrow derived microglia cells that migrate into
brain OFC, cingulate cortex and limbic system as well as other regions,

during postnatal period®” %

. Hoxb8-KO mice display self-injurious and
cage-mate excessive grooming that can be rescued by bone marrow
transplantation from WT mice. Although this link between immune system
and OCD might seem puzzling at first, it is recognized that microglia plays
a role in regulating neuronal cell death and in modulating neural networks
(microglia contacts synapses in an activity-dependent manner and
releases cytokines). In fact, a subset of children with OCD can experience
worsening of symptoms following a strep infection. One brain region
affected in PANDAS (Pediatric Autoimmune Neuropsychiatric Disorders

Associated with Streptococcal Infections) is the basal ganglia®. Although
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brain wide expressed, HOXB8 is predominantly found in adult brainstem,
olfactory bulb, cortex and striatum®"*®, being the latest two regions highly
implicated in OCD.

Although HOXB8-, SAPAP3- and SLITRK5-KO mice have distinct
grooming phenotypes (especially in regards to its biological origin), all
proteins share an enriched corticostriatal expression. In regards to human
OCD, these mice studies suggest that a similarly shared pathological
finding (compulsive behavior) might be a reflection of different subjacent

causal insults to the same brain region.

- OTHER GENES

Currently approved treatments to alleviate OCD symptoms involve
serotonergic medication among others. Although exact mechanisms are
unknown, it is thought that 5-HT,c serotonin receptor agonism might
contribute to therapeutic benefits in OCD'®. Genetic deletion of 5-HT,c-R
in mice leads to enhanced sensitivity to induced motor stereotypy and
compulsive-like behaviors such as non-nutritive chewing and increased

101-104

head-dipping , confirming serotonergic involvement in compulsivity.
Contrarily to other OCD models, these mice show less anxiety than WT
mice (open field, elevated plus maze, novel object, mirrored chamber)
suggesting that compulsivity and anxiety symptoms might be dissociable.

Other useful way to look for candidate genes besides exploratory
gene deletion in mice, is genomic sequencing from animals displaying
spontaneously-occurring pathological behaviors. Some dog breeds
display OCD-like behaviors including incessant tail chasing and relentless
paw chewing. Given the fact that dogs’ genome is far less complex than
human genome, a dog-OCD GWAS study was recently carried for the first
time and identified four synaptic genes with major case-only variation
(CDH2, CTNNA2, ATXN1, PGCP)'®.

Together these genetic studies seem to point towards CSTC
synaptic dysfunction across distinct OCD-animal models (Table 1.2).
Although animals can never fully recapitulate human OCD spectrum due
to species-specific limitations, they do allow us to precisely study gene-
linked phenotypes by limiting some confounds such as genetic
background and environmental variability that are inherent to human

studies.

24

——
—



Table 1.2—- Candidate genes from animal models with OCD-like behaviors.

Genes listed in this table have emerged from sequencing studies or from single gene KO studies

that resulted in OCD-like phenotypes.

Gene

HOXB8

SAPAP3

SLITRK5S

SLC1A1
JEAAC1

CDH2

HT2RC

Genetic

evidence

-Global Hoxb8-KO
mice with relevant
phenotype
-Conditional-KO
(hematopoietic cells)
exhibit the global KO
mice phenotype
-Global Sapap3-KO
mice with strong
phenotype

-Two SNPs located in
Sapapl (family
member) found in
humanOCD GWAS
study

-Global Slitrk5-KO
mice with strong
phenotype

-Human OCD genetic
studies

-EAAC1-null mice
show modest
phenotype

-Dog OCD small
GWAS

-Global 5-HT2¢-R-KO
mice show
compulsive
phenotype

Candidate genes from animal models of Obsessive-Compulsive Disorder (OCD)

Behavioral phenotype

-Self-injurious grooming
-Cage mate over-grooming

-Self-injurious grooming

-Increased anxiety (open-field,

elevated zero maze and dark

light emergence)

-Deficit in adaptive grooming
response during conditioning
task

-Self-injurious grooming

-Increased anxiety (open-field,

elevated plus maze)
-Compulsive-like behavior
(marble burying test)

-Human OCD

-EAAC1-KO mice show
cognitive and motivational
impairmentat old age
-Reduced spontaneous
locomotion in the open field
-Canine OCD (incessant tail
chasing, relentless paw
chewing)

-Non-nutritive chewing
-Increased head-dipping
-Reduced anxiety (open field,
elevated plus maze, novel
object, mirrored chamber)

Neurophysiology

-Hoxb8 expressed in bone-marrow
derived microglia that migrate into brain
OFC, cingulate cortex and basal ganglia
regions

-Sapap3 mainly expressed in neocortex,
striatum, hippocampus and thalamus
-Impaired cortico-striatal function
(reduced fEPSP, mEPSC and
AMPA/NMDA ratio; increased silent
synapses and eCB-LTD)

-Increased spontaneous MSN firing
activity in centromedial striatum
-Reduced interneuron PV number in
centromedial striatum

-Slitrk5 mainly expressed in neocortex,
striatum and hippocampus

-Impaired cortico-striatal function
(reduced fEPSP)

-OFC hyperactivity (increased FosB
staining levels)

-Decreased striatal volume and
decreased MSN dendritic complexity
-SLC1A1 is highly expressed in human
cortex, striatum and thalamus

ND in dogs

-Decreased corticotrophin hormone
release from the extended amygdala in
response to anxiogenic stimuli

Notes

-Wild-type bone marrow
transplantation rescues
excessive grooming

-KO bone marrow
transplantation induces
excessive grooming in WT

-Striatum infection using
lentivirus-Sapap3 rescues
self-injurious grooming and
fEPSP

-Fluoxetine treatment
partially alleviates
compulsive grooming and
anxiety

-Fluoxetine alleviates over-
grooming

-Age-dependent cortical
thinning and ventricular
enlargement in EAAC1-null
mice

-Dicarboxylic aminoaciduria

-CDH2 KO mice die during
early embryonic stages

-Mid-life obesity (due to
hyperphagia)

-Prone to death from
spontaneous seizures
-Altered sleep homeostasis

1.6 Autism Spectrum Disorders (ASD)
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In recent years striatal dysfunction has been hypothesized in repetitive

and stereotyped behaviors associated with neuropsychiatric disorders, such as

obsessive compulsive disorder

(OCD)

and autism spectrum disorders

(ASD)"">"%_ The word “autism” comes from the Greek words “autos” (“self”) and

107.

“ismos” ("action") and autistic patients were first described in 1943 by Kanner™":

“The children of our group have all shown their extreme aloneness from the very

beginning of life, not responding to anything that comes to them from the outside

world(...) Second our children are able to establish and maintain an excellent,

purposeful, and ‘intelligent’ relation to objects that do not threaten to interfere with

their aloneness, but are from the start anxiously and tensely impervious to

people(...) All of the children’s activities and utterances are governed rigidly and

consistently by the powerful desire for aloneness and sameness” — L. Kanner
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Currently 1 in 88 children in the United States'® is diagnosed with ASD with the
prevalence being 4x greater in boys than girls (1 in 54 boys compared to 1 in 252

)'%°. Other genetic conditions such as Fragile X mental retardation, tuberous

girls
sclerosis and Down’s syndrome are often associated with autism. In the previous
version of the “Diagnostic and Statistical Manual of Mental Disorders” (DSM-1V),
autism spectrum disorders were divided in 5 subgroups: Autistic disorder;
Asperger’s syndrome; Pervasive developmental disorder-not otherwise specified
(PDD-NOS); Rett syndrome and Childhood disintegrative disorder. In the new
DSM-V, Rett syndrome is separate from ASDs and the remaining 4 subgroups no
longer exist. Instead all patients will now be given unified ASD diagnosis with a
specified severity from 1 to 3 (1-least severe; 3-most severe). ASD diagnosis in
DMS-V is defined by deficits in social communication and social interaction,
associated with narrow stereotyped, repetitive behavioral interests (Table 1.3).
Symptoms must be present in early childhood and interfere with individual’s daily
activities. Currently there is no medication to treat the core features of autism.

Table 1.3 - Diagnostic criteria for Autism-Spectrum Disorder according to DSM-5.

Diagnostic criteria for Autism-Spectrum Disorder (DSM-V)

A Persistence of social communication and interaction deficits

Deficits in social-emotional reciprocity, nonverbal communicative behaviors and age-
appropriate peer relationships

B Narrow, stereotyped, repetitive behavioral interests
Repetitive motor movements, use of objects or speech; Insistence on sameness; Perseverative
interest with abnormal intensity or focus; Hyper- or hyporeactivity to sensory input

C Symptoms are present in early childhood
Despite present, symptoms are sometimes not noticed until later social demand

D Symptoms cause significant distress/impairment
Impairment in social, occupational or other relevant areas of functioning

E Symptoms are not better explained by the symptoms of another mental disorder
Not better explained by intellectual disability or global developmental delay

1.6.1 Neurophysiology of ASD

Although ASD’s neurophysiology remains elusive, social behavior
processing seems involved. Diminished gaze fixation has been reported in
autistic patients as well as failure in developing age-appropriate peer

110

relationships Many brain areas have been indicated as part of the

“social brain”, including the medial prefrontal cortex (mPFC), amygdala,
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anterior insula, anterior cingulate cortex (ACC), inferior frontal gyrus (IFG)

and the superior temporal sulcus (STS)''.

Higher order executive
functions such as decision making and behavioral planning are associated
with frontal lobes, whereas amygdala plays a role in emotional processing,
anxiety and memory associations.

Hypoactivation of fusiform gyrus has been reported in autistic
patients along with amygdalar hyperactivation in response to faces''. In
2004 a study reported larger left and right amygdala volumes in male

children with autism, but not in adolescents'"

, suggesting amygdala
involvement in the early neurobiology of ASD.

One recent emerging theory proposes a social motivation deficit in
ASD rather than a social cognition core deficit''*. According to this idea,
lack of social motivation might be a primary deficit in autism and therefore
affect the development of social cognition. At the biological level,
motivation processing involves regions such as the amygdala, ventral
striatum and ventromedial PFC. Dysfunction at orbitofrontal-striatum-
amygdala circuit has been suggested in ASD'"®, although it is unclear
whether this abnormal reward processing is restricted to social stimuli or
encompasses a more generalized deficit in stimulus-reward associations.

Oxytocin is a neuromodulator released by the pituitary gland,

116

important for human social behavior' . Recent studies in mice have

shown that social reward requires coordinated activity of oxytocin and

118

"7 as well as dopamine modulation'"®.

serotonin in nucleus accumbens
Given the hypothesis that autistic patients might have a motivational
impairment to engage in reciprocal social interaction, recent studies have
looked into oxytocin in ASD''®'?°. Whether or not these neuromodulators
(or any others) can play a role in ASD neurobiology will certainly be
addressed in future studies.

Adding to social interaction deficits, perseverative and stereotyped
behaviors are present in ASD and have been correlated with frontostriatal
and basal ganglia dysfunction'?""'?*, Approximately 30-40 % ASD patients
have comorbidity with OCD, suggesting some degree of overlapping
circuitry between these disorders'®. An MRI study from Sears et al.'®
found increased caudate volume in autistic patients and a significant
correlation between this parameter and ritualistic/repetitive behaviors.
Earlier Siegel et al.'? had reported reduced glucose metabolism in left

posterior putamen, implicating basal ganglia dysfunction. Recently
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Mostofsky et al.'®® reported that abnormalities in basal ganglia shape can
predict social and communication dysfunctions as well as impaired motor
skills in ASD boys.

In line with this clinical data, several research studies have shown
that SHANKS deletion (a protein highly enriched in striatum) leads to ASD-

991297133 Severe social interaction deficits are

like behaviors in mice
observed together with repetitive self-injurious grooming upon PDZ-
targeted Shank3 disruption (Aex13-16)*. Like the Sapap3-KO mice
(OCD-model)*®, Shank3-Aex13-16 mice have biochemical and
electrophysiological corticostriatal deficits, suggesting a shared CSTC

circuitry dysfunction between these repetitive/compulsive behaviors.

1.6.2 Genetic studies of ASD - insights from patients
and animal models

The biggest evidence for genetic contribution in ASD comes from
twin studies where results show 31 % concordance rates for dizygotic
twins and 88 % for monozygotic twins'®*. ASDs are clinically
heterogeneous, with symptoms severity ranging from mild social deficits
with normal cognitive abilities to severe mental impairment and absence
of language skills. Evidence points towards involvement of different
genetic variations (chromosomal rearrangements, de novo copy-number
variants and coding-sequence variants) that have been associated also

with different genes'®>'®.

Despite this heterogeneity many of the
implicated genes encode synaptic proteins that play important roles in
development or functioning of brain circuits (Shank3, Neuroligin-3,
Neuroligin-4 and Neurexin-1)'"1%®_ This evidence suggests that ASDs are
etiologically heterogeneous (possibly involving polygenic, monogenic and
environmental factors) but synaptic dysfunction might well be a common

underlying mechanism for a defined ASD subset.

- NEUREXIN AND NEUROLIGINS

Neuroligins (NLGNs) are cell adhesion molecules that play an
important role in synaptic function and maintenance'. Neuroligins
localize at the postsynaptic membrane and make trans-synaptic links with

neurexins (NRXNs). Mammalian genomes typically encode 4 neuroligins,
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with the human genome encoding NLGN3 and NLGN4 in the X
chromosome and another NLGN5 gene in the Y chromosome. NLGN1 is
exclusively localized at excitatory synapses, NLGN2 at inhibitory
synapses and NLGN3 is probably present in both'®*. Several mutations in
NRXN1, NLGN3 and NLGN4 have been found in patients with autism
(NRXN1: 7 point mutations, 2 distinct translocations and 4 different large-
scale deletions; NLGN3: a single mutation [Arg451Cys] and a 33kb
deletion; NLGN4: 2 frameshifts, 5 missense mutations, 3 internal deletions
and 5 large deletions in chromosome X including NLGN4 locus)'>*'%.
Three mouse models carrying these ASD patient's mutations have been
generated: Nign3-KO™', NLGN3 R451C mutant'' and Nign4-KO
mouse'*. All show traits of ASD-like behaviors, although distinct between
each line (detailed behavioral description below in 1.6.3). Overall these
studies support dysfunction of synaptic proteins as a potential mechanism
underlying a subset of ASDs, potentially with overlapping defects to those
caused by Shank3 mutations.

- SHANKS
SHANKS (SH3 and multiple ankyrin repeat domains 3; also known
as ProSAP2) is a scaffolding protein of the PSD that is enriched at

59,143

corticostriatal glutamatergic synapses Ilts gene has multiple

144

intragenic promoters (probably 6) ** and several alternative splicing exons

)144

(exons 10-12, exon 18, exon 21 and exon 22)™*", resulting in a wide

variety of transcripts (Fig1.6). Its full length structure contains 5 domains
for protein-protein interactions: Ank (ankyrin repeats), SH3 (Src homology
domain), PDZ (PSD95/DIg/Z0-1 domain), Pro (proline-rich region) and
SAM (sterile alpha motif). N-terminal Ank domain interacts with Sharpin'*
and likely binds cytoskeleton through a-fodrin interaction'®; SH3 domain
is followed by PDZ domain that interacts with GKAP/SAPAP™’; Proline-

148,149

rich domain binds to Homer and Cortactin proteins'’; C-terminal

SAM domain of SHANK is known to self-associate'"'*

the localization of SHANK2 and SHANKS3 to the PSD™'.

and is required for
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Figure 1.6 | Diverse Shank3 isoforms result from intragenic promoters and
alternative splicing (adapted from Wang et al., 2014™%).

(A) Multiple promoters of the Shank3 gene. Mouse Shank3 has 22 coding exons
as illustrated. The alternatively spliced exons are highlighted in red. The positions
of intragenic promoters are shown as black arrows. Protein domains encoded by
exons are labeled above the gene structure. (B) The predicted SHANKS protein
isoforms were deduced from the combination of intragenic promoters and
alternative splicing of mRNAs described above and in silico analysis. The binding
positions of several well-known PSD proteins are shown by arrows. The epitope

position for the SHANKS antibody used in this study is also indicated'*.

Phelan-McDermid syndrome (PMS, 22g13.3 deletion) is an autism
spectrum disorder characterized by autistic-like behaviors, hypotonia, and
delayed/absent speech'?. Genomic rearrangements in PMS patients
range from deletions, ring chromosomes, interstitial deletions to
unbalanced translocations'®'**. Shank3 is one of the genes deleted in
PMS and its disruption is thought to cause the core neurodevelopmental
and behavior deficits. Individuals carrying a ring chromosome 22 with
intact Shank3 gene are phenotypically normal, supporting the idea that

%2 Genetic screens

core symptoms are due to Shank3 haploinsufficiency
have identified microdeletions, coding mutations and Shank3 breakpoints
in ASD patients not diagnosed with PMS (Table 1.3)"*°>7'*® A recent study
indicates that Shank3 mutations correlate with more severe cognitive
deficits in patients (compared to Shank1 and 2 mutations) and contribute

to ~1 % of all ASD cases'*. This suggests Shank3 mutation/disruption as
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a potential monogenic cause for autism-spectrum disorder that should be

considered for mutation screening in clinical practice.

Table 1.4 — Genotype/Phenotype correlations of human SHANK3 mutations
(extracted from Yong-hui Jiang and Michael D. Ehlers, 2013'°).

SHANK3  Other

No. of Isoforms Genes ASD-Related Intellectual
Genetic Defect Case Affected Disrupted  Diagnost: Disability (ID) Other Clinical Features
22q13.3 deletion >1000 Allisoforms From 2-30 ASD diagnosis >95% with Hypotonia, seizure,
(including SHANK3) disrupted other genes in >75% of cases developmental delay, motor development
(0.1-10Mb) moderate to severe delay, facial

disorder, mild
congenital anomaly
Microdeletion 3 Allisoforms Noneor/  ASD Speech delay Hyperactivity,
of SHANK3 disrupted ACR and mild ID hypospadias,
behavioral issues,
Z——- 5
Intragenic deletion
Exons/domain
Deletion size deleted
38 kb exon 1-9ANK 1 SHANK3a/b none Not d M ID, profi Mi phaly
delay in language astigmatism
acquisition
74 kb exon 1-17 ANK/ 1 SHANK3a-e none Not evaluated Profound ID Mild congenital
SH3/PDZ anomalies
44 kb Exon 19-23 1 SHANK3f  ACR ASD Moderate Short stature, facial
H ID/hyp dy ph
binding/SAM disorder astigmatism
27 kb exon 20-23 1 SHANK3f  ACR* Classical autism  Not mentioned ADHD, no facial
Homer binding/ dysmorphism
SAM
17 kb Exon 23 1 SHANK3f  ACR No ASD by Mild ID, severe delay  Mild facial
SAM CARS and ABC in language acquisition dysmorphism,
mild motor delay
Point mutation/Small deletion
Exon/protein
Mutation domain 1
c.601-1G>A ANK 1 SHANK3a-b None No ASD Mild ID, severe
language impairment
p.Q312R" Exon 8 1 SHANK3a-b None ASD by ADI-R language delay Abnormal EEG but
ANK and ADOS no seizures; has self-
injurious behavior
p.A447fs® Exon 11 1 SHANK3a-c None score  Language delay No facial dysmorphism
SH3 for ASD evaluation
p.G440_P446 del Exon 11 1 SHANK3a-c None ASD Severe ID Delayed psychomotor
SH3 development
c.1820-4G>A PDZ 1 SHANK3a-d None Asperger’s N | speech and Facial dysmorphism/
syndrome some behavioral mild congenital
problems anomaly
p.R656H? Exon 16 1 SHANK3a-d None ASD Mild ID, development
PDZ delay
€.2265+1 del G 1 SHANK3a-e None ASD Not mentioned
p.R1117X Exon 21 1 SHANK3f  None No evidence Mild to mod D izophreni;
Homer binding for ASD hyperactivity/no facial
dysmorphism
p.A1227fs Exon 21 1 SHANK3f  None ASD Severe ID and
Homer-binding impaired speech
p.E1311fs Exon 21 1 SHANK3f  None PDD-NOS Severe ID and Seizure, facial
Homer-binding absent speech ly i motor
development delay
The inf ion in the table is d from fc g reports: Boccuto et al., 2013; Bonaglia et al., 201 1; Dhar et al., 2010; Durand et al., 2007; Gauth-
ier et al., 2009, 2010; Moessner et al., 2007; Phelan, 2007; Sarasua et al., 2011; Wagaetal 2011; Wilson et al., 2003; Wong et al., 1997). AOR Aerosn
a sperm specific proteinase which has no known function in brain; ABC, autism ist; ADHD, ion deficit-hy
ADI-R, autism diagnosis interview-revised; ADOS, autism diagnosis observation scale; CARS, child autism rating scale; Del, deletion; EEG electm—
aphy; ID, intell | disability; PDD-NOS, pervasive developmental disorder-otherwise not specified.

*Proband has a chromosome 9p24.3 copy number gain that is inherited from mother and considered a benign variant.
PParents are first cousins.

“The variant is inherited from father who has leaming disability and attention deficit disorder.

SVariant is also found in healthy and normal father.
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Genetically engineered mice carrying Shank3 mutations have
extended our understanding of SHANKS protein function and have further
supported its association with ASD (Fig1.7) >%'#1301%2 gq far 6 mouse
lines carrying different Shank3 deletions causing frame shifts have been
generated: Aex4-9%°%™ (Ank domain)'®’, Aex4-9®" (Ank domain)'®,
Aex4-77%%2 (Ank domain)®, Aex11 (SH3 domain)®', Aex13-16 (PDZ

domain)®®, and Aex21 (Pro domain).

e[ ][] GrD>—{IE [ [Pro] Hsam
Mouse Shank3 (Wang et al.2011)
mutations (Bozdagi et al. 2010)
O [ = = _rt r’
(Shank3a) (Shank3b)| Aex4-7 (Shank3c)  (Shank3d)  (Shank3e) (Shank3f)
(Peca et al.2011) (Schmeisser .2012)
E_I* ] > [* s
(Shank3a) (Shank3b) (Shank3c)  (Shank3d ) (Shank3e) (Shank3f)
(Peca et al.2011)
I—' [—’ [_’ ;Aex13-16 r’ r’
(Shank3a) (Shank3b) (Shank3c) (Shank3d ) (Shank3e) (Shank3f)

Figure 1.7 | Targeted mutations in Shank3 Gene in Mice (adapted from Yong-
hui Jiang and Michael D. Ehlers, 2013'°).

Positions of targeted mutations in five different lines of Shank3 mutant mice are
shown. The transcripts from promoters upstream of deleted exons are predicted
to be truncated or disrupted (red arrows) and the transcripts from promoter

downstream of deleted exons are predicted to be intact in each mutant line of

mice (black arrows)'**.

Despite the heterogeneity of transcripts that might be putatively
intact or disrupted in these different mouse lines, all show deficient
synaptic function, repetitive routines and impaired social behaviors
(although all parameters are affected to a different extent in each line;
detailed description below in 1.6.3). An interesting observation is that
disruption of Shank3a to Shank3c leads to increased repetitive grooming
phenotype. Given that this phenotype is absent in Shank3a and Shank3b
KO mice (and excluding variables as genetic background and
environmental factors), it could be inferred that Shank3c is probably
implicated in the development of increased self-grooming behavior. More
importantly all Shank3-KO mice support the idea that distinct Shank3
mutations might underlie a defined subset of ASDs and contribute to the

myriad of phenotypes (genotype/phenotype correlation).
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1.6.3 Behavioral studies in animal models of ASD

Animal models of ASD (SHANKS3, NLGN3 and NLGN4 mutant
mice) have demonstrated remarkable face and construct validity. They
carry genetic mutations reported in patients and display behavior
phenotypes that closely resemble those described in human ASDs. Since
there is no current medication to treat autism core features, predictive
validity remains to be tested.

Nign4-KO mice show deficits in reciprocal social interaction and

have reduced ultrasonic vocalizations'*

. Other two neuroligin mutant mice
were previously generated in 2007 focusing on the Nign3 gene''. A
knockin was generated carrying the Nign3 R451C substitution found in

two Swedish male siblings' (

one diagnosed with typical autism and one
with Asperger's syndrome) and simultaneously a Nign3-KO was also
generated to search for common phenotypes between this line and the
described knockin mutation. R451C mice have increased cortical
inhibitory transmission, impaired social interaction but enhanced spatial
learning. Surprisingly, Nign3-KO did not cause any of these changes,
suggesting that R451C mutations represents a gain of function. More
recently another study compared both mouse lines and focused on
common behavioral changes among these two Nign3 ASD-associated
mutations. Given that no social interaction deficits were previously found
in Nign3-KO, this recent study focused on another ASD core symptom -
repetitive and stereotyped movements. Using rotarod motor learning as a
proxy for acquired repetitive behaviors, the authors found that Nign3-KO
and R451C mutant mice share enhanced formation of repetitive motor
routines’®. Opposite to previously reported enhanced inhibitory synaptic
transmission seen in the cortex, these mice have reduced D1-inhibition in
ventral striatum. This D1-pathway imbalance enhances rotarod learning,
emphasizing striatum’s role in the genesis of repetitive motor routines.
Other important finding from this study is that NIlgn3 manipulations (in
ventral striatum), both in adulthood and developmentally, lead to the same
phenotype regardless of age. This suggests that even
neurodevelopmental disorders (early onset such as ASDs) might be
amenable to adult interventions (at least those caused by the Nign3

gene).
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Striking ASD-like behaviors have also been observed in animal
models carrying Shank3 gene mutations. Among the different mouse lines

29129133 5 out of 6 lines have impaired social interaction

generated so far
and 5 out of 6 display repetitive behaviors, strongly supporting Shank3 as
an ASD-candidate gene. Other behavioral parameters such as USV calls
(ultrasonic vocalizations) and learning and memory, have been evaluated
in some of these mutant lines, holding distinct results that might be

associated to specific domain disruptions in each line (Table 1.5).
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Table 1.5 — Molecular, biochemical, synaptic, and behavioral phenotypes of Shank3

mutant mice (extracted from Yong-hui Jiang and Michael D.

Ehlers, 2013'%°).

Reference Bozdagi et al., 2010; Wang et al., 2011 Pega et al., 2011 Pega et al., 2011 Schmeisser et al., 2012
Yang et al., 2012
Exons/domain Exons 4-9%/ANK Exons 4-9'/ANK Exons 4-7/ANK Exons 13-16/PDZ (A0x13-16) Exon 11/SH3 (Aex11)
targeted ropeat (Aex4-9%) ropeat (Aex4-) repeat (Aexd-7)
Strain/background  Bruced C57BL/6 ES cell 129SvEv ES cell backcrossing  129SvR1 ES cell and 129 SvR1 ES cells and 129SvR1 ES cell and
and maintain on C57BL/6 to C57BL/6J for more than backerossing to CS7BL/6)  backerossing to C57BL/6J backcrossing to C578L/6
6 generations for one generation for more than 1 generations for more than 10 generations.
Age of mouse Biochemistry: 3 months Biochemistry: 3-4 months Biochemistry: not stated  Biochemistry: not stated Biochemical: P25 and P70 days
Morphology: 3 months. Morphology: P1 neuron Ek Jology A gy: 5 weeks Morphology: adult
Electrophysiology:3 months culture and 1-3 months 6-7 weeks Electrophysiology: 5-7 weeks Electrophysiology: N/A
Behaviors: P21 days to Electrophysiology: 4-6 weeks.  Behaviors: 5-6 weeks Behaviors: 5-6 weeks Behaviors: N/A
16 weeks Behaviors: 3-8 months
ipts not de, f Shank3c,d,e,f Shank3c,d,e,f Shank3e, f Shank3d, e, f
disrupted
of mice Homozygous Homozygous Homozygous
analyzed
Altered synaptic Reduction of GluA1 Reduction of GKAP, NA of KAP3, GIuN2B and Shank2
proteins Homer1b/c, GluA1, GluN2A Homer1, PSD-93, GluA2,
GIuN2A, GluN2B
Brain and synaptic  CA1 Hippocampus CA1 Hippocampus N/A Striatum CA1 hippocampus
Activity spine Longer dendritic spines. Increase in striatal volume, No defect identified.
remodeling was affected, Decreased spine density. dendritic length, and surface area.
No change in length Decreased spine density, length,
and thickness of PSD. and thickness of PSD.
CA1 CA1 CA1 Hippocampus NA
Reduced AMPAR-mediated No change in basal Slight recuction in No change in field recordings of
basal transmission. synaptic plic population spikes, paired-pulse
Decreased mEPSC amplitude.  No change in amplitude transmission. ratio, mEPSC frequency
mEPSC or of mEPSCs and ampiitude.
Decrease In palred-pulse ratio. or mIPSCs. Striatum
Reduced LTP. No change In paired-pulse No change in paired-pulse ratio.
No change in NMDAR- or ratio, VO, fiber volley. Reduced field population spikes.
mGluR-mediated LTD. Reduced LTP. Reduced mEPSC frequency and
amplitude.
Social behaviors Reduced social sniffing Reduced interest in novel Normal initiation of social  Perturbed recognition of social NA
by males in male-female mice in nonsocial versus interaction. Perturbed noveity during three chamber test.
interactions, mild social novel social pairing in three recognition of social Decreased reciprocal
impai in rech test, females novelty during three interactions in dyadic test.
in j better than males. chamber test. Decreased frequency of
Normal three D i i social nose-to-nose interaction.
test for adult mice. interactions in dyadic test, Decreased anogenital sniffing.
USV calls Reduced calls observed Males made more calls, Not mentioned NA N/A
in some cohorts of adult while females made fewer calls.
mice during social g Altered i
but no difference in newbomn  and duration of calls.
PUps.
i elf- i head pokes in No increase in Self-injurious greeming, Self-injuricus grooming,
behaviors Inflexible behavior in reversal  hole-board test, I-injurious g g causing skin lesions. causing skin lesions.
of water maze in elf-g Q. yp
some cohorts. object maniputation in novel
object test.
Leaming and Impaired novel object Impaired in acquisition and N/A No difference observed in N/A
memory recognition. Normal Morris reversal in Morris water maze. Morris water maze.
water maze, normal fear Impaired short- and long-term
conditioning. memory
Schizophrenia- Normal sensory gating No difference in PPI. NA NA NA
related behaviors and startie reflex. Not hyperactive in the
open fiekd,
AMPA, ino-3-hydroxy-5-methyi-4 acid; LTP, long-term potentiation: LTD, long-term depression: NMDA, N-methyl-D . mEPSC, Y postsyn-
aptic current; mIPSC, miniature inhibitory pestsynaptic current; mGIuRS, 0 ptor 5; N/A, not 170, input/output; PPI, prep: usv, vocal-
ization.

Overall what these behavioral studies do support is that synaptic impairment

might cause the core symptoms of autism. Particularly striatum dysfunction might
underlie repetitive behaviors observed not only between different ASD-mouse models
(Nign3-KO, NLGN3 R451C mutant, Shank3Aex4-9°°*™  Shank3hex4-9”%",
Shank3Mex11, Shank3Aex13-16 and Shank3Aex21) but also seen across several OCD-
mouse models (Sapap3-, Slitrk5- and Hoxb8-KO mice).
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Chapter 2

Distinct role of parvalbumin interneurons of
the dorsomedial striatum in habit formation






2.1 Summary

Rodent striatum displays a dorsolateral-to-ventromedial topographical
organization. Within the dorsal region, medial and lateral striatum territories (DMS
and DLS) support distinct behavioral outcomes. DMS encodes goal-directed
actions that upon repetition often become habits (encoded by DLS). At cellular
level, it is not clear how this transition of activity from DMS to DLS takes place.
Parvalbumin interneurons (PV) provide important striatal inhibition but their role in
striatum-mediated habit formation is unknown. Using retrograde viral mapping we
show that parvalbumin interneurons in DMS receive unique mPFC inputs and
have distinct electrophysiological signature from parvalbumin interneuron in DLS
region. Using TeLC (tetanus toxin light chain) in a cre dependent manner, we
locally silence this PV population and show that PV-inhibitory activity in DMS is
required for habit formation in mice.

2.2 Background

Proper psychomotor behavior processing such as motor control,
procedural learning and behavioral switching requires basal ganglia circuits"*1°.
Striatum is a major basal ganglia input station and dysfunction to this region has
been related to OCD and ASD, thickening the list of previously known striatum-
related disorders such as Parkinson and Huntington’s disease®. Anatomically,
the striatum has a dorsal sensorimotor area and a ventral limbic region. Recent
neurophysiology and behavior studies have suggested a further subdivision of the
dorsal area into dorso-lateral (DLS) and dorso-medial (DMS) striatum. These
rodent regions respectively resemble primate’s putamen and caudate

r.egions13,161,162

and seem to differentially support two behavioral strategies:
intentional goal-directed actions (DMS mediated) that after repetition often
become habitual automated responses (DLS mediated)'®'*'®2°, Simultaneous
recordings in DLS and DMS during initial task learning and extended training,
show increasing firing rates during early training in both regions. However
extended training reveals markedly opposed patterns. DMS activity gradually
wanes to naive levels, whereas DLS activity further increases with

training®'®'%*. This data together with previous lesions studies'® %%

suggests a
model where strengthening of DLS activity together with decline of DMS activity is

required for habits formation. In a scenario where DMS activity is prematurely
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suppressed (such as excitotoxic lesions), DLS activity is uncovered and habits
immediately emerge early in training. Previous studies have shown that local
modulation of striatum medium-spiny neurons (MSNs) is required for successfully

2122 Eyen

engaging or transitioning between these two behavioral strategies
though several lines of evidence support this distinct functionality between DLS
and DMS regions, it is not known what neuronal correlates are responsible at the
cellular level.

Parvalbumin interneurons (PVs) can act as powerful circuit-

47,166,167

modulators , posing as ideal candidates for regulating striatal output. Here

we provide electrophysiological and histological evidence for dichotomous PV
populations between DLS and DMS regions. In line with previous reports'® ¢,
we observed that larger-elaborate PV cells cluster along the lateral striatum in
contrast to a smaller-simple PV population in DMS region. Taking advantage of
parvalbumin-cre transgenic mice, we have performed retrograde monosynaptic
tracing and whole-cell recordings to show that parvalbumin interneurons located
in dorsomedial striatum are intrinsically more excitable and receive uniqgue mPFC
inputs. By locally silencing this population in a cre dependent manner (AAV-
FLEX-TeLC; tetanus toxin light chain), we found that PV-inhibitory activity in DMS
is required for habit formation in mice but not goal-directed learning.
Underpinning neuronal substrates that control purposeful versus habitual actions
is crucial to understand striatum dysfunction in a broad range of complex
neuropsychiatric disorders.

2.3 Results

2.3.1 Pvalb™'®A"":ROS A26-stop™**-tdTomato mice label
striatal parvalbumin interneurons

Parvalbumin interneurons represent a very small percentage of all striatal
neurons (~1 %) but provide robust feedforward inhibition that shapes the firing
activity of MSNs®'7°. A larger elaborate PV population can be observed in
dorsolateral striatum contrasting to a smaller-simple PV population in the
dorsomedial area (Fig.2.1). To allow identification and electrophysiological
recordings from these two populations we started by crossing Pvalb™ C®A®" with
ROSA26-stop™*-tdTomato mice to drive tdTomato expression under the control
of endogeneous parvalbumin promoter. To confirm whether PV cells can be
correctly labeled by this strategy we performed slice immunostaining with known
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striatal markers. Faithful colocalization is observed between tdTomato native

signal and parvalbumin staining, but no other striatal markers (DARPP32, SOM,

ChAT), indicating a correct reporting strategy (Fig.2.2).

b DLS DMS

Figure 2.1 | Larger elaborate PV population in DLS and smaller simple PV
population in DMS.

a, Parvalbumin immunostaining shows a larger elaborate PV population in dorsolateral
striatum contrasting to a smaller-simple PV population in the dorsomedial region. b,
Infrared differential interference contrast (IR-DIC) image of DLS and DMS regions
targeted for electrophysiology recordings (top) and fluorescent images of recorded
tdTomato-positive cells in DLS and DMS (bottom). Scale bar a= 200 um, b= 10 pm.
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tdTomato DAPI+Merge

SOM DARPP32 PV

ChAT

Figure 2.2 | Pvalb™'®A*":ROSA26-stop”*-tdTomato mice express tdTomato
fluorescence in striatal parvalbumin interneurons.

Fluorescence images of histological sections show colocalization of native tdTomato
expression with endogenous PV immunoreactivity, but not DARPP32, SOM or ChAT

(scale bar= 20 pm).
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2.3.2 Striatal PV interneurons have different intrinsic
excitability in medial and lateral territories

We performed whole-cell intrasomatic current injection in striatal
tdTomato-positive PV cells to study passive and active membrane properties.
PVs located in DMS show higher intrinsic excitability, as represented by their left-
shifted |-V curve (Fig.2.3A). Input resistance obtained through extrapolation from
the |-V plot as well as direct measurement through a -150 pA hyperpolarizing
current step, shows significantly higher value for DMS-PVs than DLS-PVs
(Fig.2.3B) (DMS-PV median= 42 MQ, n= 25; DLS-PV median= 28 MQ, n= 25;
***p<0.001). In addition, significantly higher membrane resistance was observed
for the DMS population (Fig.2.3B) (DMS-PV median= 104 MQ, n= 25; DLS-PV
median= 69 MQ, n= 25; **p<0.01). Active membrane properties also show that
DMS-PV interneurons are more excitable, displaying a left-shifted I-F curve
(Fig.2.3C). Action potential triggering (rheobase) also requires less current
injection compared to DLS-PV population (DMS-PV median= 450 pA, DLS-PV
median= 550 pA, ***p<0.001) (Fig.2.3C right panel; Fig.2.4). This hyperexcitable
profile could also reflect a smaller membrane surface area, as suggested by the
staining data showing a smaller-simple PV population in DMS (Fig.2.1). We thus
measured whole-cell capacitance and confirmed smaller values for the DMS-PV
population (Fig.2.4). Notably resting membrane potential (DMS-PV= -86 mV,
DLS-PV= -85 mV; NS) and spike threshold (DMS-PV median= -40 mV, DLS-PV
median= -41 mV, NS) were not different between the two populations and hence
do not seem to contribute for the observed excitability differences (Fig.2.4).
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Figure 2.3 | PV interneurons in DMS and DLS regions have different intrinsic

excitability.

Increased intrinsic excitability for DMS-PVs is shown by their left-shifted IV curve (a) and

higher input and membrane resistance values (b). ¢, IF-plot and representative current

injection steps for the two striatal PV populations demonstrate intrinsic hyperexcitability
in dorsomedial PV population compared to dorsolateral PVs. **P<0.01; ***P<0.001;
unpaired t-test (DMS n=25 PV, DLS n= 25 PV cells).
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Figure 2.4 | Lower rheobase and smaller capacitance values indicate that DMS-PVs
are intrinsically more excitablity than DLS-PVs.

Top panel, DMS-PVs display lower rheobase values (left panel; n= 25 cells). No
differences were found in resting membrane potential (middle panel; n= 25 cells) or firing
threshold (right panel; n= 15 cells) between the two PV populations (***p<0.001,
unpaired t-test); Lower panel, Whole-cell capacitance histogram with Gaussian curve fit
indicates smaller membrane surface area in dorsomedial PV cells (DMS-PV normal
distribution mean= 43 pF; DLS-PV normal distribution mean= 61 pF; ***p<0.001, two-
sample Kolmogrov-Smirnov test, n= 20 cells per group).

2.3.3 Parvalbumin interneurons receive higher mEPSC and
lower mIPSC frequency in dorsomedial striatum

To address excitatory and inhibitory transmission in these lateral and
medial interneurons, synaptic physiology recordings were obtained from the two
populations in the same slices. Increased mEPSC frequency was observed for
DMS-PV cells with no changes in amplitude (DLS-PV= 1549 Hz 1.3, peak=
13.08 0.8 pA; DMS-PV= 22.31 Hz 1.8, peak= 15.25 pA £0.8) (Fig.2.5).
Decreased mIPSC frequency with higher amplitude was observed in DMS-PVs
(DLS-PV= 8.2 Hz 0.8, peak= 24.42 pA x1.4; DMS-PV= 5.7 Hz 0.5, peak=
29.66 pA 12.0; n= 16 cells) (Fig.2.5). These results show that parvalbumin
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interneurons display synaptic connectivity differences along lateral and medial
striatum axis. This data together with the dichotomous electrophysiological
membrane properties observed, suggests the existence of two discrete
parvalbumin interneuron populations that can potentially be a substrate for

differential targeting by upstream circuitry.
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Figure 2.5 | Increased mEPSC frequency and decreased mIPSC frequency in DMS-
PV interneurons.

a, Summary bar graphs (DMS n= 12 PV, DLS n= 10 PV cells) and cumulative probability
curves (200 events per cell) show significantly increased mEPSC frequency in DMS-PV
cells with no difference in amplitude. b, Summary bar graphs (n= 16 PV cells) and
cumulative probability curves (140 events per cell) show that DMS-PV cells have
reduced mIPSC frequency; amplitude however is increased. Example traces are shown
at the bottom for both panels (top grey traces= DMS-PV; bottom red traces= DLS-PV).
*P<0.05; **P<0.01; unpaired t-test; data presented as means £s.e.m.
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2.3.4 Mapping inputs to striatal parvalbumin cells using
rabies-virus monosynaptic tracing reveals unique mPFC
projections to DMS-PV interneurons

Corticostriatal connectivity criteria has been classically used to distinguish
dorsal and ventral striatum areas (sensorimotor versus limbic-innervated
territories). Within dorsal striatum, topographical cortical innervation has also
been used to further define lateral and medial territories (sensorimotor versus
higher associational cortex-innervated territories)'. However, at the cellular level,
it is not known whether striatal interneurons obey to a corticostriatal topographical
organization. To address this question we used modified rabies-virus to perform
in vivo cre-dependent monosynaptic retrograde tracing of the inputs that
innervate striatal PV cells. A conditional helper virus (AAV-synP-DIO-sTpEpB)
was injected into lateral or medial striatum territories in PV-cre mice
(Pvalbtm1(cre)Arbr) and followed by injection of modified rabies virus 2weeks
later (EnvA-AG-RFP-rabies). Post-hoc analysis of brain sections revealed that
parvalbumin interneurons in dorsomedial striatum receive afferent innervation
from mPFC region (Fig.2.6). This connectivity pattern was not observed for
parvalbumin interneurons located in dorsolateral striatum region (Fig.2.6). Both
populations seem to integrate inputs from thalamus and GP regions (data not

shown).
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H

Figure 2.6 | Cre-dependent monosynaptic retrograde tracing from striatum

parvalbumin interneurons.

Panels showing rabies-labeled neuronal subtypes in various brain regions due to
retrograde monosynaptic spreading from PV—cre striatum infected cells. a,b, DLS-PV
cells receive inputs from sensorimotor cortex but not mPFC. ¢,d, DMS-PV cells receive
dense inputs from mPFC region. A,C= scale 2 mm; B,D= scale 200 um; b1,d1= scale 50

pm.
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2.3.5 Conditional expression of TeLC in striatal
parvalbumin-interneurons efficiently reduces inhibitory
transmission onto MSNs

To directly test whether parvalbumin interneurons in DMS region can play
a role in striatum-mediated behaviors, we ought to locally silence DMS-PV
interneurons in vivo. Previous pharmacological manipulation of parvalbumin
interneurons in the opposite region (DLS), showed that lack of DLS-PV inhibiton
can cause dyskinesias'”'. To silence DMS-PV interneurons without affecting their
action-potential firing, we used tetanus toxin light chain (TeLC) that is known to
cleave VAMP2 and block neurotransmitter release at the synaptic terminal'>"'".
To achieve cell-type silencing using this strategy, we generated a viral vector
containing the TelLC inverted sequence in a flip-excision (FLEX) cassette'”.
Injection of FLEX-TeLC into PV-cre mice (Pvalbtm1(cre)Arbr) allows for restricted
expression of TeLC in parvalbumin interneurons and further prevents
reorientation of the remaining Lox sites. This strategy can hence conditionally
suppress synaptic release from infected parvalbumin interneurons. To test this,
PV-cre mice were bilaterally injected with AAV-FLEX-eYFP (control condition) or
AAV-FLEX-TeLC-eYFP (test condition) into DMS region (Fig.2.7). We then
performed patch-clamp in striatal brain slices to record sIPSCs from neighboring
MSNSs. Significant reduction of sIPSC frequency was observed in TeLC condition
compared to eYFP control (eYFP= 3.0Hz £0.5, peak= 36 pA, n= 6 cells; TeLC=
0.8 Hz £0.15, peak= 35 pA; n= 8 cells), confirming a successful reduction of

inhibitory synaptic transmission (Fig.2.7).
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Figure 2.7 | Conditional expression of TeLC in striatal parvalbumin-interneurons
efficiently reduces synaptic inhibitory transmission onto MSNs.

a, Targeted sIPSC recording from a medium spiny neuron (MSN) located in the vicinity
of an eYFP labeled PV interneuron. b, Cartoon illustrating the strategy used for testing
the efficiency of tetanus toxin; For this experiment, PV-cre mice were injected in one
hemisphere with cre-dependent-AAV-eYFP and cre-dependent-AAV-TeLC-eYFP on the
other hemisphere. sIPSCs where later recorded from the same animal for the two viral
conditions. ¢, Reduced sIPSC frequency in TeLC-eYFP condition compared to eYFP
condition, with no significant changes in amplitude. d, Inset of sIPSC traces recorded
from eYFP (top black trace) and TelLC-eYFP (bottom green trace) conditions.
***P<0.001, unpaired t-test (n= 6MSNS for eYFP, n= 8MSNs for TeLC); data presented

as means ts.e.m.
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2.3.6 Parvalbumin-inhibitory activity in DMS is required for
habit learning, but not goal-directed learning

To test whether local silencing PV-DMS interneurons influences striatum-
dependent behavior, we probed mice in a self-operant conditioning paradigm that
requires striatum function'®'+2%115176  Two-weeks after bilateral injections (eYFP
versus TeLC), mice were trained under two different training schedules (random
interval [RI] and random ratio [RR]) that respectively promote habitual versus
goal-directed responses'®'’®. Briefly, mice were food restricted and trained to
lever-press for obtaining food pellets. Two different schedules of reinforcement
were used: a progressive random-ratio schedule that consisted in 3 days of
continuous reinforcement (CRF; 1lever press= 1pellet; fixed ratio 1), 2 days of
random ratio 10 (RR10) and 4 days of random ratio 20 (RR20); or a progressive
random-interval schedule that consisted in 3 days of continuous reinforcement
(CRF; 1lever press= 1pellet; fixed ratio 1), 2 days of random interval 30s (RI30)
and 4 days of random interval 60s (RI60). After that period, a selective satiety
devaluation test (pre-feeding) was performed to address their lever pressing
behavior between valued and devaluated conditions (mice were pre-fed with
either regular home cage mouse chow or the pellets earned during lever-
pressing). RR training schedule was used to promote goal-directed performance
that should result in reduced lever pressing on the devalued condition. Both mice
groups (eYFP and TeLC) trained under RR reinforcement schedule showed
increasing lever-pressing rates across training days (Fs1sa= 110.24, p<0.0001)
(Fig.2.8A) and both readily reduced their lever pressing upon devaluation test
(eYFP p= 0.0003; TeLC p= 0.008) (Fig.2.8C). There was no effect of group on
lever pressing (F1,144= 0.97, p= 0.38) or interaction between training and group
(Fs.144= 1.65, p= 0.08) (Fig.2.8A). The rate of reinforcements per minute changed
throughout training (Fsi144= 4.26, p= 0.0001) with no significant difference
between groups (Fi14= 0.39, p= 0.54), or interaction between training and
groups (Fs144= 1.28, p= 0.26) (Fig.2.8B). This indicates that a reduction in
dorsomedial PV-mediated inhibition does not seem to affect goal-directed
responses. Both mice groups (eYFP and TeLC) showed no obvious signs of
neurological deficits and behaved similarly in open-field and elevated zero maze
tests, suggesting that locomotion and anxiety levels were unaffected (Fig.2.9).
However when RI training schedule was used to promote habitual responses,
TeLC mice failed to develop lever-pressing habit upon devaluation test (eYFP p=
0.07; TeLC p= 0.0054) (Fig.2.8F). Once again both mice groups (eYFP control
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and TeLC) showed increasing lever-pressing rates across training days (Fs 4s6=
150.31, p<0.0001) with no effect of group on lever pressing (F1.4s6= 0.78, p= 0.38)
or interaction between training and group (Fsse= 0.69, p= 0.7) (Fig.2.8D). The
rate of reinforcements per minute changed throughout training (Fgsse= 22.19,
p<0.0001) with no significant difference between groups (F1 456= 0.42, p= 0.52), or
interaction between training and groups (Fg4s6= 0.35, p= 0.95) (Fig.2.8E). This
result suggests that inhibitory activity from parvalbumin interneurons in

dorsomedial striatum is required for normal habit formation in mice.
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Figure 2.8 | Parvalbumin-inhibitory activity in DMS is required for habit learning
but not goal-directed response.

a, Average lever-presses per minute across training days (RR schedule). b, Average
rate of reinforcements throughout RR schedule training. ¢, Lever pressing in valued and
devalued states shows goal-directed response in both mice groups. d, Average lever-
presses per minute across training days (Rl schedule). e, Average rate of reinforcements
throughout RI schedule training. f, Lever pressing in valued and devalued states shows
habitual response in control mice and goal-directedness in TeLC mice. Repeated-
measures 2-way ANOVA in a, b, d, e with Bonferroni post-hoc test; Paired t-tests for ¢
and f. Error bars indicate s.e.m. **P<0.01, ***P<0.001.
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Figure 2.9 | Silencing DMS-PVs does not induce changes in anxiety or locomotion.
a,b, Open field results show no difference in total distance between TeLC and eYFP
groups. ¢, Rearing frequency in the open field shows no difference between TeLC and
eYFP groups. d, Both mice groups spend similar time exploring the open arm, indicating
again comparable levels of anxiety. Two-way repeated measures ANOVA with
Bonferroni post hoc test for a and c¢; Two-tailed unpaired t-test for b and d; All data
presented as means £s.e.m. (n= 10 eYFP and n= 10 TeLC mice).
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2.4 Discussion

Here we characterize for the first time the physiology of striatal
parvalbumin interneurons in DLS versus DMS territories and provide evidence for
dichotomous populations between these regions. Whole-cell recordings revealed
that parvalbumin interneurons in dorsomedial striatum are intrinsically more

14177 one could

excitable. Given the important role of DMS during initial learning
imagine that having a more responsive PV population in this region would confer
greater advantage. In a scenario where an unexpected outcome occurs and
behavioral flexibility is required (such as during early training), having a more
responsive PV population could quickly inhibit local MSNs and stop an ongoing
behavior program, promoting behavioral flexibility. On the other hand, once a task
has been extensively repeated and a specific behavioral strategy has proven to
be effective, it should be preserved and not easily changeable (habitual behavior;
DLS mediated). In this case, stronger inputs (and repeated inputs perhaps) would
be needed to activate the less excitable DLS-PV inhibitory cells and stop an
ongoing habitual response (less sensitive to outcome changes). Second, the
finding that mPFC inputs target parvalbumin cells in DMS region (but not DLS)
comes to suggest that these discrete PV populations in lateral and medial
territories are part of different corticostriatal networks and may contribute to the
parallel/competing roles of DLS and DMS in controlling behavior. The results
obtained from our behavioral testing indeed suggest that PVs in DMS are
required for habit formation but not goal-directed responses. Given previous
findings that DMS activation is seen early during training (and required for goal
directedness), one could imagine that inhibition provided by PVs at that stage of
training, might not be too relevant. However with extended training, DMS activity
tends to decrease and habits start to emerge. It is then tempting to speculate that
PV cells might be providing an important inhibitory contribution by helping to wan
DMS activity at that point. By artificially silencing DMS-PVs in this study, we
speculate that DMS activity period is being abnormally extended during training
and impairing the formation of habits. This finding can bring tremendous
implications for human studies where exaggerated habitual routines are hard to
extinguish (maybe due to lowered MSN activity in DMS [“caudate”]; or abnormally
high DLS [“putamen”] MSN activity). Interestingly OCD symptomatology has been
reported after lesion in the left caudate nucleus'’®; although caudate

hypermetabolism has also been reported in OCD'”®. One exciting possibility is the
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differential involvement of cell populations that lead to opposite striatal output
(striatal excitation or inhibiton). Clarifying the neural correlates responsible for the
mechanisms of habit formation can allow us to create a better model of striatal

function and help to manipulate behavioral phenotypes.
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2.5 Methods

Experimental animals: PV-cre mice and ROSA26-stop"-tdTomato cKi

mice have been previously described'® '8!, Specific primers were designed in this
study to distinguish PV-cre heterozygous from homozygous mice:

Primer 5'-GCTCAGAGCCTCCATTCCCT-3'

Primer 5'-GCTCAGAGCCTCCATTCCCT-3'

Primer 5'-CAGCCTCTGTTCCACATACACTTC-3'

ROSA26-stopflox-tdTomato+/+ mice were crossed with PV-cre mice to
generate PV-cre+/-:ROSA26-stopflox-tdTomato+/+ mice for electrophysiology
recordings. PV-cre mice were also crossed with C57BL6 mice to generate PV-
cre+/- mice for injections and behavioral testing. Animals were housed on
controlled environment (12h light/dark cycles, 24h temperature and humidity
monitoring), 2-5 mice per cage and ad libitum water. Ad libitum food was
generally provided, except during operant conditioning training. Post-surgery
mice were individually housed after surgery. All animals were blinded before
behavioral testing. All experimental procedures were reviewed and approved by
the MIT Committee on Animal Care (CAC).

Slice preparation: Acute striatal slices were prepared from 5-6-week-old

PV-cre+/-:ROSA26-stop"*-tdTomato+/+. Animals were anesthetized by avertin
intraperitoneal injection (tribromoethanol, 20 mg/ml, 0.5 mg/g body weight) and
transcardially perfused with cutting NMDG-based aCSF (mM): 92 N-methyl-D-
glucamine (NMDG), 2.5 KClI, 1.20 NaH,PO,, 30 NaHCO3, 20 HEPES, 25 glucose,
2 thiourea, 5 Na-ascorbate, 3 Na-pyruvate, 0.5 CaCl,.2H.O, 10 MgS0..7H.O
(~300 mOsm, 7.2-7.4 pH). Following decapitation, brain was removed and
coronal brain slices (300 um) prepared using a Vibratome 1000 Plus (Leica
Microsystems, USA). Slices were recovered in cutting solution at 32—-34°C for 10-
15 minutes and transferred to room-temperature carbogenated regular
aCSF(mM): 119 NaCl, 2.5 KCI, 1.2 NaH,PO,, 24 NaHCO;, 12.5 glucose, 2
MgS0,.7H,0, 2 CaCl,.2H,0 (~300 mOsm, 7.2-7.4 pH). All slices were allowed to

recover at least 21h prior to whole-cell recordings.

Electrophysiology recordings: Slices were transferred to the recording

chamber (RC-27L, Warner Instruments) and constantly perfused with

carbogenated regular aCSF at 30+2°C, ~2 ml/minute rate. Borosilicate glass
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microelectrodes (King Precision Glass) were pulled on a P-97 horizontal puller
(Sutter Instruments) and backfilled either with KGlu, CsCl or CsGlu internal (KGlu
mM: 145 K-Gluconate, 10 HEPES, 1 EGTA, 2 MgATP, 0.3 NaGTP and 2 MgCly;
pH adjusted to 7.3 with KOH and osmolarity adjusted to ~300 mOsm with
sucrose. CsGlu mM: 110 CsOH, 110 D-Gluconic acid, 15 KCI, 4 NaCl, 5 TEA-CI,
20 HEPES, 0.2 EGTA, 5 Lidocaine N-ethyl chloride, 4 MgATP, 0.3 NaGTP; pH
adjusted to 7.3 with KOH and osmolarity adjusted to ~300 mOsm with K,SO,.
CsCl mM: 103 CsCl, 12 CsOH, 12 Methanesulfonic acid, 5 TEA-CI, 10 HEPES,
0.5 EGTA, 5 Lidocaine N-ethyl chloride, 4 MgATP, 0.3 NaGTP, 10
Phosphocreatine, 4 NaCl; pH adjusted to 7.3 with KOH and osmolarity adjusted
to ~300 mOsm with K,SQ,), presenting a typical resistance around 2-4 MQ.
Slices were visualized under IR-DIC (infrared-differential interference contrast)
using a BX-51WI microscope (Olympus) and recordings were obtained after seal
rupture and internal equilibrium from visually identified tdTomato-positive cells.
Picrotoxin 100 uM and TTX 1 uM were added for mEPSC experiments and AP-V
50 uM, NBQX 10 uM and TTX 1 uM were added for mIPSC experiments (all
drugs from Tocris). Data was acquired using a MultiClamp 700B amplifier and a
Digidata 1440A. Signals were filtered at 1-2 KHz and digitized at 10 KHz. For
current-clamp recordings, bridge balance was adjusted and pipette capacitance
neutralized. Series resistance compensation (<20 MQ) was performed in voltage-
clamping mode. Theoretical liquid junction potential was estimated to be around
-11 mV and not corrected-for.

Antibodies: Mouse anti-parvalbumin antibody (PV235, 1:5000 dilution)
from Swant; mouse anti-DARPP32 (611520, 1:1000) from BD Biosciences; rabbit
anti-Somatostatin (AB5494, 1:200) from Milllipore; and goat anti-ChAT antibody
(AB144P, 1:500 dilution) from Millipore.

IHC and confocal imaging: Mice were anesthetized by isofluorone

inhalation and transcardially perfused with PBS solution followed by 4 % PFA
(paraformadehyde) fixative solution. Brains were kept in 4 % PFA overnight at 4
°C, then transferred to PBS and sectioned at 50 microns. Sections were washed
3x in PBS and permeabilized for 5 minutes using a PBS solution containing 10 %
MeOH, 3 % H,0,, and 0.5 % NaBH,, except for ChAT immunostaining. Slices
were again washed 3x PBS and incubated in 1.2 % Triton-X 100 for 15 minutes,
followed by another 3x PBS wash. Blocking was then performed for 1h in PBS

containing 2 % BSA and 0.2 % Triton-X. Primary antibodies were incubated
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overnight at 4°C for detection of the respective antigens. Next day sections were
washed 3x PBS, followed by 2-4 h incubation with secondary antibody (species-
specific Alexa488-conjugated antibody, 1:1500, Invitrogen) at room temperature.
Lastly, sections were washed 3x PBS, stained for DAPI, mounted in ProlongGold

(Invitrogen) and imaged using a confocal microscope.

Statistical Analyses: All statistical analyses were performed using Prism
(GraphPad Software) and MATLAB Software (MathWorks). Mean and median

results are graphically displayed with respective SEMs and whisker bars showing

general distribution. Data sets were analyzed for significance using either
student’s t-test or two-way repeated ANOVA measures with post-hoc Bonferroni
test, using p<0.05 as significance threshold. Further details on particular

statistical analyses can be found on the respective results section.

Surgeries and viruses: 6-8 weeks old mice were anesthetized with

isoflurane, placed on a stereotactic frame and viral injections performed using a
Nanoject device. For TeLC/eYFP experiments we bilaterally injected mice in 2
coordinates per hemisphere: ML+-1.4, AP+1.18, 2.5 and ML+-2.0, AP+0.5, 2.4
from bregma (~0.1 pl virus per site). Mice were used for behavioral experiments 2
weeks after recovery. pPGEMTEZ-TeTxLC plasmid was a gift from Ron Yu and
was PCR-amplified and inserted into AAV-hSyn-FLEX. AAV-hSyn-FLEX-P2A-
eYFP-WPRE-PolyA and AAV-hSyn-FLEX-TeLC-P2A-eYFP-WPRE-PolyA
plasmids were then packaged in AAV2/8 (~2e+13 vg/ml) by Virovek (California).
For monosynaptic tracing experiments we injected ~0.1 ul AAV-synP-DIO-
sTpEpB at DLS or DMS (bregma coordinates: DLS ML+2.75, AP+0.5, 2.0; DMS
ML+2.0, AP+0.5, 2.3). 2-3 weeks later we injected 0.1 ul RVAG-RFP(EnvA) at the
same bregma location. Mice were sacrificed 7days later to observe expression
pattern. AAV-synP-DIO-sTpEpB and RVAG-RFP(EnvA) where generated by MIT

Genetic Neuroengineering Group (Massachusetts Institute of Technology)'®.

Open _Field: Automated Omnitech Digiscan apparatus (AccuScan
Instruments) was used to assess spontaneous locomotion by total distance
traveled in the open field apparatus. Anxiety was assessed by rearing activity.
The first 30 minutes were evaluated for all parameters. Two-way ANOVA with
Bonferroni post-test was used to test statistical significance.
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Zero Maze: Animals were habituated for at least one hour before testing.
An elevated zero maze apparatus was indirectly illuminated at 60 lux and the
animal was introduced into the closed arm and allowed to freely explore the maze
for 5 minutes. A blinded observer performed data analysis using automated
tracking software Noldus Ethovision. Anxiety-like behavior was assessed by the

time spent in the open arm during the 5-min interval.

Operant chambers: Eight Med Associates operant chambers (21.6 cm

long x 17.8 cm wide and 12.7 cm high) with sound-attenuating walls, two
retractable levers, one food magazine and a 3 W 24 V house light on the opposite
wall, were used for operant conditioning. Operant chambers and levers used (left
or right lever) were counterbalanced across groups. Bio-Serv 14 mg pellets were
used as reward during operant conditioning. Med Associates behavioral software
(Med-PC) was used and behavioral programs for conditioned reinforcement
(CRF), extinction test, random interval schedules (RI30 and RI60) and random
ratio schedules (RR10 and RR20) were gently provided by Dr. Henry Yin (Duke
University, USA) and Dr. Rui Costa (Champalimaud Center for the Unknown,
Portugal). Each training session begins by lever insertion and house light
ilumination. At the completion of each session, house light is turned off and the
lever retracted.

Operant training: 3 days prior to training, animals were gradually food-

restricted (~2 g mouse chow per day) and maintained at approximately 85 % of
their ad libitum body weight throughout the entire experiment. Mice were initially
trained on a continuous reinforcement schedule during 3 consecutive days (CRF;
1lever press= 1pellet; fixed ratio 1). The session would end after 60 minutes or if
50 reward pellets were earned. After CRF training completion, different mice
started training under RR or RI reinforcement schedule. To generate goal-
directed behavior, mice were trained using a random ratio schedule (RR)'"®'®,
Training started with 2 consecutive days of random ratio 10 (RR10), followed by 4
consecutive days of random ratio 20 (RR20). To generate habitual behavior, mice
were trained using a random interval schedule'”®'8'®  Training started with 2
consecutive days of random interval 30 s (RI30) and 4 consecutive days of
random interval 60 s (RI60). Two-way ANOVA repeated measures was used to

evaluate differences between groups.
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Devaluation test: After the training period (3 days CRF + 2 days
RR10/RI30 + 4 days RR20/RI60), a selective satiety devaluation test was
performed on the next 2 days. On each day, mice were given 1H ad libitum

access to either mouse chow (home cage food; valued condition; minimum food
consumption= 0.4 g) or the pellets earned during lever-pressing (devalued
condition; minimum food consumption= 0.4 g). Immediately after the feeding
session, mice were tested for training lever presses during 5 minutes (with no
pellets earned). Valued and devalued conditions were counterbalanced across
groups, being tested either on devaluation day 1 or day 2. If there is a behavioral
adaptation after obtaining an unexpected outcome, this reflects a goal-
directedness response and lever presses should decrease in devalued condition
(influenced by consequences). On the other hand, a behavior pattern that
persists after a defrauded outcome is considered habitual and lever presses
number should not decrease in devalued condition (controlled by antecedent
stimuli). Group comparisons were performed using paired t-test between valued
and devalued conditions.
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Chapter 3

Adult Restoration of Shank3 Expression
Rescues Selective Autistic-like Phenotypes






3.1 Summary

Autism and autism spectrum disorders (ASD) are clinically defined by the
symptoms of social impairment and repetitive behavior/restricted interests,
affecting 1 in 68 children in the United States'®. Because patients with ASD
typically display symptoms before the age of three, the ASDs are classically
categorized as developmental disorders'®®. One of the key questions in autism
research is whether the pathology is reversible in adults. Previous work on mouse
models with ASD-linked genes including Mecp2 and Syngap1 have provided
opposing results upon adult gene rescue'®”'®, This suggests that different genes
involved in ASD have distinct developmental properties. Here we investigate the
developmental requirement of Shank3, one of the most prominent ASD genes
that is estimated to contribute to ~1 % of all ASD cases'>*'°*81% SHANK3S is a
master postsynaptic scaffold protein that regulates synaptic development,
function and plasticity by orchestrating the assembly of postsynaptic density
(PSD) macromolecular signaling complex'”'®""'% Disruptions of the Shank3
gene in mouse models have resulted in synaptic dysfunction and autistic-like
phenotypes including anxiety, social interaction deficits, and

repetitive/stereotyped behavior®:12%:130:132,

Here we have generated a novel
Shank3 conditional knock-in mouse model and used it to demonstrate that re-
expression of the Shank3 gene in adult leads to improvements in selective ASD-
related phenotypes. We provide synaptic, circuit, and behavioral evidence that
certain phenotypes including social interaction deficit and repetitive grooming
behavior can be significantly rescued in adulthood while anxiety and motor
coordination deficit cannot be recovered. These results suggest that plasticity for
certain neural circuits persist into adulthood in the diseased brain, and that the
underlying mechanisms for different autistic-like phenotypes have distinct

properties.

3.2 Background

The SHANKS3 protein contains five protein-protein interaction domains
including N-terminal ankyrin repeats, SH3 domain, PDZ domain, proline-rich
region, and a C-terminal SAM domain. Through the PDZ domain, it binds to
SAPAP to form the PSD-95-SAPAP-SHANK complex. This assembly of proteins
acts as a scaffold at the excitatory synapse, coordinating the recruitment and
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interactions of many postsynaptic signaling molecules'**'**. Previous work shows
that Shank3 germline deletion disrupts the protein composition at the
postsynaptic density (PSD), reduces neurotransmission efficiency and leads to
autistic-like behavior>®129.130.132

To address whether adult reversal of this ASD-like phenotype is possible,
we adopted a genetic method that allows for inducible Shank3 expression by Cre
recombinase. Because Shank3 duplication is linked to ADHD and bipolar
disorder, and Shank3 overexpression in mice leads to manic-like phenotypes and

abnormal synaptic function'®'?"1%

, it is critical to maintain tight regulation of
Shank3 expression within its physiological concentrations to avoid potential
confounds. Other targeting methods including inducible transgene expression
and viral delivery do not provide such precise control'®®'%”. Thus, we generated a
novel Shank3 conditional knock-in mouse by using the Cre-dependent genetic
switch (FLEx) strategy'’, which enables the conditional manipulation of the
Shank3 gene at its endogenous genetic locus. To our knowledge this is the first

engineered conditional mouse model of autism using FLEXx strategy in vivo.

3.3 Results

3.3.1 Shank3™™ mice have disrupted SHANK3 expression,
corticostriatal and behavior deficits

We genetically targeted the PDZ domain, which includes exons 13 to 16,
due to its presence in all major isoforms of SHANKS3 and its role in assembling
the multiprotein scaffold complex in the PSD. In addition, our previously reported
Shank3B knockout mice, which show significant synaptic dysfunction and autistic-
like behaviors, were also generated by disrupting the PDZ domain®. We inverted
and flanked exons 13-16 with two staggered pairs of inward-facing non-matching
Lox sites (Fig. 3.1A). The introduction of Cre recombinase will catalyze the re-
orientation of the inverted and double floxed exons 13-16, allowing correct gene
transcription. Further inversion of the re-oriented exons will be prevented by the
incompatibility of the remaining Lox sites, which are LoxP and Lox2722 (Fig.
3.1A, Fig. 3.2). In the absence of Cre, the Shank3fx/fx mice function as SHANKS
knockout (KO), and result in the deletion of most major isoforms of SHANKS
including the putative alpha, beta, and gamma bands (Fig. 3.1B). Similar to
behavioral abnormalities previously reported on SHANK3 knockout
mice>® 129130132 thage Shank3fx/fx mice show significant deficits in exploratory
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behavior (Fig. 3.1C), anxiety (Fig. 3.1E), motor deficits (Fig. 3.1D), and display
open wound lesions which suggest repetitive/stereotyped grooming behavior® %,
In addition, they show impaired cortico-striatal transmission in the dorsal striatum
(Fig. 3.1F-G), consistent with our previous findings in Shank3B knockout mice.
These physiological and behavioral deficits indicated that our novel Shank3fx/fx
mice recapitulate autistic-like phenotypes, enabling us to investigate the

possibility of reversing these phenotypes in adulthood.
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Figure 3.1 | Shank3fx/fx mice have disrupted SHANK3 expression, corticostriatal
and behavior deficits.

a, Schematic domain structure of SHANK3 protein, with FLExed PDZ domain inverted;
flanked domain can be re-oriented in presence of Cre recombinase. b, Western blot
showing SHANKS3 expression in PSD preparation from striatum (3 pg total protein per
lane), for wildtype (WT) and Shank3fx/fx (KO) mice. ¢, Shank3fx/fx mice show
decreased total distance traveled in the open field test compared to WT. d, KO mice
show impaired motor coordination in rotarod test. e, Shank3fx/fx mice spend less time at
the open arm in elevated zero maze test. f, Shank3fx/fx mice show inefficient cortico-
striatal transmission as measured by decreased pop spike amplitude in extracellular field
recordings. g, Normal relationship of stimulation intensity to the negative peak 1
amplitude (NP1; action potential component) suggesting unaltered presynaptic function;
insets show representative field traces from Shank3fx/fx and WT mice. *P<0.05,
**P<0.01, ***P< 0.001; All data presented as means +s.e.m. (all behavior data from n= 6
WT and n= 7 KO mice); two-tailed t-test for ¢ (left panel) and e; two-way repeated
measures ANOVA with Bonferroni post hoc test for c (right panel), d, f and g

(electrophysiology data from n= 9 slices; 3 mice per genotype).
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Figure 3.2 | Generation of Shank3CKI mouse.

ai-ii, Schematic of the Shank3 gene and the target locus (image drawn to scale). aiii,
Targeted Exons 13-16. aiv, Neo-cassette excision via breeding with a germline Flp-
expressing mouse. av, Exons 13-16 re-inversion via breeding with Cre-expressing
mouse. b, PCR genotyping showing the bands for Fx, Rescue, and WT. ¢, Western blot
showing almost complete rescue of Shank3 expression upon Cre recombination, with
exception of putative Shank3y isoform. This is likely due to disruption of a putative
intronic promoter by the introduction of the LoxP sites.

3.3.2 Rescue of PSD proteins and cortico-striatal
transmission

To achieve temporal control of Shank3 expression, we crossed the
Shank3fx/fx mice to an inducible CAGGS-CreER mouse line (CAGGS comprises
a CMV enhancer and chicken-actin promoter'®?® that activates global Cre
function upon tamoxifen treatment (Fig. 3.4). When the Shank3fx/fx:CreER+/-
mice reach 2-4.5 months, we use oral gavage to deliver 5 consecutive daily
doses of tamoxifen followed by a 2-week hiatus and then another 5 consecutive
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daily doses of tamoxifen to ensure complete Cre-mediated re-orientation of exons
13-16 (Fig. 3.3A). All experiments post-feeding were performed on the following
three  groups:  Shank3+/+:CreER+/- treated with tamoxifen  (WT),
Shank3tx/fx:CreER+/- treated with tamoxifen (TM), and Shank3fx/fx:CreER+/-
treated with corn oil vehicle (KO). Synaptosomal preparations show that
tamoxifen treatment of Shank3fx/fx:CreER+/- mice restores the expression of
major SHANK3 isoforms to the wildtype level at synapses (Fig. 3.3B).

Previous reports indicated that Shank3 deletion in vivo significantly
decreases the concentration of multiple PSD scaffold proteins and receptor
subunits®®. However, it is unknown whether re-expressing Shank3 after
development can rescue the recruitment of various proteins to the synapse and
improve synaptic transmission. Because SHANKS is the only SHANK protein
family member highly enriched in the striatum, a region strongly implicated in
repetitive behavior®®, biochemical and synaptic characterizations were carried out
on striatal neurons.

We found that in the tamoxifen rescue condition, the synaptic
concentrations of scaffold proteins SAPAP3 and Homerlb/c are significantly
increased compared to those in the KO, reaching the level of WT controls (Fig.
3.3C). Similarly, there is also significant rescue in the level of receptor subunits of
NMDAR and AMPAR including NR2A, NR2B, and GluA2, with no significant
difference between the tamoxifen rescue condition and the WT controls (Fig.
3.3C). This molecular rescue at the synaptic level shows for the first time that
restoring Shank3 expression in the adult brain can efficiently recruit major
scaffolding and signaling proteins to the synapse and assemble the PSD protein
network even after the developmental period.

Due to the encouraging synaptic molecular repair after adult Shank3
expression, we investigated whether there were parallel changes at the functional
level. We prepared acute brain slices from tamoxifen treated adult mice and
controls to simultaneously test their cortico-striatal evoked transmission. As
expected, Shank3fx/fx:CreER+/- (KO) mice treated with corn oil show significantly
reduced field population spikes. However, the reduced field responses
Shank3fx/fx:CreER+/- mice treated with tamoxifen are rescued to WT levels (Fig.
3.3D-F). These results suggest that the impaired cortico-striatal circuitry in KO
mice can be reversed by restoring Shank3 expression in adulthood, in parallel
with restored PSD molecular composition. Interestingly, the KO mice also have
reduced mEPSC frequency that is not rescued in the tamoxifen condition,
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suggesting that other compensation mechanisms might be taking place to
properly restore the levels of cortico-striatal synaptic transmission (Fig. 3.5).
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Figure 3.3 | Rescue of PSD proteins and cortico-striatal transmission.

a, Feeding scheme and mouse genotype for all groups oral gavaged. b, Western blot
from striatal synaptosome preparation after tamoxifen feeding shows restoration of most
SHANKS3 isoforms. ¢, Western blot analysis of synaptosomal fractions from striatal tissue
after feeding scheme; PSD proteins are significantly increased in TM group compared to
KO; No difference between the TM and WT controls; 10 ug of protein per lane with
tubulin as loading control and normalized to wildtype levels. d, Rescued cortico-striatal
field response in KO mice fed with tamoxifen compared to controls. e, Representative
field traces for WT mice fed with tamoxifen and KO mice fed with tamoxifen (TM) or corn
oil (KO). f, Indistinguishable relationship of stimulation intensity to the NP1 amplitude per
group suggests unaltered presynaptic function. *P<0.05, **P<0.01, ***P<0.001;
Student’s two-tailed t-test for b and ¢ (n= 3 WT, n= 4 TM, n= 3 KO; each sample
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represents combined striatal tissue from 2 mice); Two-way repeated measures ANOVA,
with Bonferroni post hoc test for d and f (n= 12 slices from 4 WT, n= 12 slices from 4 TM

and n= 12 slices from 4 KO mice). All data presented as means £ s.e.m.

Tamoxifen Corn oll

Figure 3.4 | Tamoxifen-inducible Cre strategy leads to broad reporter expression.

flox

Sagital sections from pCAGGS-CreER+/-:Rosa-stop™-tdTomato+/- mice after feeding
with tamoxifen (left panel) or corn oil (right panel). Results show specific induction of
tdTomato reporter expression upon tamoxifen-induced Cre expression but not in the
absence of Cre (corn oil feeding); pCAGGS promoter consists of the CMV early

enhancer with chicken B-actin promoter.
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Figure 3.5 | Rescued cortico-striatal transmission but not miniature excitatory
post-synaptic currents in Shank3fx/fx rescued mice.

a, Reduced mEPSC frequency in KO and TM mice compared to WT, with no changes in
peak current amplitude. b, Reduced mEPSC frequency in germline rescued (GR) mice
compared to WT, with no changes in peak current amplitude. ¢, Normal cortical-striatal
pop spike amplitude and NP1 in genetically rescued GR mice (insets show
representative field traces). Data in b suggests that reduced mEPSC frequency observed
in the TM condition (a) is not due to adult rescue age-limitation but probably rather due to
incomplete rescue of all Shank3 isoforms (namely y) as seen for the western blot in
Figure 3.2 (panel c). This fact did not affect mice behavior (main text Fig.3.7); Shank3
GR mice appear normal, display no lesions and have normal cortico-striatal transmission
(panel c). **p<0.01; two-tailed t-test for a,b (for a: n= 23 MSNs from 4WT, n= 19 MSNs
from 3KO and n= 23 MSNs from 3TM; for b: n= 21 MSNs from 3WT, n= 21 from 3GR);
Two-way repeated measures ANOVA, with Bonferroni post hoc test for ¢ (n= 11 slices
from 3 mice per group); all data presented as means ts.e.m.
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3.3.3 Adult Shank3 expression rescues grooming-induced
lesions and social interaction

To assess the impact of Shank3 re-expression in adulthood on behavior,
we performed a battery of behavioral assays. Since one of the defining features
of autism is the impairment in social interaction, we used a modified three-
chamber assay to probe voluntary social interaction in the test mice®®'%%2°!, After
habituating to the three-chamber box, the test mice were given a choice of either
interacting with a novel object or a novel mouse. We measured the duration and
frequency of close interaction between the test mouse and its target of interest to
determine the level of social preference. We found that while WT mice
(Shank3+/+:CreER+/- treated with tamoxifen) demonstrated strong preference for
the novel mouse over the novel object, KO mice (Shank3fx/fx:CreER+/- treated
with corn oil) displayed no preference for either the object or the novel mouse
(Fig. 3.6 A-C). This result is consistent with previous reports indicating that
Shank3 deletion leads to social interaction deficits in mice®®'#*3%1% |nterestingly,
we found that in the same cohorts, TM mice (Shank3fx/fx:CreER+/- treated with
tamoxifen) behave similarly to their WT controls in that they show strong
preference for the novel mouse in both duration and frequency of interaction (Fig.
3.6 A-C).

During tamoxifen treatment, we noticed that some Shank3fx/fx:CreER+/-
mice that initially developed lesions began to heal and regrow their lost fur (Fig.
3.6D), suggesting that stereotyped/excessive grooming phenotype may be
reversible in the Shank3fx/fx mice. Thus, we videotaped WT
(Shank3+/+:CreER+/- treated with tamoxifen), TM (Shank3fx/fx:CreER+/- treated
with tamoxifen), and KO (Shank3fx/fx:CreER+/- treated with corn oil) mice after
treatment, and quantified their grooming time. The results indicate that while
there is significant increase in the percentage of time spent grooming in the
knockout mice treated with corn oil compared to WT mice, knockout mice treated
with tamoxifen exhibit significantly reduced grooming time and there is no
significant difference in grooming time between the rescue condition and the WT
controls (Fig. 3.6 E-F). These data show that similar to social interaction deficit,
repetitive grooming behavior can also be rescued in adulthood.
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Figure 3.6 | Adult Shank3 expression rescues grooming-induced lesions and
social interaction.

a, Representative heat map analysis from the social interaction test for all groups (1WT,
1TM and 1KO); b,c, KO mice (red bars) showed no preferential interaction between a
stranger mouse and an inanimate object, as assessed by interaction duration and
frequency; this behavior is rescued after tamoxifen treatment, with TM group (blue bars)
showing preference for social interaction (stranger); the same social preference is
observed in WT mice (grey bars). d, Shank3fx/fx mouse showing pronounced neck
lesion at the beginning of tamoxifen feeding and picture of the same mouse showing
lesion healing and regrown fur after tamoxifen feeding scheme. e f, Significantly reduced
repetitive grooming behavior (both in terms of total time spent grooming and mean
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grooming duration per bout) in KO mice after tamoxifen feeding. *P<0.05, **P<0.01,
***P<0.001; all data presented as means + s.e.m; Two-way repeated measures ANOVA
with Bonferroni post hoc test for all data (b,c: n=22 WT, n= 30 TM and n= 30 KO;; e,f: n=
9 WT, n=9 TM and n= 12 KO mice).

3.3.4 Restoring Shank3 expression in adulthood does not
rescue anxiety and rotarod deficits

Motivated by these findings, we ran a battery of other behavior tests to
assess the extent of the rescue. In contrast to the social interaction and grooming
results, adult Shank3 re-expression has minimal impact on anxiety-like behavior
and motor coordination deficit. In the open field test, TM (Shank3fx/fx:CreER+/-
treated with tamoxifen) mice showed no significant difference from the KO mice
(Shank3fx/fx:CreER+/- treated with corn oil) in exploratory behavior (Fig. 3.7A)
and anxiety-like behavior including rearing time and rearing frequency (Fig. 3.7C).
This result was further corroborated by our observations from the elevated zero
maze (Fig. 3.7B). In addition, we found no significant recovery in motor
coordination deficit after re-expressing Shank3 in adulthood (Fig. 3.7D). To
address whether the lack of rescue in these phenotypes is indeed due to post-
developmental gene expression, we crossed Shank3fx/fx mice to a transgenic
line that expresses Cre under the B-actin promoter, enabling germline rescue of
Shank3 expression. The germline rescue (GR) mice show no significant
differences in exploratory behavior (Fig. 3.7E), anxiety (Fig. 3.7 F-G), and motor
coordination (Fig. 3.7H) from their wildtype littermates, indicating that, unlike in
adulthood, restoring Shank3 expression at the germ cell stage can restore all
behavioral phenotypes. This selective rescue of social interaction and grooming
together with the lack of rescue in anxiety and motor coordination deficit suggest
the existence of different critical periods for the establishment of various
behavioral phenotypes.
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Figure 3.7 | Restoring Shank3 expression in adulthood does not rescue anxiety
and rotarod deficits.

a, Open field results indicate that tamoxifen feeding in adults does not rescue total
locomotion in the Shank3fx/fx mice. b, Shank3fx/fx mice spend less time exploring the
open arm; this behavior is also not rescued in the tamoxifen group compared to the
control groups. ¢, Other parameters from open field test including rearing time and
rearing frequency show that anxiogenic behavior is not rescued after tamoxifen feeding.
d, Motor coordination measurement from rotarod is not rescued in adult Shank3fx/fx
mice. e-h, Germline rescued Shank3fx/fx mice show that all previous parameters for
open field, elevated zero maze and rotarod tests can be rescued if Shank3 expression is

restored at germ cell stage; results indicate the existence of a critical period such that
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adult expression of Shank3 cannot rescue these behaviors. *P<0.05, **P<0.01,
***P <0.001; One way ANOVA for a (left panel), b, and c (left panel); Two-tailed t-test for
e (left panel) f and g (left panel); Two-way repeated measures ANOVA with Bonferroni
post hoc test for a (right panel), ¢ (right panel), d, e (right panel), g (right panel) and h; All
data presented as meansts.e.m. (a-c: n= 18 WT, n= 25 TM and n= 27 KO; d: n= 13
WT, n=19 TM and n= 21 KO; e-h: n=10 WT and n=8 GR mice).

3.4 Discussion

Although Shank3 disruption has been shown to cause ASD-associated
phenotypes in human patients and mouse models, it has never been shown
whether Shank3 restoration can lead to neural functional and/or behavioral
improvements during adulthood. In this study, we demonstrate selective
phenotypic rescue at the synaptic, circuit, and behavioral levels when Shank3
expression is efficiently induced in adult mice. We showed that the PSD protein
composition and cortico-striatal neurotransmission can be restored. This indicates
that adult expression of Shank3 in the synapse is sufficient to recruit its key
interaction partners at synapses, restoring the normal concentrations of
neurotransmitter receptors at the PSD. At the behavioral level, our results
indicate selective phenotype rescue in social interaction and repetitive behavior,
but not anxiety and motor coordination deficits. These data suggest that different
mechanisms/brain circuits with distinct critical periods may underlie the
reversibility of these complex behaviors. Indeed, a previous study involving timed
serotonin receptor gene expression concluded that anxious behaviors in mice
cannot be rescued in adulthood possibly due to permanent changes in brain
circuitry®®. Our approach for adult rescue of Shank3 knockout supports the
conclusion that specific biochemical, functional and behavioral aspects can be
reversed in adulthood. These fundamental changes may have great translational
implications and give rise to significant improvements in selective autistic-like

behavioral phenotypes.
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3.5 Methods

Generation of Shank3CKI: The Shank3fx/fx targeting vector was designed
by inverting the PDZ domain (exons 13 to 16) and flanking it with the FLEXx

cassette, which is composed of one pair of LoxP sites staggered with one pair of
Lox2722 sites. Shank3fx/fx conditional knock-in mice were generated by
homologous recombination in R1 embryonic stem cells and implanting the
correctly targeted cells in C57 blastocysts using standard procedures. Correct
locus insertion of the targeting construct into the genomic DNA was determined
by PCR genotyping using two primers End_F (5°-
GGCAGACTCCACACAGTTCCTG-3) and LoxR (5-
GTATCCTATACGAAGTTATTCCGGGTCGAC-3)). Subsequent mouse
genotyping was determined by PCR of mouse tail or ear DNA using three
primers. For the wildtype (WT) allele, primer FuncF2 (5-
CGTTTGACACACATAAGCACC-3") and primer FuncFlipR4 (5'-
CTCCACCTAGCTGAATTTCCC-3') were used to produce a band of 340 bp. For
the knockout (Fx) allele, primer FuncF2 (5-CGTTTGACACACATAAGCACC-3’)
and primer Gen_FIx_R1 (5-GCTGACATCACATTGCTGCC-3') were used to
produce a band of 481 bp. For the rescue allele, primer FuncF2 (5'-
CGTTTGACACACATAAGCACC-3) and primer FuncFlipR4 (5-
CTCCACCTAGCTGAATTTCCC-3’) were used to produce a band of 408 bp.
Chimeric males were crossed to C57BL/6J females from Jackson Labs.
The F1 hybrids were crossed with C57BL/6J B-Actin Flp to remove the Neomycin
cassette. All progeny were bred onto the pure C57BL/6J (Jackson Labs) for at
least two generations before being bred onto a mixed background with
129S1/SvimJ  (Jackson Labs). Heterozygotes were initially bred with
heterozygotes to produce experimental animals. All germline Shank3fx/fx (KO)
and germline rescue (GR) mice along with their respective wildtype littermates
were produced by breeding heterozygotes with heterozygotes. For the adult
Shank3 rescue experiments, the Shank3 conditional knock-in line was crossed
with CAGGS-CreER. In order to produce enough animals for all necessary
experiments, breeding strategy was switched to heterozygotes crossed with
homozygotes and homozygotes crossed with homozygotes for all conditions
(Shank3fx/+:CreER+/- bred with Shank3fx/fx:CreER-/-; Shank3fx/fx: CreER+/-
bred with  Shank3fx/fx:CreER-/-;  Shank3+/+ :CreER+/- bred with
Shank3+/+:CreER-/-; Shank3+/-:CreER+/- bred with Shank3+/+:CreER-/-). It

79

——
—



should be noted that all animals in the rescue condition were produced from the
same litters as the animals in the knockout condition.

Animals were housed by genotype at a constant 23°C in a 12 h light/dark
cycle (lights on at 07:00, lights dark at 19:00) with ad libitum food and water.
Rescue treatment i.e. tamoxifen feeding was initiated on mice at 2-4.5 months. All
electrophysiological and behavioral experiments were done 6 weeks after
treatment in adult mice with the experimenter being blinded to the genotypes.
Only age-matched male mice were used for behavioral assays. All experimental

procedures were inspected and approved by the MIT Committee on Animal Care.

Open Field: An automated Omnitech Digiscan apparatus (AccuScan
Instruments) was used to assess spontaneous locomotion as previously
described. Anxiety-like behaviors were assessed by the following parameters:
time spent rearing and frequency of rearing. Locomotion was evaluated by the
total distance traveled. The first 30 minutes were evaluated for all parameters.
Statistical analysis was done using one-way ANOVA with Bonferroni multiple

comparison tests.

Zero Maze: An elevated zero maze was illuminated such that the open
arm was lit by 60 lux, and the dark arm was lit by 10-20 lux. Animals were
habituated with 10-20 lux for at least one hour before test. The animal was
introduced into the closed arm and allowed to freely explore the maze for 5
minutes, which was videotaped. An observer blinded to the genotype performed
analysis using an automated tracking software Noldus Ethovision. Anxiety-like
behavior was assessed by the percentage of time spent by the animal in the open
arm during the 5 minutes interval. Statistical analysis was done using one-way
ANOVA with Bonferroni multiple comparison tests.

Rotarod: Animals were placed on a rotarod apparatus (Med Associates)
that accelerates 4-40 rpm for 5 minutes. Each animal was tested for three trials
with 60 minutes between trials in a single day. All trials were videotaped. Latency
to fall was manually analyzed for each trial by a blinded observer on Noldus
Observer. The change in the latency to fall over the course of three trails
indicates the quality of motor coordination. Statistical analysis was done using
two-way repeated measures ANOVA with Bonferroni post-hoc tests.
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Grooming: Animals were individually placed into a novel cage and allowed
to habituate. Grooming behavior was videotaped for 2 hours from 19:00 to 21:00h
with red light (2 lux). An observer blinded to the genotype manually quantified
grooming behavior using Noldus Observer. All instances of face-wiping,
scratching/rubbing of head and ears, and full-body grooming were counted as
grooming behavior. Statistical analysis was done using one-way ANOVA with

Bonferroni multiple comparison tests.

Social Interaction: A modified version of the three-chamber social

interaction assay was used as previously described® 322"

. Only age-matched
males were used for all tests. S129 males were used as stranger mice and were
habituated to the test chamber for 3 sessions (20 minutes each) one or two days
prior to the behavioral assay. On the day of the test, both test and stranger
animals were habituated to the test room for at least one hour before the start of
the assay. The left and right chamber of the three-chamber apparatus were both
lit by 4-6 lux during the test session. Each test animal was first placed into the
center chamber with open access to both the left and right chamber, each of
which contained an empty wired cup placed upside down. This allowed the
animal to habituate to not only the social apparatus, but also the cups that will
eventually contain the stranger mice. After 15 minutes of habituation, the test
animal was moved back to the center chamber briefly before the next session.
During the social phase, an age-matched stranger mouse was placed randomly
into one of the two side chambers while a novel object was placed into the other
side chamber. The test animal was allowed to freely explore the social apparatus
and demonstrate whether it prefers to interact with the novel object or the novel
mouse. This social phase was also 15 minutes. The placement of the stranger
mouse and the object was alternated between test mice to eliminate any
confounds due to chamber bias. Time spent by the test animal in close proximity
(~5 cm) to the cup containing either the stranger or the object was calculated.
Analysis was done by an observer blinded to the genotype on Noldus Ethovision.
One-way ANOVA with Bonferroni post hoc test was used for statistical analysis.

Tamoxifen Preparation and Feeding: After comparisons of different

methods of induction, oral gavage was used because it induces much more
efficient and widespread recombination than intraperitoneal injections®®.
Tamoxifen (Sigma #T5648) was dissolved in corn oil at 20 mg/ml through

vortexing. Freshly prepared tamoxifen was protected from light by aluminum foil
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and kept for 2-3 days at room temperature. Animal feeding needles from Harvard
Apparatus (cat #52-4025) were used for oral gavage. To avoid toxicity of
tamoxifen, the following dosages were used:

Mice at 17-21 g body weight were fed 5 mg/day

Mice at 22-25 g body weight were fed 6 mg/day

Mice at 26-29 g body weight were fed 7 mg/day

Mice at 30-35 g body weight were fed 8 mg/day
The animals were fed for 5 consecutive days followed by two weeks of rest. Then
the animals were fed for 5 more consecutive days followed by another two weeks
of rest. Corn oil was fed as a control. The mice fed with tamoxifen and mice fed
with corn oil were housed separately to avoid contamination.

Western Blot: PSD and synaptosomal fractions of the striatum were
prepared as previously described®. Purified fractions were separated on SDS-
PAGE and quantified using Odyssey Licor. B-Actin and Tubulin were used as
loading controls. Specific primary antibody for SAPAP3 was prepared as
previously described®®. Commercial antibodies used include SHANK3 (Santa
Cruz), GluR2 (Abcam), NR2A (Millipore), NR2B (Millipore), Homer (Chemicon),
B-actin (Sigma), Tubulin (Sigma). Statistical analysis was done using two-tailed
students’ t-tests.

Electrophysiology slice preparation: Acute striatal slices were prepared

from 3-6 months old mice. For extracellular field recordings, slices were prepared
from a daily group of mice containing all the 3 genotypes/treatments on
randomized order. For whole-cell patch clamp, slices were prepared from a single
animal per day. All slice preparations and recordings were performed with
experimenter blinded to the genotypes. Animals were anesthetized by avertin
intraperitoneal injection (tribromoethanol, 20 mg/ml, 0.5 mg/g body weight) and
transcardially perfused with cutting NMDG-based aCSF solution (mM): 92 N-
methyl-D-glucamine (NMDG), 2.5 KCI, 1.20 NaH,PO,, 30 NaHCO3, 20 HEPES,
25 glucose, 2 thiourea, 5 Na-ascorbate, 3 Na-pyruvate, 0.5 CaCl,.2H,O, 10
MgS0,.7H,O (~300 mOsm, 7.2-7.4 pH). Following decapitation, brains were
removed for coronal sectioning (300 um) using a Vibratome 1000 Plus, Leica
Microsystems, USA. Slices were then recovered in cutting solution at 32—-34°C for
10-15 minutes and transferred to room-temperature carbogenated regular
aCSF(mM): 119 NaCl, 2.5 KCI, 1.2 NaH,PO,, 24 NaHCO;, 12.5 glucose, 2

82

——
—



MgS0,.7H,0, 2 CaCl,.2H,O (~300 mOsm, 7.2-7.4 pH). Slices were allowed to
recover at least 21h prior to all recordings.

Extracellular field recordings: Slices were transferred into a recording

chamber (RC-27L, Warner Instruments) and constantly perfused at RT with
carbogenated regular aCSF at a rate of approximately 2 ml/minute. Borosilicate
glass recording microelectrodes (King Precision Glass) were pulled on a P-97
horizontal puller (Sutter Instruments) and backfilled with 2 M NaCl. Slices were
visualized under IR-DIC (infrared-differential interference contrast) using a BX-
51WI microscope (Olympus) and stimulated by a platinum iridium concentric
bipolar electrode (CBAPC75, FHC) that was placed in the dorsolateral striatum at
the inner border of corpus callosum. Recording electrode was placed ~400 pym
away from stimulating electrode and field population-spike was evoked by a 0.1
ms stimulation step (Isoflex, AMPI) delivered at 0.05 Hz frequency. Input-output
functions were generated through consecutive rounds from 0.1-1.0 mA in 0.1 mA
increments (triplicate measurements per stimulation intensity). Three components
were resolved in the recording traces: stimulation artifact, negative peak 1 (NP1,
presynaptic fiber volley) and field population spike. Amplitude for each
component was determined by the average peak amplitude from the triplicated
measurements per stimulation intensity. Data was amplified using a MultiClamp
700B and sampled at 10 KHz using a Digidata 1440A acquisition system.
Analysis was performed blinded to genotype using pCLAMP 10 software (Axon
Instruments/Molecular Devices).

Whole-cell patch-clamp: Slices were transferred into a recording chamber

(RC-27L, Warner Instruments) and constantly perfused at RT with carbogenated
regular aCSF at a rate of approximately 2 ml/minute. Borosilicate glass recording
microelectrodes (King Precision Glass) were pulled on a P-97 horizontal puller
(Sutter Instruments) and backfilled with CsGlu (mM: 110 CsOH, 110 D-Gluconic
acid, 15 KCI, 4 NaCl, 5 TEA-CI, 20 HEPES, 0.2 EGTA, 5 Lidocaine N-ethyl
chloride, 4 MgATP, 0.3 NaGTP). Internal pH was adjusted to ~7.3 with KOH and
osmolarity adjusted to ~300 mOsm with K,SQO,, giving a typical internal resistance
around 3-5 MQ. MSNs were visually identified based on their shape, size and
location under IR-DIC (infrared-differential interference contrast), using a BX-
51WI microscope (Olympus). After seal rupture and internal equilibrium (5
minutes to allow proper dialysis of Cs+ internal), cells were recorded with series-

resistance values <20 MQ. Voltage clamp traces were recorded with theoretical
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liquid junction potential not corrected-for and cells were held at -70 mV in the
presence of 100 uM PTX (picrotoxin, Tocris) and 1 yM TTX (tetrodotoxin, Tocris).
Signals were filtered at 1 KHz, digitized at 10 KHz and data acquired using a
MultiClamp 700B amplifier and a Digidata 1440A. All analysis was performed
blinded to the genotype using pCLAMP10 (Axon Instruments, Molecular Devices)
and Minianalysis software (Synaptosoft Inc, USA) with a detection threshold set
at 5x root mean square (RMS) noise and manually checked for detection

accuracy.

Statistical Analyses (ephys): All electrophysiology statistical analyses

were performed using Prism (GraphPad Software). Results are graphically
displayed with respective SEMs and data sets were analyzed for significance
using either unpaired student’s two-tailed t-test or by two-way repeated ANOVA
measures with post-hoc Bonferroni test, using p<0.05 as significance threshold.
Further details on particular statistical analyses can be found on the respective

figures/results section for each data set.
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Chapter 4

Shank3 mutations associated with ASD and
schizophrenia display both shared and
distinct defects






4.1 Summary

Dysfunctions in frontostriatal brain circuits have been implicated in
neuropsychiatric disorders, including those characterized by the presence of
repetitive behaviors. Genetic studies have revealed a significant overlap of risk
genes among major psychiatric disorders. However, it is not clear how different
mutations of the same gene could causally contribute to the manifestation of
different diseases. Here we characterized two lines of mutant mice with Shank3
mutations linked to ASD and schizophrenia. We found that only mutant mice with
the ASD-linked InsG3680 mutation manifest defective synaptic transmission
before weaning age, coinciding with the early onset of ASD symptoms. At the
same time, only mice carrying the schizophrenia-linked R1117X mutation show
profound synaptic defects in prefrontal cortex. We also found differential Shank3
mRNA stability and Shank1/2 upregulation in these two lines. Furthermore, the
two mutant lines show both common and distinct behavioral abnormalities.
Together, these data provide an explanation, at molecular, synaptic, circuit and
behavioral levels, on how distinct mutations of the Shank3 gene may causally
and mechanistically contribute to different disorders.

4.2 Background

Although schizophrenia and autism are two distinct disorders (DSM-5), it
has long been proposed that they share some common pathology and
symptoms®®. Currently, the etiologies of schizophrenia and autism are largely

205209 put recent human genetic studies highlight the contribution of

unknown
genetic risk factors to both disorders®'®?'2. In particular, mutations of a group of
genes linked to synaptic development, function and plasticity were frequently
identified from patients diagnosed with either schizophrenia or autism?'32'¢,
suggesting that genetic mutations leading to dysregulation of synaptic
transmission play critical roles in the pathophysiology of both schizophrenia and
autism®'#2"2'%_|nterestingly, recent genetic studies further revealed significant
overlaps of risk genes across major psychiatric disorders including schizophrenia,
bipolar disorder, major depressive disorder and autism?%°.

Furthermore, large scale exome sequencing of autism spectrum disorder

(ASD) and schizophrenia patient DNA samples has identified many of the same
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genes in both disorders, suggesting that different mutations of the same gene can
cause/contribute to different disorders®' 2%,

One such example is the Shank3 gene. Shank3is a member of the Shank
family of proteins (Shank1-3)'*"'%*, Members of Shank family share five main
domain regions: N-terminal ankyrin repeats, SH3 domain, PDZ domain, proline-
rich region, and a C-terminal SAM domain'*®. Through these functional domains,
Shank interacts with many PSD proteins. Most notably, Shank binds to SAPAP
which in turn binds to PSD95 to form the PSD95/SAPAP/Shank postsynaptic

complex?>2%

. Together, these three groups of multi-domain proteins are
proposed to form a key scaffold, orchestrating the assembly of the
macromolecular postsynaptic signaling complex at glutamatergic synapses. This
complex has been shown to play an important role in targeting, anchoring, and
dynamically regulating synaptic localization of neurotransmitter receptors and
signaling molecules®’. Shank is also connected to the mGIuR pathway through
its binding to Homer®®. In addition, given its link to actin-binding proteins, Shank

229-231
t93

has been shown to regulate spine developmen . Together with recent

studies of ASD-linked Shank3 mutations in cultured neurons®?®*  these
evidences strongly suggest that Shank proteins play key roles in synaptic
development and function 9190234235

Deletion of Shank3 has been shown to be the cause of core
neurodevelopmental and neurobehavioral deficits in Phelan-McDermid syndrome
(PMS), an autism spectrum disorder that shows intellectual disability, autistic
behaviors, hypotonia, and impaired development of speech and language®®2%.
Mutation of Shank3 gene in autistic patients was initially discovered by Durand
and colleagues, in which they identified a number of de novo mutations including
a guanine nucleotide insertion in exon 21 of Shank3 gene from two subjects
diagnosed with ASD. Insertion of this guanine nucleotide at the position 3680 of
Shank3 cDNA results in a frameshift and a premature stop codon'®’. Subsequent
genetic screens also identified a variety of mutations in the Shank3 gene
including microdeletion, nonsense mutation, and recurrent breakpoint in ASD

patients not diagnosed with PMS™> "7

. These data implicate Shank3 gene
disruption/mutation as a monogenic cause of ASD. In supporting these genetic
findings, studies of Shank3 mutant mice from our laboratory and others revealed

59,129,130 In

various degrees of synaptic dysfunction and autistic-like behaviors
addition, duplication of the Shank3 gene was found from patients diagnosed with
bipolar disorders and mice with Shank3 overexpression exhibit synaptic

dysfunction and manic-like phenotypes'®. These genetic evidence further

( cn )
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support the critical involvement of Shank3 mutation, deletion and duplication in
the development of neuropsychiatric disorders®.

Interestingly, a non-sense mutation of Shank3 changing an arginine to
stop codon was identified from three brothers diagnosed with schizophrenia
between ages 16-21 without showing obvious autistic features during their
childhood®'. This is very intriguing considering the differences in core symptoms
and clinical onset time between schizophrenia and autism. Understanding the
mechanisms by which different mutations in the same gene lead to different
disorders will likely shed light on unique neural mechanisms of these disorders.
We therefore created two mutant mouse lines; one harbors the ASD patient-
linked single guanine nucleotide (G) insertion at cDNA position 3680 leading to a
frameshift and downstream stop codon (InsG3680 mutation), and the other
contains the schizophrenia patient-linked point mutation changing arginine 1117
to a stop codon (R1117X mutation). We performed systematic comparison
between the two mutant lines at molecular, cellular, synaptic and behavioral
levels and found both distinct and shared defects in these two mutant models. In
particular, we found that mutant mice with the ASD-linked InsG3680 mutation, but
not with the schizophrenia-linked R1117X mutation, manifest defective synaptic
transmission before weaning age, coinciding with early onset of ASD symptoms.
On the other hand, mice with R1117X mutation, but not with InsG3680 mutation,
show synaptic defects in prefrontal cortex, consistent with clinical findings
implicating prefrontal cortex defects in schizophrenia patients. Biochemical
studies also revealed differential defects in postsynaptic signaling complexes and
in compensatory mechanisms in these two mutant lines. Behaviorally, both lines
of mutant mice exhibit anxiety-like behavior and social interaction deficits.
However, InsG3680 mutant mice show stronger repetitive/compulsive grooming
behavior whereas R1117X mutant mice show stronger dominance/aggressive
behavior. Together with supporting molecular and biochemical data, our study
provides a potentially mechanistic explanation on how distinct mutations of the
Shank3 gene may contribute to different disorders.
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4.3 Results

4.3.1 Distinct effects of InsG3680 and R1117X mutations on
SHANKS protein and mRNA

Both InsG3680 and R1117X mutations are in exon 21 and only 325
nucleotides apart (Figure 4.1A). For the ASD-linked InsG3680 mutation, we
inserted a guanine nucleotide (G) at the nucleotide position 3680 of cDNA
sequence to introduce the G insertion mutation (InsG3680) as described in the
original finding (Durand et al., 2007). The G insertion at 3680 of Shank3 causes a
frameshift and a stop codon immediately after the G insertion (Figure 4.1A,B). For
R1117X mutation, we changed arginine (R) codon “CGG” to stop codon “TGA” to
introduce the “R” to “X” mutation at the amino acid position 1117 as described in
the finding from schizophrenia patients®' (Figure 4.1A). Targeted R1 ES cells
were confirmed by sequencing the PCR product to verify the successful
introducing of mutations at desired sites (Figure 4.1B) and then injected into
blastocysts derived from C57 BL/6J mice as previously described>. We built up a
C57 B6/S129 Sv mixed background mice population for all experiments
performed in this study unless otherwise specified (Experimental procedures).
Both homozygous InsG3680 and R1117X Shank3 mutant mice are viable and
fertile.

The predicted sizes of truncated protein are 135 kDa for InsG3680
mutation and 122 kDa for R1117X mutation, respectively. To examine whether
such truncated SHANK3 proteins exist in the brain, we prepared postsynaptic
density (PSD) fractions from striatum tissue and probed with antibodies
recognizing epitopes located at either N terminus (located upstream of both
mutations) or C terminus of SHANK3 protein (located downstream of both
mutations; see Supplemental Table S4.1). When probed with the C terminus
antibody, no signals above 75 kDa were detected in striatal PSD preparations
from either homozygous InsG3680 mutant mice (InsG3680+/+) or R1117X
mutant mice (R1117X+/+) (Figure 4.1C and 4.1D). This is consistent with the fact
that the C-terminus antibody recognizes epitopes between amino acids 1431-
1590 of SHANKS, which are beyond premature stop codons caused by InsG3680
and R1117X mutations. In contrast, when probed with an antibody raised against
the N terminus of SHANKS3 (Neuromab 367/62), we detected truncated SHANK3
bands in striatal PSD preparations from the R1117X mutant mice with the major
band matching the predicted 122 kDa expressed in HEK293 cells (Figure 4.1D).
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However, no clear signals were detected in striatal PSD preparations from
InsG3680 mutant mice (Figure 4.1C). Similar results were obtained in PSD
preparations from cortex of R1117X and InsG3680 mutant mice using N-terminus
and C-terminus antibodies (Fig 4.2). Together, our results reveal that R1117X
and InsG3680 mutations have distinct effects on SHANKS protein expression.
Since non-sense mutations could lead to reduced mRNA levels through

242 \we next examined

non-sense mediated decay (NMD) of abnormal mRNAs
Shank3 mRNA levels in the striatum of InsG3680 and R1117X mutant mice by
quantitative real-time PCR. Due to the extensive alternative splicing of multiple
coding exons in the Shank3 gene'®, we designed four pairs of primers probing
different coding regions to minimize the potential detection bias caused by
alternative splicing. We consistently observed dramatically reduced levels of
Shank3 mRNA from striatum tissue of InsG3680+/+ mice with all four pairs of
probes (Figure 4.1E-H). Interestingly, striatal tissues from R1117X+/+ mice
showed significantly higher levels of Shank3 mRNA than that from InsG3680+/+
mice (Figure 4.1E-H). These results suggest that Shank3 mRNAs with R1117X
mutation are more stable than mRNAs with InsG3680 mutation, consistent with
our result that truncated SHANKS proteins are present in R1117X+/+ mice.
Together, our data suggest that ASD-linked InsG3680 mutation resulted in almost
a complete loss of SHANK3 protein, which is consistent with full deletion of
Shank3 gene identified from most Phelan-McDermid Syndrome patients'>*2*. In
contrast, schizophrenia-linked R1117X mutation results in the generation of
truncated SHANKS protein which could potentially be either partially functional or

act in dominant-negative form.
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Figure 4.1 | Genetically engineered mice with InsG3680 or R1117X Shank3
mutation differentially express SHANKS protein and mRNA.

(A) Schematic diagram for wild type Shank3, InsG3680 and R1117X targeted Shank3
alleles. Gene structure of wild type mouse Shank3 gene and magnified panels on the
structure between exon 20 and exon 22 are shown below. Top: wild type Shank3;
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middle: Autism-associated InsG3680 Shank3 mutation with an insertion of "guanine”
nucleotide at position 3680; bottom: schizophrenia-associated R1117X Shank3 mutation
changing the "CGG" codon for arginine to a "TGA" stop codon. (B) Representative
sequencing chromatograms of wild type and InsG3680 mutated alleles; wild type and
R1117X mutated alleles showing the point mutations. (C) Representative western blots
using striatal PSD fractions prepared from wild type, Shank3B KO mice, InsG3680+/-
mice, InsG3680+/+ mice; lysate from HEK239 cells expressing cDNA plasmid encoding
the InsG3680 mutated Shank3. Note that neither the antibody against the N- nor C-
terminus detected SHANKS protein in InsG3680+/+ mice. (D) Representative western
blots using striatal PSD fractions prepared from wild type, Shank3B KO mice, R1117X+/-
mice, R1117X++ mice; lysate from HEK239 cells expressing cDNA plasmid encoding the
R1117X mutated Shank3. Note that SHANKS protein expression is almost abolished
except for a prominent truncated isoform in the R1117X+/+ line that is detected with the
antibody against the N-terminus. (E-H) The relative level of Shank3 mRNA in striatum is
different between the two lines as quantified by primers amplifying exon 1 to 2, exon 6 to
8, 16 to 17 and partial exon 21 before both Shank3 mutation sites. Data are normalized
to Gapdh mRNA and presented as mean * SEM. ** P < 0.01, ** P < 0.001; one-way
ANOVA with Bonferroni post hoc test, WT mice (n= 5), R1117X+/+ mice (n= 5) and
InsG3680+/+ mice (n=5).
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Figure 4.2 | InsG3680 and R1117X Shank3 mutations differentially affect SHANK3
proteins in the cortex.

A and B) Representative western blots using cortical PSD fractions prepared from wild
type, Shank3B KO mice, R1117X+/- mice, R1117X+/+ mice, InsG3680+/- mice,
InsG3680+/+ mice; lysate from HEK239 cells expressing cDNA plasmid encoding the
Myc-tagged R1117X mutated Shank3 and Myc tagged InsG3680 mutated Shank3. Blots
were probed with antibodies against the N-terminus and C-terminus of Shank3. Note the

presence of truncated SHANKS proteins in R1117X+/+ mice.

4.3.2 InsG3680 but not R1117X mutants exhibit early
synaptic defects

Since ASD patients with Shank3 mutations are usually diagnosed before
the age of 3, whereas the schizophrenia patients carrying the R1117X mutation

were diagnosed between ages 16-21, we wondered whether these two mutated
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mice exhibit any differential defects at early developmental stages. We firstly
examined strength of evoked synaptic transmission at cortico-striatal synapses by
performing field recordings in dorsolateral striatum from acute brain slices at
postnatal day 14 (P14). We found that InsG3680G+/+ mice have reduced
corticostriatal transmission at postnatal day 14 (P14). Two-way ANOVA showed a
main effect of genotype (F(1,176)= 7.92, p= 0.0101) and Bonferroni post hoc
tests revealed significant difference between fields at stimulus 0.2-0.4mA (Figure
4.3 A,B). In contrast, no difference was found between R1117X+/+ mice and their
wild type littermate controls (Figure 4.3 D,E). Presynaptic function seems
unaffected, as indicated by the relationship of stimulation intensity to amplitude of
the negative peak 1 (NP1; no difference between wild type, InsG3680+/+ and
R1117X+/+ mutations) (Figure 4.3 C,F). We further measured the ratio of evoked
AMPA to NMDA current by whole-cell patch clamping recordings of dorsolateral
striatal medium spiny neurons (MSNs). Consistent with the pop spike results, we
found significant reduction of AMPA/NMDA ratio in InsG3680-+/+ mice (Figure 4.3
G) but not in R1117X+/+ mice (Figure 4.3 H). However, no change of miniature
EPSCs frequency was detected from both mutants as compared to their wild type
(Fig 4.4). These results suggest an increased number of silent synapses in
InsG3680+/+ mice. Interestingly, we observed a small increase of mMEPSC
amplitude in InsG3680+/+ mutation only (Fig 4.4), suggesting potential
compensatory effects from remaining functional synapses. Together, these data
indicate that mice with ASD-linked InsG3680 mutation, but not with
schizophrenia-linked R1117X mutation, show defective synaptic transmission at

early postnatal age.
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Figure 4.3 | InsG3680 but not R1117X mice display impaired striatal synaptic
transmission at P14.

A and D) Representative cortico-striatal pop spike traces recorded from mice with
indicated genotype. B and C) Cortical-striatal input-output curve show reduced pop spike
responses in InsG3680+/+ mice compared to wild type litermates. NP1 amplitude is
similar between the genotypes, suggesting presynaptic input is not different. E and F)
Cortical-striatal input-output curve show similar pop spike responses and NP1 amplitude
between R1117X+/+ mice and their wild type littermates. In (B, C, E and F) Data are
presented as mean = SEM. * P < 0.05; two-way ANOVA repeated measures with
Bonferroni post hoc test. n= 12 slices from 4 pairs of littermates for each genotype. (G
and H) AMPA/NMDA current ratio is reduced in InsG3680+/+ mice, but not R1117X+/+
mice, compared to their wild type littermates. * P < 0.05; two tail t-test. In (G), n= 18
neurons for WT; n= 19 neurons for InsG3680+/+ from 3 pairs of littermates; In (H), n=16
neurons for WT; n= 15 neurons for R1117X+/+ from 3 pairs of littermates.
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Figure 4.4 | Miniature EPSC recordings from R1117X and InsG3680 mutants at P14.
A and B) mEPSC amplitude, but not frequency, of striatal MSNs is increased in
InsG3680+/+ mice compared to their wild type littermates. n= 29 neurons for WT; n= 29
neurons for InsG3680+/+ from three pairs of littermate mice. C and D) No significant
difference in mEPSC frequency and amplitude of striatal MSNs between R1117X+/+
mice and their wild type littermates. n= 30 neurons for WT; n= 31 neurons for R1117X+/+
from three pairs of littermate mice. In (A-D) Data are presented as mean + SEM. * P <
0.05; two-tailed student t-test.

4.3.3 Reduced striatal synaptic transmission in both adult
mutant lines

Although Shank3 is expressed in many brain regions including striatum,
cortex, hippocampus and cerebellum, it is the only member of the Shank family
that is enriched in striatum. Our previous studies of young adult homozygous
Shank3B knockout mice revealed significant synaptic defects in MSNs of the
striatum including reduced pop spike responses by field recordings and reduced

frequency and amplitude of miniature excitatory postsynaptic current (MEPSC) by
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whole cell recordings™. Here we compared the effects of InsG3680 and R1117X
mutations on striatal synaptic function using electrophysiological recording on
acutely isolated brain slices. We first measured the cortico-striatal pop spike
responses in dorsal lateral striatum by stimulating the inner border of corpus
callosum. We found both InsG3680 and R1117X homozygous but not
heterozygous mice showed reduced pop spike responses (Figure 4.5 A,B,D,E).
No differences of presynaptic function were observed among all genotypes as
indicated by similar NP1 response among genotypes (Figure 4.5 C and 4.5 F).

We further measured the AMPA receptor-mediated mEPSCs by
performing whole-cell patch clamping recordings on dorsolateral striatal MSNs.
We found that MSNs of both InsG3680 homozygous and heterozygous mice
showed significant reduction of mEPSC frequency with homozygous mice only
reach 45 % level of WT controls (2.79 + 0.22 for wild type vs 1.26 + 0.16 for
InsG3680+/+; Figure 4.5 G,H). This reduction of mEPSC frequency was also
observed in R1117X homozygous mice which reach 65 % level of WT controls
(2.82 £ 0.24 for wild type vs 1.81 £ 0.21 for R1117X+/+; Figure 4.5 J,K). There is
also a small but statistically significant reduction of mMEPSC amplitude in MSNs
from InsG3680+/+ and R1117X+/+ homozygous as well as R1117X+/- mice
(Figure 4.5 | and L). Together, these results suggest that both InsG3680 and
R1117X mutations cause significant synaptic dysfunction in the striatum, and
InsG3680+/+ mutant mice may have more profound deficits in striatal synaptic
transmission than R1117X+/+ mutant mice.
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Figure 4.5 | Striatal synaptic transmission is reduced in adult R1117X and
InsG3680 mutant mice.

A and D) Representative cortical-striatal pop spike traces from mice with indicated
genotype. B and E) Reduced striatal pop spike amplitude in both InsG3680+/+ and
R1117X+/+ mice. C and F) No difference of NP1 amplitude among genotypes. In (B, C,
E and F) Data are presented as mean = SEM. *** P < 0.001; two-way ANOVA repeated
measures with Bonferroni post hoc test. n= 12 slices per genotype from 4 pairs of mice.
G and J) Typical AMPA receptor mediated mEPSC traces recorded from MSNs with
indicated genotype. H and 1) mEPSC frequency of MSNs is reduced in both homozygous
and heterozygous InsG3680 mutant mice compared to wild type littermates. mEPSC




amplitude is also reduced in heterozygous InsG3680 mutant mice. n= 26 neurons for
WT; n= 24 neurons for InsG3680+/-; n= 21 neurons for InsG3680+/+ from three pairs of
mice. K and L) mEPSC frequency of MSNs is reduced in homozygous R1117X mutant
mice compared to wild type littermates. mEPSC amplitude is reduced in both
homozygous and heterozygous R1117X mutant mice. n= 23 neurons for WT; n= 24
neurons for R1117X+/-; n= 26 neurons for R1117X+/+ from three pairs of mice. In (H, |,
K, L), Data are presented as mean £ SEM. * P < 0.05, ** P < 0.01, ™* P < 0.001; two-
tailed t-test.

4.3.4 Distinct alteration of synaptic transmission in
prefrontal cortex of R1117X mutant mice

Although pathological mechanisms of schizophrenia are still not known,
numerous patient studies have implicated the dysfunction of prefrontal cortex
(PFC), in particular dorsolateral prefrontal cortex (dIPFC) as an important
pathogenic source in patients'>?%?**, Medial prefrontal cortex (mPFC) in rodents
have been found to execute some equivalent functions of primate dIPFC at a

rudimentary level***

, such as working memory, decision making and social
interaction®>?*, We measured synaptic transmission in deep layer pyramidal
neurons from prelimbic sub-region of the mPFC in acutely prepared coronal brain
slices. We found significant reduction of mEPSC frequency in pyramidal neurons
of MPFC in both R1117X+/- and R1117X+/+ mutant mice (Figure 4.6 A and B). In
addition, we observed a significant reduction of mMEPSC amplitude in R1117X+/+
mice (Figure 4.6 C). In contrast, no significant differences of either frequency or
amplitude of mEPSC were found in InsG3680+/- or InsG3680+/+ mutant mice
when compared to WT controls (Figure 4.6 D-F), although there is a trend of
reduction in mEPSC frequency in InsG3680+/+ mutant mice. These results
indicate that R1117X mutation, but not InsG3680 mutation, cause profound deficit
of synaptic transmission in mPFC.

One of the pathological findings in postmortem brains of schizophrenia
patients is the reduction of spine density of layer 3 pyramidal neurons in the
prefrontal cortex®*®. To examine whether a similar defect exist in the two lines of
Shank3 mutant mice, we used Golgi staining to measure the spine density of
layer 2/3 pyramidal neurons in the frontal association area. We found a significant

reduction of spine density in both R1117X heterozygous and homozygous mutant
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mice (Figure 4.6 G and I). We also found a significant reduction of spine density
in InsG3680 homozygous but not heterozygous mutant mice (Figure 4.6 H and J).

All three SHANK family members are highly homologous and expressed
in the cortex®®'432492%0 |t has also been reported that SHANK3 was up-regulated
in SHANK2 knockout mice™®'. Thus, it is possible that SHANK1 and 2 may be up-
regulated in SHANKS mutants to compensate for the loss of SHANKS3. To explore
this possibility, we quantified the expression level of Shank1 and Shank2 mRNA
in the cortex of InsG3680+/+ and R1117X+/+ mutant mice. We found both
Shank1 and Shank2 mRNAs were significantly up-regulated in InsG3680+/+ but
not R1117X+/+ mutant mice (Figure 4.6 K and L), suggesting the two mutations
have differential effects on Shank? and Shank2 mRNA up-regulation.
Furthermore, we did not observe up-regulation of Shank1 or Shank2 mRNA in the
striatum of either mutant line (Fig 4.7). Together, these results suggest that
selective up-regulation of Shank1 and Shank2 in the cortex of InsG3680+/+
mutant mice may partially compensate for the loss of Shank3, and thus alleviating
synaptic defects in mPFC of InsG3680+/+ mutant mice.
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Figure 4.6 | Profound cortical synaptic defects manifest in mice carrying the
schizophrenia-associated R1117X mutation.

A-C) Typical AMPA receptor mediated mEPSC recordings in the prefrontal cortex and
statistical results for R1117X mice. n= 13 neurons for WT; n= 20 neurons for R1117X+/-;
n= 18 neurons for R1117X+/+ from three pairs of mice. Note the highly significant
reduction in mEPSC frequency in heterozygous and homozygous mice and a modest
reduction in amplitude. D-F) Typical AMPA receptor mediated mEPSC recordings in the
prefrontal cortex and statistical results for InsG3680 cohort. n= 18 neurons for WT; n= 16
neurons for InsG3680+/-; n= 17 neurons for InsG3680+/+ from three pairs of mice. Both

102

——
| —



heterozygous and homozygous mice display comparable miniature events to wild type
mice. In (B, C, E and F) Data are presented as mean £+ SEM. * P < 0.05, ** P < 0.01;
two-tailed t-test. (G and H) Representative confocal images of secondary dendrites of
pyramidal neurons from frontal association area of mice with indicated genotypes (scale
bar: 10 pym). (I and J) Quantification of spine number from neurons with indicated
genotypes from three littermate pairs indicates reduced spine numbers in R1117X+/-,
R1117X+/+ and InsG3680+/+ mice. (K and L) mRNAs of Shank3 homologues Shank1
and Shank2 are up-regulated in cortical tissue from InsG3680 compared to wild type
mice. Data are normalized to Gapdh mRNA, and presented as mean + SEM. WT mice
(n=5), R1117X+/+ mice (n=5) and InsG3680+/+ mice (n=5). In (I, J, KandL) *P <
0.05, ™ P < 0.01, ** P < 0.001; one-way ANOVA with Bonferroni post hoc test.
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Figure 4.7 | No upregulation of Shank1 and Shank2 mRNA in the striatum.

A and B) Relative level of Shanki and Shank2 mRNA in striatum from indicated
genotypes. Data are normalized to Gapdh mRNA, and presented as mean £+ SEM. WT
mice (n= 5), R1117X+/+ mice (n= 5) and InsG3680+/+ mice (n= 5); one-way ANOVA
with Bonferroni post hoc test.

4.3.5 Alteration of PSD composition in R1117X and
InsG3680 mutant mice

Shank family proteins, together with PSD95 family proteins and SAPAP
family proteins, form the PSD95-SAPAP-Shank scaffolding complex at the
excitatory postsynaptic site'*”'*#??®. This complex has been proposed to play
important roles in the trafficking, assembly and anchoring of signaling proteins to
the PSD as well as regulating the dynamic plasticity of PSD®'#*2, Our previous
studies showed that several scaffolding proteins and glutamate receptor subunits
were reduced in the striatal PSD of Shank3B knockout mice®. Here we examined
levels of several scaffolding and signaling proteins as well as glutamate receptor
subunits in the synaptic membrane fraction (SPM) of InsG3680+/+ and
R1117X+/+ mutant mice. SPM containing enriched synaptic proteins were
purified in parallel from age and gender matched animals and probed with
antibodies detecting scaffolds and receptors of PSD proteins (Experimental
procedure and Supplemental Table 4.1). In SPM preparation from striatal tissue,
we found that Homerib/c is dramatically reduced in both InsG3680+/+ and
R1117X+/+ mutant mice (~14 % of WT; Figure 4.5A and B). This is consistent
with the fact that Homer binding domain is located downstream of the premature
stop codons caused by InsG3680 and R1117X mutation?*®?® SynGAP1, NR1
and NR2B are also significantly reduced in both mutant mice (Figure 4.8 A-C).
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Interestingly, we found statistically significant reduction of SAPAP3, NR2A, GluR2
and mGIuR5 in InsG3680+/+ but not R1117X+/+ mutant mice (Figure 4.8 A-C).
Conversely, we found PSD95 reduction only in R1117X mutant mice (Figure 4.8
A, B). These data are consistent with our electrophysiological results showing
striatal synaptic defects in both mutant lines that are more severe in InsG3680+/+
mutant mice than in R1117X+/+ mutant mice.

We also examined alterations of PSD protein composition in the cortex.
We found that Homer1b/c, PSD 95 and PSD 93 were significantly reduced in both
InsG3680+/+ and R1117X+/+ mutant mice as compared to WT controls (Figure
4.8 D and E). Interestingly, the level of Homer1b/c reduction is more dramatic in
R1117X+/+ mutant mice than in InsG3680+/+ mice (Figure 4.8 E). In addition, we
observed significant reduction of NR1 and its close interacting partner SynGAP1
only in the R1117X+/+ mutant mice (Figure 4.8 D-F), in line with previous findings
using postmortem cortex tissue from schizophrenia patients®*%*°. Together, our
biochemistry results are consistent with our electrophysiological findings that
indicate more severe cortical synaptic defects in R1117X mice than in InsG3680

mutant mice.
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Figure 4.8 | InsG3680 and R1117X mutant mice display common and distinct
disruptions of post-synaptic signaling complexes.

(A) Representative blots for proteins detected by specific antibodies in the striatal SPM
fraction from wild type, InsG3680+/+ and R1117X+/+ mice. (B and C) Quantification of
relative levels of proteins as normalized to tubulin protein expression from striatal SPM.
(n= 4-6 samples per protein per genotype, each n being pooled tissue from three mice).
(D) Representative blots for proteins detected by specific antibodies in the cortical SPM
fraction from wild type, InsG3680+/+ and R1117X+/+ mice. (E and F) Quantification of
relative levels of proteins as normalized to tubulin protein expression from cortex SPM.
(n= 4-11 samples per protein per genotype, each n being pooled tissue from two mice).
In (B, C, E and F) Data are presented as mean + SEM. * P < 0.05, ** P < 0.01, ™ P <
0.001; one sample t-test.

4.3.6 InsG3680 and R1117X mutant mice show both
common and distinct behavioral phenotypes

Previous studies of various Shank3 knockout mice revealed ASD-related
behavioral phenotypes including anxiety, repetitive/compulsive behavior and

9129133 Ag described above, our molecular and

social interaction deficits
electrophysiological studies of InsG3680 and R1117X mutant mice showed that
they have both shared and distinct synaptic defects. We next tested whether
these synaptic defects are accompanied by behavioral changes. We first tested
their explorative behavior in an open field arena. We found that both R1117X+/+
and InsG3680+/+ mice explored the arena (total distance) much less compared
to WT controls (Figure 4.9 A and B). In addition, InsG3680+/- mice also showed
significantly reduced exploration (Figure 4.9 A). We next evaluated anxiety-like
behavior using elevated zero maze test. Consistent with reduced explorative
behavior, we found both R1117X+/+ and InsG3680+/+ mice spent much less time
in the open arms as compared to their wild type littermates (Figure 4.9 C and D).
In addition, heterozygous mutants from both lines also spent less time in the open
arms as compared to their wild type littermates (Figure 4.9 C and D). These
results strongly suggest both R1117X and InsG3680G mutant mice exhibit
increased levels of anxiety.

Since impaired social interaction is one of the core features of ASD
patients and social withdraw is a characteristic negative symptom in

schizophrenia patients®®?” we tested social interactions of R1117X and
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InsG3680 mutant mice with slightly modified standard three chamber social
interaction paradigm®'?*®. We counterbalanced the object side (O) and social
side (S1) for each mouse, no side preference in specific chamber was observed
for any genotypes in the habituation stage in the absence of object and mice (Fig
4.11). As expected, wild type mice showed significant preference for strange
mouse (S1) to a novel object (O) (Figure 4.9 E). However, both InsG3680 and
R1117X homozygous mutant mice showed no significant preference for other
mice compared to novel object side (Figure 4.9 E and F). Interesting,
heterozygous R1117X mutant mice, but not heterozygous InG3680 mutant mice,
also displayed social interaction deficits (Figure 4.9 E and F). Similarly, in social
novelty test, both homozygous and heterozygous R1117X mutant mice exhibited
deficits while only homozygous InsG3680 mutant mice showed the defect (Figure
4.9 G and H). Together, these results demonstrated that both InsG3680 mutation
and R1117X mutation lead to social interaction deficits, similar to Shank3 mutant
mice with deletion of the ankyrin repeats or PDZ domain® %,

Repetitive behavior/restricted interest is another key feature of ASD.
Several mouse models of psychiatric disorders including ASD, OCD and Tourette
syndrome show repetitive grooming phenotypes and some of them develop skin
lesions due to overgrowing®®°*76%1% These repetitive/compulsive-like behaviors
have been strongly linked to cortico-striatal-thalamo-cortical circuitry

58:59.78.76.81,257.258(appendix) 10 o1 preeding colony, we found that 28.1 %

dysfunction
of InsG3680 homozygous mutant mice develop skin lesions at the age between
four to six months (Figure. 4.10 A), a similar rate to our previous finding in
Shank3B knockout mice®. In contrast, only, 8.7 % R1117X+/+ homozygous
mutant mice developed skin lesions at the same age. No skin lesions were found
in R1117X+/-, InsG3680+/- and wild type groups. We next quantified the
percentage of time R1117X and InsG3680 mice spending on grooming during a
two-hour session. We found that InsG3680+/+ mice spend twice as much time on
grooming when compared to their WT littermates (Figure 4.10 B). In contrast,
R1117X+/+ mice did not show statistically significant increase in grooming time
compared to their WT littermates (Figure 4.10 C), although a trend of increase
was observed. These results suggest that only InsG3680+/+ mice show robust
repetitive/compulsive grooming behavior. This is consistent with our molecular
and electrophysiological results indicating more severe disruption of striatal
synaptic function in InsG3680 mutant mice.

In our R1117X+/- x WT mating cages, we frequently observed partial or

complete facial hair loss of WT mice without any lesions, suggesting
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allogrooming/barbering by R1117X+/- mice (Figure 4.10 D). We confirmed that
loss of whisker and facial hair was caused by allogrooming by a cage mate
instead of self-grooming by separating the mating pairs with the phenotype. We
observed nearly full regrowth of facial hairs after weeks of single housing.
Furthermore, pairing the recovered animals with their original cagemates induced
robust loss of whisker and facial hair again within two weeks (data not shown).
This allogrooming/barbering phenotype also happened in R1117X+/- x
R1117X+/- mating cages, in which one of the R1117X+/- mice and/or offspring
would lose their facial hairs. We observed allogrooming/barbering in 48 % mating
cages with R1117X+/- mice. In contrast, we only observed
allogrooming/barbering phenotype in 14 % mating cages with InsG3680+/- mice.
These results suggest that R1117X and InsG3680 mutations have differential
effects on the expression of social dominance/aggression phenotype.

Previous studies in rodents have implicated the impairment of PFC
function in social dominance and aggression®*®
from mPFC indicated that both R1117X+/- and R1117X+/+ have profound deficits

of synaptic transmission. To further evaluate the social dominance/aggression

. Our electrophysiological findings

phenotype, we performed standard tube test (Figure 4.10 E) between wild type
versus heterozygous and wild type versus homozygous mice in two mutant lines.
When the two stranger mice meet in the middle of the tube, the
dominant/aggressive mouse will advance and drive the other mouse out of the
tube®”®. We found both R1117X+/+ and R1117X+/- mice show much higher
probability of winning the matches when tested with their wild type opponents
(Figure 4.10 F). We also observed a significantly increased winning percentage in
InsG3680+/+ but not in InsG3680+/- mice against their wild type opponents
(Figure 4.10 G). These results are consistent with our electrophysiological and
morphological findings in the prefrontal cortex showing synaptic deficits in both
heterozygous and homozygous mice with R1117X mutation but only in

homozygous mice with InsG3680 mutation.
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Figure 4.9 | InsG3680 and R1117X mutant mice display anxiety behavior and social
interaction deficits.

A and B) Total distance travelled in the open field test as normalized to wild type
littermates. C and D) Time spend in the open arms in the elevated zero maze test as
normalized to wild type littermates. In the InsG3680 cohort, n= 17 mice for wild type; n=
19 mice for InsG3680+/-; n= 18 mice for InsG3680+/+ group. In the R1117X cohort, n=
15 mice for wild type, n= 15 mice for R1117X+/-; n= 15 mice for R1117X+/+. E and F)
Time spend on close interaction with an object (O) vs stranger mice (S1) in the phase Il
social interaction test. (G and H) Time spend on close interaction with a familiar mouse
(S1) vs stranger mouse (S2) in the phase lll social interaction test. In the InsG3680
cohort, n= 17 mice for wild type; n= 19 mice for InsG3680+/-; n= 18 mice for
InsG3680+/+ group; in the R1117X cohort, n= 23 for wild type, n= 25 for R1117X+/-; n =
24 for R1117X+/+ group; In all the panels, data are presented as mean = SEM, * P <
0.05, ™ P < 0.01, *** P < 0.001; one-way ANOVA with Bonferroni post hoc test.
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Figure 4.10 | InsG3680 mice show more profound repetitive self-grooming,
whereas R1117X mice display allogrooming and aggressive behavior.

A) Representative pictures from an adult wild type and an InsG3680+/+ mouse that
developed a lesion in the head/neck area. B and C) Time spend on grooming during 2 h
videotaping of indicated genotypes as normalized to their wild type littermates. In the
InsG3680 cohort, n= 9 mice for wild type; n= 9 mice for InsG3680+/-; n= 10 mice from
InsG3680+/+ group. In the R1117X cohort, n= 9 mice for wild type, n= 9 mice for
R1117X+/-; n= 9 mice for R1117X+/+. Data are presented as mean £ SEM. ** P < 0.01;
one-way ANOVA with Bonferroni post hoc test. D) Representative pictures of an

R1117X+/- mouse with intact facial hair and a wild type mouse shaved by its cage mate
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as an indication for dominant/aggressive behavior. E) Diagram of tube test task between
two unfamiliar mice with different genotypes. F and G) Percentage of wins in test pairs
between indicated genotypes, 11/18 (61 %) of R1117X+/- vs WT; 16/18 (89 %) of
R1117X+/+ vs WT; 6/14 (43 %) of InsG3680+/- vs WT; 8/11 (73 %) of InsG3680+/+ vs
WT. Note that both R1117X+/- and R1117X+/+ mice perform significantly above chance
level. One-sample chi-squared test was used to determine the significant difference. *
indicate significantly different from an expected chance (50:50 win-lose outcome).
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Figure 4.11 | No chamber preference during the habituation phase of social
interaction test.

A and B) Time spend inside each chamber, left (L); middle (M); right (R). In the
InsG3680 cohort, n= 17 mice for WT; n= 19 mice for InsG3680+/-; n= 18 mice for
InsG3680+/+ group; in the R1117X cohort, n= 23 for WT; n= 25 for R1117X+/-; n= 24 for
R1117X+/+ group. Data are presented as mean + SEM; one-way ANOVA with

Bonferroni post hoc test.

113

——
—



4.4 Discussion

Although schizophrenia and autism are two distinct disorders based on
phenomenological diagnosis (DSM-5), it has long been recognized that they
share some common features and comorbidity?®*®*°. This is particularly true

between child onset schizophrenia and autism?**%°

. For example, in a recent
study, out of 46 schizophrenia patients with normal intelligence, about 50 % met
the diagnostic criteria of ASD??. Recent human genetic studies have provided
strong biological support for these clinical findings. GWAS, CNV and exome
sequencing have all identified many of the same genes in both disorders®°%,
One such group of shared risk genes encodes proteins important for synaptic

development, function and plasticity?'#2'4217.222,

Despite strong clinical and
genetic evidences, however, it is not clear how different mutations of the same
gene may contribute to different disorders. In this study, we generated new
mouse models that harbor the highly penetrant Shank3 mutations found in ASD
and schizophrenia patients. Our study revealed both distinct and shared defects
in the two lines of mutant mice at molecular, synaptic, circuit and behavioral
levels. Our results may provide, for the first time, some neurobiological insights
on how different mutations in the Shank3 gene may lead to mutation-specific

defects and relevant behavior abnormalities.

Early developmental defects in mice with ASD-associated mutation

One of the interesting findings is that mice with ASD-associated InsG3680
mutation exhibit earlier synaptic defects as compared with SCZ-associated
R1117X mutation. We found a reduction of population spike responses and
AMPA/NMDA ratio in P14 InsG3680-+/+ mutant mice, indicating defects in evoked
synaptic transmission. The lack of obvious presynaptic defects suggests that
there are fewer functional synapses in these mutant mice. Interestingly, we found
a surprising increase of mEPSC amplitude in striatal MSNs of P14 InsG3680+/+
mutant mice, suggesting a potential compensatory mechanisms by the remaining
functional synapses. On the other hand, no defects were identified in SCZ-
associated R1117X mutant mice at P14. These early onset deficits of synaptic
transmission observed in InsG3680 homozygous mice may provide a cellular
mechanism for understanding the fact that ASD patients with Shank3 mutations
have much earlier onset time than SCZ patients with Shank3 mutations.
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SHANKS expression dramatically increases in neonatal mouse brain and
reaches peak level around three weeks postnatally, a period of time with massive
synapse formation and maturation, consistent with its role in synaptic
development and function. Our data shows that InsG3680 mutation leads to
dramatically reduced level of mMRNA and almost a complete loss of SHANKS
proteins, whereas R1117X mutation retains a significant amount of truncated
SHANKS protein. SHANKS3 proteins contain multiple protein-interacting domains
including ankyrin repeats, PDZ domain, SH3 domain, Homer interacting motif and
SAM domain'**??®®_ As a scaffolding protein, SHANKS is likely to form multiple
signaling complexes through these protein-interacting domains, probably with
developmental stage and cell type specificity’®. R1117X mutation would lead to a
truncated protein without the Homer-interacting motif and SAM domain. Our data
suggest that this truncated SHANKS protein is, at least partially, functional in
MSNs at early postnatal period. However, this is not the case in the adult cortex
since we see dramatic synaptic and behavioral defects in adult R1117X mutant
mice (see discussion below). These unique features of mutation-specific effects
may provide some explanation on genetic overlaps of risk genes in various

psychiatric disorders.

Distinct prefrontal cortex defects in R1117X mutant mice

Currently, the pathological mechanisms underlying schizophrenia are not
well understood. However, clinical studies from human patients have implicated
the dysfunction of prefrontal cortex (PFC), in particular dorsolateral prefrontal
cortex (dIPFC), as an important cause of deficits in working memory, executive

12,206,243

function and social impairment . In addition, postmortem studies have

revealed reduced numbers of dendritic spines in pyramidal neurons of dIPFC

region from schizophrenia patients®*®

. Rodents do not have an anatomically
distinct dIPFC®. However, electrophysiological and behavioral studies suggest
that medial prefrontal cortex (mMPFC) in rodents may perform some equivalent

functions of primate dIPFC at a rudimentary level**

, such as working memory,
decision making and social interaction. Consistent with these findings, our study
revealed profound synaptic transmission defects in mPFC of mice with SCZ-
associated R1117X mutation, but not with ASD-associated InsG3680 mutation,
indicating that these two mutations affect distinct circuits.

Since all three members of the Shank family genes are expressed in the

59,194,249,250

cortex , it is possible that they may have functional redundancy to

compensate the loss of other members. Very interestingly, we found that
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upregulation of Shank1 and Shank2 happens only in the cortex of InsG3680
mutants but not in R1117X mutants. The upregulation of Shank1 and 2 in the
cortex of InsG3680 mutants may compensate for the loss of Shank3 and thus
alleviate synaptic defects. In addition, the truncated SHANKS protein resulted
from R1117X mutation may have a dominant-negative effect presumably by
preventing full length Shank1 and/or Shank2 assembling into the postsynaptic
signaling complex, further mitigating the potential compensation by Shank1 and
Shank2 normally expressed in the cortex of R1117X mutants. Interestingly,
Shank1 and Shank2 are normally not highly expressed in the striatum® and we
did not observe up-regulation of Shank1 and Shank2 in the striatum of either
mutant line. Thus up-regulation and compensation by Shank1 and Shank2 is not
only mutation-specific, but also cell type/brain region-specific, adding another
layer of complexity to the study of neurobiological mechanisms underlying genetic
overlapping of psychiatric disorders.

Molecular changes in the PSD

Consistent with its role as a postsynaptic scaffolding protein demonstrated

by previous studies®"#*

, our analysis of the two new lines of Shank3 mutants
revealed many changes in the postsynaptic signaling complex. Most strikingly, we
observed about 85 % reduction of Homer1b/c in striatal synaptic membrane
preparations from both mutant lines when compared to wild type mice. This is
consistent with the fact that both mutations would lead to truncated SHANKS
missing the Homer binding domain and indicates that synaptic localization of
Homer1b/c largely depends on Shank. Previous studies of Shank3 mutant mice
with the PDZ domain deletion only showed a mild reduction of Homer1b/c, further
supporting this notion®®. Although Homer has been shown to directly interact with
mGIuR5%%®, we only found a slight reduction of mGIuR5 in the striatum of
InsG3680 mutants and there is no change of mGIuR5 level in R1117X mutants,
strongly suggesting that synaptic localization of mGIuR5 does not depend on its
interaction with Homer1b/c.

Similar to electrophysiological findings, biochemical analysis of synapses
also revealed mutation-specific and brain region-specific changes in addition to
common defects. In the striatum, we found reduced levels of SAPAP3, NR2A,
GluR2 and mGIuR5 only in InsG3680 mutant and reduced PSD95 only in
R1117X mutants, suggesting InsG3680 mutation leads to more disruption of
postsynaptic signaling complex than R1117X mutation does in the striatum. In

contrast, in the cortex, we found reduction of SynGAP1 and NR1 only in R1117X
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mutants and no InsG3680-specific changes were observed, consistent with our
finding of significant synaptic transmission defects found in R1117X mutants but
not InsG3680 mutants in the prefrontal cortex.

Commonality and differences in behavioral phenotypes

Multiple Shank3 knockout mice targeting different regions of the protein
including ankyrin repeats and PDZ domain have been generated. These mutant
mice show various degree of behavioral phenotypes relevant to ASD including
anxiety, repetitive/compulsive behavior and social interaction deficits® %%,
Consistent with these findings, mice with ASD-associated InsG3680 mutation
showed anxiety-like behaviors, repetitive grooming leading to skin lesions and
social deficits. Interestingly, mice with SCZ-associated R1117X mutation also
show anxiety-like behavior and social deficits, suggesting there are common
cellular and circuit defects shared by these two mutants.

One of the most common phenotypes in mouse models with mutations of
ASD risk genes is the repetitive behavior and previous studies have strongly
linked repetitive/compulsive behaviors to defects in cortico-striatal-thalamo-
cortical (CSTC) circuits®°976:81:2%8(@ppendx) — Gimjlar to our reported Shank3B
knockout mice, the repetitive/compulsive grooming behavior in InsG3680 mutant
mice are very robust. R1117X mutant mice do not show significant repetitive
grooming behavior, although both mutant lines show striatal molecular and
synaptic defects. There are several possible explanations of this phenotypic
difference. First, both our electrophysiological and biochemical results suggest
that striatal synaptic defects are more severe in InsG3680 mutants than in
R1117X mutants which may partially contribute the behavioral difference.
Second, striatum is only one part of the CSTC circuit and differential defects in
other parts of the brain, such as cortex, may significantly affect the behavioral
output. Third, recent studies have begun to reveal specific changes in
subcircuits/microcircuits of the CSTC that may underlie repetitive behaviors and
the two mutations may differentially affect these sub-circuits/micro-circuits.
Further studies will be needed to identify the exact mechanisms.

A behavioral phenotype predominantly found in R1117X mutants is the
social dominance and aggression behavior in heterozygous mice. In their home
cage, they show strong social dominance by barbering/facial hair removal of cage
mates. This happened much more often in R1117X mutant mice (48 % of mating
cages) than in InsG3680 mutant mice (14 % of the cages). In the tube test of

pairs of stranger mice for dominance/aggression, R1117X heterozygous mice
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showed significant dominant/aggressive behavior over wild type mice while
InsG3680 heterozygous mice did not show this behavior. Although the exact
mechanisms/circuits involved in dominance/aggression behavior in mice are still
not well understood, recent studies have provided evidence implicating mPFC,
hypothalamus, and amygdala in social dominance and aggression®*?®®. Our
studies demonstrated significant synaptic transmission defects in the mPFC of
R1117X, but not InsG3680 mutant mice. Our biochemical studies also revealed
more molecular disruptions of the synaptic signaling complex in the cortex with
R1117X mutation than with InsG3680 mutation. These correlative data may
provide partial explanation for the difference in social dominance/aggression
behavior between these two mutant lines.

Previous studies in mice have demonstrated that two different mutations
of the Mecp2 gene in Rett Syndrome patients differentially affect the function of a
key domain in Mecp2 and result in different severity of phenotypes similar to
disease progression and symptoms observed in patients with these two
mutations®®. Although it is difficult to directly correlate mouse behaviors with
patient symptoms and diagnosis, our study at least provides neurobiological
evidences and mechanisms that the two Shank3 mutations associated with ASD
and SCZ cause both common and distinct defects at molecular, synaptic and
behavioral levels. More broadly, we demonstrated that different mutations of the
same gene may elicit neurobiological changes at different developmental stages,
brain regions and cell types through a variety of potential mechanisms including
differential mRNA stability, differential regulation of compensatory gene

expression and different degrees of signaling complex disruption.
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4.5 Methods

Animal work statement: All animal related work was performed under the

guidelines of Division of Comparative Medicine (DCM), with protocol (# 0513-044-
16 of Feng laboratory and #1012-102-15 of Lewis laboratory) approved by
Committee for Animal Care (CAC) of Massachusetts Institute of Technology, and
was consistent with the Guide for Care and Use of Laboratory Animals, National
Research Council 1996 (institutional animal welfare assurance no. A-3125-01).
Only aged-matched male mice were used for all behavioral experiments, all other
tests included age-matched males and females in proportional contribution

acCross groups.

Generation and breeding of mutant mice: R1117X and InsG3680 Shank3
mutant mice were generated by homologous recombination in R1 mouse ES cells

and implanted in C57 blastocysts using standard procedures. R1117X and
InsG3680 Shank3 targeting vectors were constructed and introduced separately
into R1 ES cells to replace the corresponding wild type allele. Homology arms
with about 800 bp of size on both sides were designed to flank the desired point
mutation, a pair of TALE nuclease plasmids were also designed as previously

described®®’

to facilitate the recombination efficiency through co-electroporation
into ES cells together with targeting vector. The neo cassette was removed after
targeting. High percentage chimeric mice were backcrossed with C57BL/6J
(Jackson laboratory) to establish germline transmission followed by backcrossing
with C57 BL/6J for five to six generations. Genotypes were determined by PCR of
mouse tail DNA using the following primer pairs and gave rise to a band of 400
base pairs for wild type allele and 478 for R1117X mutation allele:

Primer F (5-ATCTGCCATCCCTACAACCCTCC-3);

Primer R (5-TCTCTCCGAGCAGGCACTGGAATCC-3)).
For InsG3680, the following primer pairs were applied and generated a band of
407 base pairs for wild type allele and 486 for InsG3680 mutation:

Primer F (5-TGCAAACCCGAGACTCTGAGAGAGG -3’);

Primer R (5-AGCGAATACCAGCTCTGGCTCCTCC -3).
To build the colony with C57 B6/S129 Sv mixed genetic background, we crossed
the F5 heterozygous mutants with S129 Sv wild type mice (Jackson laboratory) to
generate the founder population, and then set up heterozygous x heterozygous

brother-sister mating between these founders to generate offspring with
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C57B6/S129Sv mixed genetic background for all the experiments in this study.
Animals were housed at a constant temperature of 23 °C with a 12 hours
light/dark cycle with free access to food and water. Mice were housed 4-5 by
genotype per cage with the exception of the animals individually housed for

grooming assay.

Behavioral studies: All behavioral studies were carried out and analyzed

with experimenter blinded to genotype. For all assays, mice were habituated in
the test facility for 1 hour prior to starting the task. Each cohort of mice were used

for maximally three behavioral tests with at least five days’ break between tasks.

Grooming behavior test: Adult male mice about 5 month-old were used for

analysis of grooming behavior. Animals were individually housed for 2 weeks
before video tapping for 2 hours under red light illumination between 7:00-9:00
pm. Grooming behaviors were manually coded and analyzed using Noldus
Observer software, so that the total duration that an animal spent on grooming in
the 2 hours segment was determined and normalized to its mobile time.
Grooming included all sequences of face-wiping, scratching/rubbing of head and
ears, and full-body grooming.

Open field: Spontaneous locomotor activity was assessed as total
distance travelled (m) over 60 minutes in an automated Omnitech Digiscan
apparatus (AccuScan Instruments) as described previously®. Activity was
quantified over a 60 minute period by a computer operated detecting system.

Elevated zero maze test: The elevated zero maze consists of a circular

platform that is equally divided into four quadrants. The zero maze was indirectly
iluminated at 60 lux on the open arms and 10 lux on the closed arms. Testing
started with an animal being placed into a closed arm of the maze. Behavior was
video-taped for 5 minutes and then scored by a trained observer using Noldus
Observer software. Anxiety-like behavior was interpreted based upon the
percentage of time that mice spent in the open arms. The animals used in the
elevated zero maze test were previously tested in the open field assay with one-
week’s break.

Three-chamber social test: Sociability and social novelty test were

d59,201

performed as previously describe with minor modifications. Briefly, 3
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months-old male mice were used across all cohorts. Both stranger 1 and stranger
2 were wild type male S129 Sv males (Jackson laboratory) with matched age and
body weight to test mice. Stranger mice were habituated by placing them inside
an inverted wire cup for 30 minutes, two sessions per day for three consecutive
days before experiments. Each stranger mouse was used maximally two times
per day. Test mice were habituated to the facility environment for 1 hour before
the start of behavioral tasks. The social test apparatus was made of a clear
plexiglass box (65 (L) x 44 (W) x 30 (H) cm) with removable floor and partitions
dividing the box into left, center, and right chambers. Center chamber (21 cm x 22
cm) is half the width of left (21 cm x 44 cm) and right chamber (21 cm x 44 cm).
These three chambers were interconnected with 5 cm openings between each
chamber which can be closed or opened manually with a lever operated door.
The inverted wire cups to contain the stranger mice were cylindrical, 10 cm in
height, a bottom diameter of 10 cm with the metal bars spaced 0.8 cm apart. A
weighted cup was placed on top of the inverted wire cups to prevent the test mice
from climbing onto the wire cup. Each wire cup was used only one time per day
then followed by extensive clean with 75 % ethanol and water at the end of the
test day. During the habituation phase, an empty wire cup was placed into left
and right chamber, and the test mouse was placed into the middle chamber and
allowed to explore for 15 minutes, with the doors into both side chambers open.
During the sociability test phase, the test mouse was firstly gently introduced to
the middle chamber with the doors to both side chambers closed, and an
unfamiliar mouse (S1) was placed under the inverted wire cup in one of the side-
chambers and a toy object (O) was placed under the inverted wire cup placed on
the opposite side chamber. The location of the stranger mouse and object was
counterbalanced between test trials to exclude side preference. The experimenter
then lifted up the doorways to both side chambers simultaneously, and the test
mouse was allowed to explore all three chambers for 15 minutes. During the
social novelty test phase, the test mouse was again gently introduced into the
middle chamber with the doors to both side chambers closed. Then a novel
mouse (S2) was placed under the inverted wire cup, replacing the toy object (O)
in one of the side-chambers. The experimenter then lifted up the doorways to
both side chambers simultaneously, and the test mouse was allowed to explore
all three chambers for an additional 15 minutes. Time spent in close proximity to
the stranger mice or toy object was analyzed using the Noldus Ethovison
software. The animals used in the social interaction test were previously tested in

the zero maze assay with one-week’s break.
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Tube test: The tube test assay was performed as previously
described®*?%® We used transparent plexiglass tubes with 30 cm length and 3
cm inner diameter. This narrow space is just sufficient for an adult mouse (4-5
month-old) to walk through without being able to reverse its body direction. Mice
were habituated to walk through the tube two sessions per day for four
consecutive days before testing. On the day of testing, two unfamiliar mice with
different genotypes were firstly met in the middle of the tube then released at
opposite ends of the plexiglass tube simultaneously. The mouse that completely
retreated firstly from the tube within first 6 minutes of the test was defined as the
loser, and the other as the winner. In very rare cases, when no mice retreated
within 6 minutes, the tests were repeated. The same pair of mice was matched
again on the same test day with mice entry sides counterbalanced. The tubes
were cleaned with 75 % ethanol between trials. A chi-square analysis was
applied to determine the significance of test score between mice when compared
with an outcome expected by chance (i.e. a 50:50 win—lose outcome).

Slice preparation for adult mice: Acute brain slices were prepared from 8-

weeks-old mice as described previously™. Slices were prepared from a pair of
mice consists of one wild type, one heterozygous and one homozygous with the
same solution and procedure each day. Mice were deeply anesthetized by intra-
peritoneal injection of avertin solution (20 mg/ml, 0.5 mg/g body weight) and then
transcardially perfused with 25 ml of carbogenated (95 % 02, 5 % CO2) ice cold
cutting artificial cerebrospinal fluid (aCSF) with the composition (in mM): 105
NMDG, 105 HCI, 2.5 KClI, 1.2 NaH.PO4, 26 NaHCO;3, 25 Glucose, 10 MgSQ,, 0.5
CaCl2, 1 L-Ascorbic Acid, 3 Sodium Pyruvate, 2 Thiourea (pH 7.4, with
osmolarity of 300-310 mOsm). The brains were rapidly removed and placed in
ice-cold and oxygenated cutting solution. Coronal slices (300 pm) were sliced
using Leica VT1200S (Leica Microsystems) and then transferred to recovery
chamber at 32 °C with carbogenated cutting aCSF solution for 12 minutes,
followed by transferring to holding chamber containing aCSF that contained
(mM): 119 NaCl, 2.3 KCI, 1.0 NaH,PO,, 26 NaHCO;, 11 Glucose, 1.3 MgSQ,, 2.5
CaCl, (pH was adjusted to 7.4 with HCI, with osmolarity of 300-310 mOsm) at
room temperature. Slices were allowed to recover for one more hour in holding
chamber before recording and used for experiment typically between 2~6 hours
after slicing.
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Slice preparation for juvenile mice: Acute brain slices from juvenile mice
269

were prepared as described previously™™. Briefly, a pair of wild type and
homozygous mice from the same litter at postnatal day 14 were deeply
anesthetized and rapidly decapitated. Dissected brain were placed into
carbogenated (95 % 02, 5 % CO2) ice cold cutting artificial cerebrospinal fluid
(aCSF) with the composition (in mM) 194 sucrose, 30 NaCl, 4.5 KCI, 1.2
NaH,PO,, 26 NaHCO;3, 10 glucose, 0.2 CaCl,, 8 MgSO, (pH 7.4, 350 mOsm).
Coronal slices (300 ym) were sliced in the same cutting aCSF using Leica
VT1200S (Leica Microsystems) and then transferred into a recovery chamber
containing carbogenated normal aCSF of the composition (in mM): 119 NaCl, 2.3
KCI, 1 NaH,PO,, 26 NaHCO;, 11 glucose, 2.5 CaCl,, 1.3 MgSO, (pH 7.3, 300—
310 mOsm) for 15 minutes at 32 °C before moving to the holding chamber at
room temperature. Slices were allowed to recover for one more hour in holding
chamber before recording and used for recording typically between 2~6 hours

after preparation.

Cortico-striatal extracellular field recording: Recording of population spike

in dorsal later striatum was performed as described®®*®. Slice was placed into
recording chamber (Warner Instruments) and constantly perfused with
oxygenated aCSF at room temperature at a speed of 2.0 ml/minute. A platinum
iridium concentric bipolar electrode (FHC) was positioned on the inner border of
the corpus callosum between the cortex and dorsolateral striatum to stimulate the
predominant cortical input to dorsolateral striatal region. A borosilicate glass
recording electrodes filled with 2 M NaCl was placed onto the dorsolateral striatal
region approximately 400 um away from the stimulating electrode. Cortico-striatal
field population spikes were elicited by delivery step depolarization (0.15 ms
duration with 0.5 mA intensity at a frequency of 0.1 Hz). Stable baseline response
of pop spike for at least of 5 minutes from individual slice was ensured before
moving to input-output assay. Input-output curves were determined for both the
negative peak 1 (NP1; presynaptic fiber volley) and pop spike amplitude by
delivery three consecutive stimulation from 0 to 1 mA with 0.1 mA increments.
Recordings were performed at room temperature and data were sampled using

pCLAMP 10 software (Molecular Devices).

Whole cell patch clamp recording: Slice was placed into recording

chamber (Warner Instruments) and constantly perfused with oxygenated aCSF at

room temperature at a speed of 2.0 ml/minute. MSNs were visually identified
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with a microscope equipped with IR-DIC optics (BX-51WI, Olympus) by location,
shape and other electrophysiological parameters. Recording pipettes with
resistance about 3~4 MQ were pulled with pipette puller (P-97, Sutter
Instruments) using capillary glass (King Precision Glass, type 8250). Pipettes
were filled with internal solution containing (in mM): 107 CsMeSQOs, 10 CsCl, 3.7
NaCl, 5 TEA-CI, 20 HEPES, 0.2 EGTA, 5 lidocaine N-ethyl chloride, 4 ATP
magnesium salt, and 0.3 GTP sodium salt (pH 7.3, osmolarity 300~305 mOsm).
Series resistance between 10 to 15 MQ was constantly monitored. Multiclamp
700B amplifier (Molecular Devices) and digidata 1440A were used to acquire
whole cell signals. Signals were sampled at 10 kHz and filtered at 2 kHz. AMPA
receptor-mediated mEPSCs were collected at least 5 minutes after forming a
stable whole cell patch clamping, recordings were performed by holding the MSN
at -70 mV and perfused with aCSF supplied with 50 yM DL- APV (Abcam),
picrotoxin (100 uM) (Tocris) and 1 yM TTX (Tocris). The mEPSCs data were
analyzed with Mini Analysis program (Synaptosoft). Recording of AMPA/NMDA
current ratio were performed and data were analyzed as described previously®®®.
A platinum iridium concentric bipolar electrode (FHC) was positioned on the inner
border of the corpus callosum between the cortex and dorsolateral striatum to
stimulate the predominant cortical input to dorsolateral striatal region. After
forming a stable whole cell recording for at least 5 minutes, stimulus intensity was
adjusted to a value that could evoke an AMPA receptor mediated response
between 200 to 300 pA when holding at -70 mV. Recording were performed in
the presence of picrotoxin (100 uM) and D-serine (1 uyM). Each evoked response
was repeated for 15 times with an inter-stimulus interval of 20 s for all MSNs
recorded. AMPA/NMDA ratio is calculated by the ratio of the peak of EPSC at -70
mV to the value of the EPSC at +40 mV at 60 ms following stimulation.

SPM and PSD preparation from mouse brain: Striatal and cortical tissue

was obtained from two months old mice, experiments were performed as
described previously™. Briefly, mice were decapitated after an isofluorane
overdose and the head was shock-frozen in liquid nitrogen for four seconds.
Cortical (bregma 1.4 to -0.46 mm) and striatal (bregma 1.4 to -0.46 mm) regions
were micro-dissected and snap-frozen on dry ice. Tissue from two mice for cortex
samples or three mice for striatum samples was pooled to generate one sample
(one n, approximately 200 mg brain tissue total). All the buffers and solution used
for the SPM and PSD preparation were supplied with proetease inhibitor (PI,

cOmplete protease inhibitors from Roche). The pooled tissue was homogenized
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in 3 ml ice-cold buffer (4 mM HEPES pH 7.4, 0.32 M sucrose) using a 5 ml, tissue
grinder (Wheaton# 358005) and power homogenizer at 900 rpm for 30-40
strokes. Homogenates were centrifuged for 15 minutes at 900 g at 4 °C.
Supernatants were centrifuged again for 15 minutes at 900 g at 4 °C. Next,
supernatants were centrifuged for 15 minutes at 18,000 g at 4 °C to obtain the
crude synaptosomal fraction. This pellet was washed with 3 ml ice-cold buffer (4
mM HEPES pH 7.4, 0.32 M sucrose with Pl) and centrifuged for 15 minutes at
18,000 g at 4 °C. The washed pellet was dissolved in 3 ml hypo-osmotic buffer (4
mM HEPES pH 7.4). Using the tissue grinder, 8 strokes were manually applied.
Then the hypo-osmotic synaptosomal fraction was rotated for 1 h at 4 °C. Hypo-
osmotic synaptosomal fractions were centrifuged for 20 minutes at 26,500 g at 4
°C and the pellets were snap frozen on dry ice. The pellets were supplemented
with 300-400 ul buffer (50 mM HEPES pH 7.4, 2 mM EDTA) and dissolved via
sonication (4°C, 10 % power, 30 % ON, 70 % OFF, 30 s, Omni-Ruptor 250).
Using the bicinchoninic acid protein assay (Thermo Scientific Pierce), protein
concentrations were measured for each sample. To prepare the PSD fraction,
pellets of synaptosomal fractions were dissolved in 0.1 ml ice-cold buffer (4 mM
HEPES pH 7.4, 0.32 M sucrose) and placed on top of the sucrose gradient 0.8
M/1.0 M/1.2 M (27 %, 34 %, 41 %) in a Beckman ultracentrifuge tube (347356)
with 500 ul/layer. Purification was performed by ultracentrifugation use swing
bucket rotor TLS-55 at 117,257 g (42,000 rpm) for 2 hours at 4 °C. Enriched PSD
fraction was harvested using 1 ml insulin-syringe with needle to punch a hole on
the side around the interface between layer of 1.0 M and 1.2 M. About 400-600 ul
of fraction was extracted and diluted to 0.32 M sucrose by adding 2.5x volume of
HEPES buffer. Dissolved pellets were further spinned at 128,405 g for 30 minutes
(55,000 rpm in TLA100.3). Pellet was resuspended after centrifuge with 1 ml of
HEPES buffer (50 mM HEPES pH 7.4, 2 mM EDTA) followed by adding Triton X-
100 to 0.5 % (52.6 ul Triton X-100 10 %). Mix thoroughly and rotate at 4 °C for 15
minutes then spin at 32.000 g for 20 minutes (28.000 rpm with TLA-100.3 rotor).
And 1 ml ice-cold HEPES-C/ea into the pellet (PSD-1T), then add 0.5 % Triton X-
100 (52.6 ul Triton X-100 10 %). Mix thoroughly and rotate at 4 °C for 15 minutes.
Centrifuge again at 200.000g (65.000 rpm TLA-100.3) for 20 minutes to obtain
PSD-2T pellet. Recover PSD-2T in 100 ul of HEPES buffer (50 mM HEPES pH
7.4,2 mM EDTA). Add 14.24 ul 20 % SDS and 43.94 ul 9M Urea. Brief sonication
with 10 % power and 3 pulses (30 % ON-70 % OFF) to dissolve the pellets.
Aliquot the PSD fraction and store at -80 °C before protein quantification and

western blotting assays.
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Western blotting and quantification: The dissolved samples were mixed

with 400 pl 2x Laemmli sample buffer (Bio-Rad). 400 ul of the mixture were kept
without boiling and 400 pl were boiled for 5 minutes at 95 °C. Sample volumes
corresponding to 25 ug protein amount per lane were loaded onto 4-15 %
gradient Mini-PROTEAN TGX gels (Bio-Rad) and ran for 3 hours at 50 V. The
proteins were then transferred onto Whatman Protran nitrocellulose membranes
(0.2 um pore size, BA83, Sigma-Aldrich) using a tank blot system (Mini Trans-
Blot Cell, Bio-Rad) for 120 minutes at 100 V at 4 °C. The membranes were
blocked for 1 hour with the respective blocking buffer (supplementary table 1) that
did not contain any Tween-20. Subsequently, the membranes were incubated
with primary antibodies diluted in blocking buffer (supplementary table 1) for 12
hours at 4 °C. Following primary antibody incubation, the membranes were
washed three times for 5 minutes per wash using TBST buffer (0.05 % Tween-
20). Then, the secondary antibodies goat-anti-mouse IRDye680 (Li-COR
Biosciences), donkey-anti-rabbit IRDye 800CW (Li-COR Biosciences) or goat-
anti-rat IRDye 800CW (Li-COR Biosciences) diluted in 1:1 TBST (0.05 % Tween-
20): Odyssey Blocking Buffer (Li-COR Biosciences) were incubated with the
membrane for 2 hours at room temperature. Following three rounds of washing
with TBST, the membranes were scanned using an Odyssey CLx infrared
imaging system (Li-COR Biosciences). Specific bands were then quantified with
the contrast-independent, automatic background subtraction rectangular ROI tool
of the built-in Software Image Studio 3.1 (Li-COR Biosciences) and normalized to
an alpha-tubulin loading control for each lane and each blot. The values obtained
for the mutation genotypes were then normalized to the wild-type expression.
Statistical significance was tested for using the one-sample t-test for normalized
values by asking whether the measured value differs significantly from the
hypothetical value 1.0 (wild-type levels).

Golgi staining and spine counting: Golgi staining and spine counting was

performed as described previously''. Three littermate pairs of male mice at two-
month old from both R1117X and InsG3680 cohort were used for spine counting.
Golgi staining of mouse brain was carried out according to the standard user
manual (FD Rapid GolgiStain™ Kit). Briefly, dissected adult mouse brains were
firstly immersed into impregnation solution (solution A+B) for 14 days in the dark,
followed by incubating in solution C for 3 days before slicing. To prepare slices for

imaging, coronal slices were prepared at 100 um thickness using vibratome. Z-
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stack confocal images were taken using an Olympus FluoView 1000 laser
scanning confocal microscope. To quantify the spine density, images of at least
ten neurons at the layer Il/lll of frontal association area for each mouse brain
were taken with only one branch per neuron. Slices were imaged and the density

of spines were counted by an experimenter blind to the genotype of the mice.

RNA isolation and Q-PCR assay: Tissue was obtained from age-and

gender-matched brains of wild type, R1117X+/+ and InsG3680+/+ mice. Briefly,
adult mice were decapitated after an isofluorane overdose and the head was
shock-frozen in liquid nitrogen for four seconds. Cortical (bregma 1.4 to -0.46
mm) and striatal (bregma 1.4 to -0.46 mm) regions were micro-dissected and
snap-frozen on dry ice. Quantitative PCR was performed as described previously
(Wang et al, 2014). Total RNA was extracted using the RNeasy mini kit
(QIAGEN) following the standard user manual. Equivalent amount of total
mRNAs were reversely transcripted to cDNAs with iScript cDNA Synthesis Kit
(Bio-Rad). Quantitative real-time PCR (g-PCR) was carried out using the iQ5
real-time PCR detection system (Bio-Rad) with the iQ SYBR Green Super mix kit
(Bio-Rad) following the guidance of manufacturer's manual. The primers used in
this study are listed below:

Shank3 Exon 1 RT forward: 5-CCGGACCTGCAACAAACGA-3

Shank3 Exon 2 RT reverse: 5-GCGCGTCTTGAAGGCTATGAT-3’

Shank3 Exon 6 RT forward: 5’-GTTGCGAGCTGCTTCTCCAT-3’

Shank3 Exon 8 RT reverse: 5-GCGCAACTCTCCTGGTTGTA-3’

Shank3 Exon 16 RT forward: 5’-GGTTGGACACAAGCAAGTGG-3’

Shank3 Exon 17 RT reverse: 5-CAGCCGTCATGGACTTGGAC-3

Shank3 Exon 21 RT forward: 5’-CGGAAGCTTTGCACGAGAAC-3

Shank3 Exon 21 RT reverse: 5-CTCATCAATGGAGCGGGAGG-3

Shank1 RT forward: 5-CCGCTACAAGACCCGAGTCTA-3’

Shank1 RT reverse: 5-CCTGAATCTGAGTCGTGGTAGTT-3’

Shank2 RT forward: 5-AGAGGCCCCAGCTTATTCCAA-3’

Shank2 RT reverse: 5-CAGGGGTATAGCTTCCAAGGC-3

Gapdh RT forward: 5-AAATGGTGAAGGTCGGTGTG-3’

Gapdh RT reverse: 5-GCATTGCTGACAATCTTGAG-3

Data Analysis: All behavioral and electrophysiological measurement were

performed and analyzed with experimenter blinded to genotype. All comparisons

between groups were collected from littermate animals with experiments
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performed at the same time. All results were presented as mean + SEM and were
analyzed statistically using Student’s t-test, one-way or two-way analysis of
variance with proper post-hoc test as specified in legend of each figure
(GraphPad Prism). * indicates P < 0.05; ** indicates P < 0.01; *** indicates P <
0.001.
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Chapter 5

Optogenetic Stimulation of Lateral
Orbitofronto-Striatal Pathway Suppresses
Compulsive Behaviors






5.1 Summary

Dysfunctions in frontostriatal brain circuits have been implicated in
neuropsychiatric disorders, including those characterized by the presence of
repetitive behaviors. We developed an optogenetic approach to block repetitive,
compulsive behavior in a mouse model in which deletion of the synaptic
scaffolding gene, Sapap3, results in excessive grooming. With a delay-
conditioning task, we identified in the mutants a selective deficit in behavioral
response inhibition and found this to be associated with defective down-
regulation of striatal projection neuron activity. Focused optogenetic stimulation of
the lateral orbitofrontal cortex and its terminals in the striatum restored the
behavioral response inhibition, restored the defective down-regulation, and
compensated for impaired fast-spiking neuron striatal microcircuits. These
findings raise promising potential for the design of targeted therapy for disorders

involving excessive repetitive behavior.

5.2 Background

Repetitive behaviors are cardinal features of a number of neuropsychiatric
conditions® ', Single behaviors and ritualistic sequences of behavior can be
repeated compulsively to the point of seriously interfering with daily functioning®”°.
Attempts to find efficacious therapies for such conditions have been
challenging®"?". Neuroimaging studies have identified abnormalities in cortico-
basal ganglia circuits, particularly those involving the orbitofrontal cortex,
implicated in the expression of repetitive, compulsive, and impulsive

behaviors?’327

. Disabling the lateral part of the orbitofrontal cortex (IOFC)
reduces response inhibition and increases impulsive choice, and this deficit in
response inhibition is likely related to abnormalities in orbitofrontal interactions
with the striatum and associated basal ganglia circuits”?">#">27® We targeted this
orbito-fronto-striatal system to examine its function and to develop an
optogenetic, therapeutic approach to treat compulsive behavior. As a model, we
focused on the compulsive behavioral responses exhibited by Sapap3 mutant

mice®®?”’, which exhibit spontaneous, repetitive facial overgrooming and anxiety,
behaviors that could be considered analogous to pathological repetitive behaviors

in obsessive-compulsive disorder—spectrum disorders®”.
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5.3 Results

5.3.1 Sapap3 mutant mice exhibit a deficit in adaptive
grooming response during conditioning task

We first asked whether, as is thought to be the case in some human
conditions, repetitive behavior in the Sapap3 mutants could be triggered as an
excessive reaction to a neutral stimulus that has been associated with a natural
behavioral response. We designed a conditioning paradigm in which a neutral
stimulus (a water drop applied to the forehead) provoked a grooming response
that could be clearly identified, which allowed us to pair a tone with the water drop
in a delay-conditioning paradigm (Fig.5.1, A and B, and Fig.5.2)?”°. The behavior
of the Sapap3 mutant mice and their wild-type littermates diverged sharply during
the course of conditioning. Early on, both mutants (n= 7) and littermate controls
(n= 7) readily became conditioned, grooming when the conditioning tone was
played (Fig.5.1, C and D). Later in training, the wild types began to inhibit this
early grooming to the tone onset and to respond immediately after the water-drop
release. The Sapap3 mutants, by contrast, having once acquired the conditioned
responses, kept responding to the tones with short-latency grooming, even in
probe trials lacking water-drop delivery (Fig.5.1, C to F; Figs. 5.3 and 5.4; and
table S5.1). This emergence of excessive short-latency responses was not
accompanied by increased general grooming behavior or by hypersensitivity to
the tone (Figs. 5.5 and 5.6 and supplementary text). The Sapap3 mutant mice
thus expressed an acquired maladaptive behavior characterized by defective

inhibition of their conditioned responses to the originally neutral tone stimuli.
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Figure 5.1 | Sapap3 mutant mice exhibit a deficit in adaptive grooming response

during conditioning task.

A) Grooming chamber. B) Timelines. (Top) Three successive trials (two standard, one
probe). (Middle) Session with 40 normal trials (white) and 10 randomly inserted probe
trials (red). (Bottom) Full experiment (14). C) Raster plots of grooming onsets (800
normal trials, 16 sessions), one mouse of each genotype. D) Grooming onset distribution
in wild types (WT) (n= 5) and knockout mutants (KO) (n= 5) in early, middle, and late
training phases. Shading, SEM. E) Mean grooming onset times [n= 5 mice/genotype; y
axis zero, water drop; genotype effect, P<0.05, repeated measures analysis of variance
(ANOVA)]. F) Grooming to tone, probe trials (day-genotype interaction, P<0.01, repeated

measures ANOVA). (E) and (F) Error bars show SEM.
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Figure 5.2 | Successive snapshots from video recording over 200 ms (30-Hz
sampling rate) during performance of the conditioning task.
The grooming onset was defined as the time when both front paws contacted the

forehead.
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Figure 5.3 | Behavior of individual wildtype (left) and Sapap3 mutant (right) mice.
A) Grooming onset times relative to water-drop delivery (y-axis zero-point). B)
Percentage of trials in which the animals groomed in response to the tone during the

probe trials.
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Figure 5.4 | Examples of grooming behavior by a wildtype mouse and a Sapap3
mutant mouse during probe trials.

Raster plots of grooming onset times in 160 probe trials (16 sessions) for a wildtype
mouse (left) and a Sapap3 mutant mouse (right). Early in training, both mice exhibited
almost no grooming to the tone. Later in training, the wildtype mice performed
conditioned grooming responses and eventually inhibited grooming responses to the
tone. By contrast, the Sapap3 mutant mouse continued to groom in response to the tone,
despite the fact that this grooming during the tone-water interval was ineffective in
removing the not-yet-presented water.
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Figure 5.5 | Grooming during intertrial intervals over 15 days of training.
Sapap3 mutant mice (KO, n= 5) showed a significantly higher number of grooming bouts
than wildtypes (WT, n= 5) during the intertrial intervals, as expected. However, their
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relative amounts of grooming did not change significantly over the course of the 15 days
of training (P > 0.05, repeated measures ANOVA). Error bars indicate SEM.

—ea— KO

75

25

% grooming to tone during probe trials
3
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Figure 5.6 | Percentage of grooming responses in probe trials during a control
protocol in which the tone and water-drop delivery were not systematically paired.
During this protocol, which had variable tone-water intervals, no conditioned grooming in
response to the tone was observed over 15 days of training in either wildtype (WT, n= 2)
or Sapap3 mutant (KO, n= 2) mice. This result indicates that a consistent contingency
between tone and water-drop events was necessary to provoke grooming in response to
the tone, as neither control nor Sapap3 mutant mice developed compulsive grooming
with prolonged exposure to the unpaired tone. Error bars indicate SEM.
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5.3.2 Dynamic learning-related changes in IOFC and striatal
ensemble activity differ in wild-type and Sapap3 mutant
mice

Learning theories of human compulsive behavior suggest that repetitive
behaviors can result from malfunction of a learning process that leads to loss of
the ability to repress sensorimotor associations?’%?%%%! To identify the neuronal
basis of such a deficit, we recorded spike and local field potential (LFP) activity
simultaneously with tetrodes in the IOFC and centromedial striatum as the mice
acquired and then performed the task (Fig. 5.8)*”°. The baseline raw firing rates
of putative pyramidal cells in the IOFC were similar in mutants (n= 7) and wild
types (n= 7) throughout training, but the baseline firing rates of putative medium
spiny neurons (MSNSs) in the striatum were significantly elevated in the Sapap3
mutants (Fig.5.7, A and E). During the early stages of training, subpopulations of
pyramidal neurons in the IOFC in both genotypes exhibited a significant increase
of activity between the tone and water events (Fig.5.7 B, Fig. 5.9 A, and table
S5.2)?”°. These IOFC responses remained similar throughout training; activity
after the tone became progressively sustained up to the time of water-drop
delivery (Fig.5.7, B to D).By contrast, striatal task-related MSN activity patterns
diverged markedly during training for the mutant and wild-type mice (Fig.5.7, F to
H, and Fig. 5.9 B)*°. Early on, MSNs in both genotypes exhibited a phasic
increase in response to the tone; but the slope of this increase steadily declined
in the wild types but did not in the Sapap3 mutants (Fig.5.7 H). This tuning of
MSN activity in the wild types occurred as their grooming onset times shifted
toward the time of water-drop delivery (Fig. 5.10). The lack of such learning-
related MSN tuning in the mutants could have reflected increased excitation or
decreased inhibition of activity after the tone (see supplementary text). We
considered one powerful source of MSN inhibition, deriving from fast-spiking
striatal interneurons (FSls), which mediate fast feed-forward inhibition of MSNs in
response to cortical activation® and largely correspond to parvalbumin (PV)—
containing interneurons. In cell counts of PV-immunostained sections, we found
significantly fewer PV-positive striatal neurons in the mutants than in the wild
types (n= 8 mice per genotype, chi-square test, P < 0.05) (Fig. 5.11)*°. This
result suggested that a defect in intrastriatal inhibition could contribute to the

Sapap3 mutant phenotype but did not identify the source of the abnormality.
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Figure 5.7 | Dynamic learning-related changes in IOFC and striatal ensemble
activity differ in wild-type and Sapap3 mutant mice.

Average base- line firing rates of IOFC (A) and striatal (E) units. Average activity of IOFC
(B to D) and striatal (F to H) units classified as task-responsive (i.e., firing preferentially
between tone and water events relative to base- line activity). Mean z-scores normalized
for each neuron relative to baseline activity for wild-type (WT) (n= 7) and Sapap3 mutant
(KO) (n= 7) mice during training. Above, ratios of task-responsive units to total units per
genotype. Shading, SEM.
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Figure 5.8 | Tetrode recording sites and region of PV-positive heuron counting.

A) Schematic drawing of the protocol for simultaneous tetrode recordings in the IOFC
and striatum. B) Location of tetrode tips identified by electrolytic marking lesions (colored
dots) and, overelaid, the region in which the numbers of PV-positive cells were counted
in the anatomical experiments (red rectangles) in wildtype (left) and Sapap3 mutant
(right) mice. Recording sites for individual mice are shown in different colors.
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Figure 5.9 | Scatter plots illustrating spike characteristics of all units recorded in
the IOFC (left) and sriatum (right) of wildtype and Sapap3 mutant mice.

Each unit is represented as a dot plotted for average baseline firing rate (x-axis) and
average spike width at half-peak amplitude (y-axis). For IOFC units, putative pramidal
cells are shown in blue. For striatal units, putative MSNs and FSls are shown in blue and
red, respectively. Gray dots represent units that did not meet criteria for these

classifications.
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Figure 5.10 | Correlation between probability of grooming behavior and average
normalized firing rate of task-related MSNs.

Correlation (R= 0.47, P < 0.05) between probability of grooming behavior (x-axis) and
average normalized firing rate of task-related MSNs during the period from tone onset
and water-drop delivery (y-axis) at the end of the training. Each dot represents one
animal (blue: wildtype, red: Sapap3 mutant).
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Figure 5.11 | Counts of PV-positive neurons in the centromedial striatum.

Counts of PV-positive neurons in the centromedial striatum in the wildtype mice (WT, n=
8) and Sapap3 mutant mice (KO, n= 8). Each colored line represents one matched pair
of mice with brain sections stained at the same time. For each pair, a total number of PV-
positive cells were counted from matched sections of each genotype.
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5.3.3 Optogenetic stimulation of IOFC in Sapap3 mutants
enhances feed-forward inhibition in striatal circuitry

274276 \we asked whether we could restore

In the light of clinical evidence
the striatal inhibition by optogenetically altering IOFC input to the striatum. We
injected the IOFC bilaterally with adeno-associated virus (AAV5) to express a
fusion protein of channelrhodopsin-2 and enhanced yellow fluorescent protein
(ChR2- EYFP) under the calcium- and calmodulin- dependent protein kinase |l
(CaMKII) promoter to target cortical pyramidal neurons of Sapap3 mutant mice
(Fig. 5.13). We delivered pulses of blue light (473 nm, 5mW, 10Hz pulses)
through two independently movable optical fibers and simultaneously recorded
neural activity in the IOFC and striatum (Fig.5.12, A and D, and Fig. 5.14)*”°. We
confirmed expression of ChR2 and spike and LFP modulation at the stimulation
frequency (Fig.5.12, B and C, and Figs. 5.13 and 5.14). Control experiments with
noneffective laser stimulation and with control virus were negative (Fig. 5.15). We
stimulated the ChR2-containing IOFC axon terminals within the striatum while we
recorded from ensembles of striatal neurons (Fig.5.12 D). To assess specifically
the direct effect of IOFC stimulation on FSls and MSNs in the Sapap3 mutants,
we isolated 10 FSI-MSN pairs in which both members of the pair were recorded
on the same tetrode (Fig.5.12 E and Figs. 5.9 B and 5.16). In these recordings,
MSN spiking was inhibited after FSI spikes, and this inhibition was greatly
increased during optogenetic stimulation of IOFC terminals in the striatum
(unpaired t test, P<0.01). This effect could also be seen at the population level
(Fig.5.12, F and G). These dynamics suggest that activation of the IOFC-striatal
pathway in the Sapap3 mutants compensated for their abnormally high MSN
activity at the end of the training by eliciting a powerful feed-forward inhibition of
MSNs driven by the cortical activation of FSIs'”®. We applied this IOFC-striatal
optogenetic stimulation at the end of training and showed that it could restore
MSN tone-response inhibition in the Sapap3 mutants (Fig.5.12 H).
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Figure 5.12 | Optogenetic stimulation of IOFC in Sapap3 mutants enhances feed-
forward inhibition in striatal circuitry.

Simultaneous chronic recording and optogenetic stimulation in IOFC (A) and striatum (D)
of mutants. LFP activity in IOFC (B) and striatum (C) at IOFC stimulation frequency (10
Hz, 5 mW, 5-ms pulse for 2.5 s, blue bars). E) MSN spiking relative to FSI spikes (red
line) during 2.5-s stimulation (purple) or no stimulation (black) of
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effect P<0.01, unpaired t test). Light stimulation (blue bars) induces synchrony of FSI
population firing at stimulation frequency F) (n= 14 units, three mutants) and long-lasting
inhibition of MSNs during stimulation (G) (n= 47 units, three mutants). H) Same
stimulation protocol applied at the end of the training significantly decreased MSNs firing

(purple) relative to no-stimulation condition (black). Shading, SEM.

Striatum

W

B GFP MOR1 Overlay

Figure 5.13 | Expression of ChR2-EYFP protein in pyramidal cells in the
orbitofrontal cortex and their projection terminals in the striatum.

A) ChR2-EYFP was expressed in the IOFC (left) and striatum (right) after bilateral
injection of the virus in the IOFC. Optical fibers (blue bars) and the estimated region of
effective stimulation with 5 mW power (ellipses) are schematically shown. mOFC: medial
orbitofrontal cortex. B) Staining of GFP (left) and MOR1 (middle) in the dorsal part of the
striatum. Overlay (right) show a partial striosomal projection from IOFC (white arrows).
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Figure 5.14 | Neuronal responses to optogenetic stimulation.

A) Close view of the tip of our custom-built headstage with eight independently mobile
microdrives. B) Optical stimulation in the IOFC (10 Hz, 5 mW, 10-ms light pulse,
represented by blue bars) elicited reliable neuronal spiking (top, raster plot of 30 trials
with each spike represented by a black dot) with an average firing rate nearly identical to
the stimulation frequency (bottom, spike histogram with 200-ms bins). C) Spiking activity
of IOFC units during light stimulation (blue bars), recorded as an optical fiber was
lowered in 200-um steps relative to the tip of a tetrode recording activity of a single unit.
The optical stimulation (5 mW) elicited spike activity at a restricted distance from the fiber
(~500 pm).
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Figure 5.15 | Lack of local field potential responses in optogenetic stimulation
control protocols.

A) In contrast to the robust local field potential responses observed with blue light
stimulation in Sapap3 mutants mice injected with the AAV-CaMKII-ChR2 virus (Fig.
5.12B), delivery of yellow light (593 nm) did not affect local field potential activity in the
IOFC, confirming the absence of possible electromagnetic artifact by light stimulation in
the electrical recordings that we made for the main experiments. B) Similarly, we did not
observe any consistent change in local field potential activity during appropriate blue light
stimulation in Sapap3 mutant mice injected with a control virus AAV-CaMKIl, confirming
that blue light alone did not generate oscillatory activity in the absence of the expression
of ChR2.
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Figure 5.16 | Spike raster plots of a putative FSI and a putative MSN.

Spike raster plots of a putative FSI and a putative MSN simultaneously recorded on the
same tetrode during 40 trials with optical stimulation of the IOFC terminals in the striatum
(10 Hz, 5 mW, 5-ms light pulse, represented by blue bar). The IOFC stimulation elicited
reliable neuronal spiking of the FSI (top) and an inhibition of the MSN activity.
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5.3.4 Optogenetic stimulation of IOFC alleviates
compulsive grooming of Sapap3 mutant mice

We then asked whether such stimulation could also ameliorate the
behavior of the Sapap3 mutant mice (Fig.5.17, A to D). At the end of the training,
we excited either projection neurons in the IOFC or their terminals in the striatum
in different experiments, triggering the laser at tone onset and continuing it for
2.5s at 10Hz. When the Sapap3 mutants were under optical stimulation, their
early grooming responses to the tones were almost completely abolished, both by
IOFC stimulation (n= 4) (Fig. 5.17, A, B, and E) and by striatal stimulation (n= 3)
(Fig. 5.17, C to E). Yet the mutants groomed normally as soon as the water drop
was delivered. The abnormal stimulus-evoked compulsive behavior in the
Sapap3 mutants thus could have resulted from a deficit of behavioral inhibition
that was restored by optogenetically stimulating the IOFC-striatal pathway. We
next tested whether we could also rescue the spontaneous compulsive
phenotype of the Sapap3 mutants by optogenetically stimulating in IOFC (n= 6) or
striatum (n= 4) during their unconditioned, natural behavior, which is typified by
excessive grooming, but for which the triggers impelling the grooming behavior
are unknown (Fig.5.17 F)*”°. Stimulation (5 Hz, 5 mW, 5ms pulse for 3 minutes)
almost fully alleviated their compulsive grooming (Fig.5.17 F), leaving intact other
out-of-task behaviors requiring fine motor coordination and motivation (n= 5)
(Fig.5.17 G). Wild types expressing CaMKII-ChR2 (n= 3) and Sapap3 mutants
expressing control virus (n= 3) showed no difference in grooming with the laser
on or off (Fig.5.17 F).
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Figure 5.17 | Optogenetic stimulation of IOFC alleviates compulsive grooming of
Sapap3 mutant mice.

Rasters of grooming onsets before, during (blue shading), and after bilateral IOFC (A) or
striatal (C) stimulation (10 Hz, 5 mW, 5-ms light pulses) in a Sapap3 mutant, late in
training. Grooming onsets for the Sapap3 population during session with laser
stimulation (blue) in IOFC (B) (n= 4) or striatum (D) (n= 3) compared with preceding
laser-off session (red). Shading, SEM. E) Suppression of tone-evoked grooming by IOFC
or striatal stimulation during probe trials (P<0.01, unpaired t test). F) Alleviation of
compulsive grooming in Sapap3 mutants (n= 4) by IOFC or striatal stimulation (5 Hz, 5
mW, 5-ms light pulses) during 3-minutes free-movement periods, and control virus (n= 3)
and wild-type (n= 3) comparisons (P<0.05, unpaired t test). G) Lack of effect of same
out-of-task IOFC stimulation in mutants (n= 4) on time spent eating (top) or food
consumed (bottom) during 5-minutes free-feeding periods. Error bars in (E to G), SEM.
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5.4 Discussion

Our findings demonstrate that selective stimulation of the IOFC-striatal
pathway can restore a behavioral inhibition signal in an animal model expressing
pathological repetitive behaviors and can prevent overexpression of both
conditioned and spontaneous repetitive grooming. Optogenetic stimulation
increased inhibition of striatal MSNs in the mutants, and it specifically activated
striatal FSIs and affected FSI-MSN striatal microcircuitry. The abnormally
elevated MSN baseline firing rates in the Sapap3 mutant striatum and reduced
numbers of PV-immunostained striatal interneurons, likely corresponding to
physiologically identified FSls, suggest that the microcircuit necessary for
inhibiting MSN responses through FSI excitation may not have been fully
functional (supplementary text)®’”?’®. A pathologic decrease of PV-containing
striatal neurons has been observed in Tourette’s syndrome, and FSI microcircuits

have been implicated in other extrapyramidal disorders®®®*

. Our findings
suggest that a key role of the IOFC in underpinning response inhibition could
include specific effects on FSI-MSN microcircuitry by which the IOFC controls
striatal neurons (supplementary text). Our finding that optogenetic control of this
IOFC-striatal pathway can alleviate repetitive behaviors in a genetic model of
compulsive behavior raises important questions for future work (supplementary
text). Are subsystems of striatal MSNs (e.g., D1 and D2 dopamine receptor—
expressing neurons or striosome and matrix neurons) differentially affected®®*2%"?
Can this targeted optogenetic therapy alleviate repetitive behaviors in other
models? What microcircuits underlie the normal orbitofronto-striatal pathway
neuroplasticity and behavioral adaptation evident in the wild types? Our findings
should provide a platform for exploring these differential influences and for
developing new potential therapeutic targets to alleviate conditions characterized

by abnormally repetitive behavior.
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5.5 Methods

Animals: Forty-two mice (24 Sapap3 mutants and 18 wildtype littermates,
male, 3-9 months old, C57BL6/J background) were maintained under a 12 hours
light/dark cycle with ad libitum food and water. Each Sapap3 mouse in the
grooming conditioning task was intentionally chosen as not having a facial skin
lesion prior to the experiment (despite having excessive grooming behavior) so
that lesion-induced skin sensitivity would not be a confounding variable

influencing reactions to water drops.

Tetrodes, optical fibers and headstage: Custom-built headstages with 8

independently mobile microdrives weighed ~3 g and were made of plastic and

brass?®®

. Microdrives were designed to hold either a tetrode (twisted 12-um Ni/Cr
wires) or an optical fiber (100 um diameter) inserted in a zirconia ferrule. A spout
was fixed at the front of the headstage to permit delivery of water drops onto the

animal’s forehead.

Surgical procedures: Each mouse was deeply anesthetized (1-2 %

isoflurane) and was mounted in a stereotaxic frame with non-puncturing ear bars.
Small openings (2 mm wide) were made over the left central caudoputamen (AP=
+0.2 mm, ML= +1.5 mm) and lateral orbitofrontal cortex (AP= +2.8 mm, ML= +1.5
mm), and AAV virus (0.2 ul) was injected with graduated pipettes at a rate of 0.02
pl/minute. Several small burr holes (0.6 mm) were drilled around the perimeter of
the exposed skull surface to accept brass anchor screws. The headstage was
then fixed to the skull and screws with dental acrylic. Tetrodes were advanced
individually over 5-7 post-operative days and were carefully put into position in
the striatum (DV= 2.2-2.8 mm) and orbitofrontal cortex (DV= 1.5-2 mm), with an
attempt to maximize the number of recorded units per site prior to the first training
session. The tetrodes then were left in place throughout training, except for rare
small adjustments (movements of less than 25 um) to maintain multiple-unit
recording at the same location over training. Throughout the entire training, we

moved 7 of the 98 total tetrodes, each by an estimated distance of 25-50 um.

Opsin _delivery and optical stimulation in _neural tissue: The adeno-
associated viruses AAV-CaMKlla-ChR2-EYFP and AAV-CaMKlla-EYFP were
packaged as AAV5 by the University of North Carolina vector core facility. These
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viral vectors have been shown to be expressed selectively in excitatory neurons
(but not in neurons expressing GABA) when injected into the neocortex, with a
level of transduction efficacy and expression of ChR2 of about 90 %*%?%. In all
experiments, a minimum of 4 weeks elapsed before optical stimulation. Chronic
optical fiber implants (Doric) were connected to optical patch cables coupled to
473-nm laser equipped with a collimator. Optical stimulation was controlled by a
stimulus pulse generator and by signal pulses generated by digital input/output

board.

The grooming conditioning task: Mice were allowed to recover for at least

7 days after surgery before any behavioral experimentation. The conditioning task
was performed in a rectangular enclosure (15x25x15cm) composed of anti-static
plastic walls and a transparent Plexiglas floor (Fig. 5.1 A). Mice were first
habituated to the experimental box for several days. Each daily conditioning
session consisted of 40 paired trials and 10 probe trials. In the paired trial, an 8
kHz tone was presented 1.3 s before the delivery of a water drop to the forehead
of the mouse through the spout connected to a computer-controlled pump (Fig.
5.1 B). The tone terminated simultaneously with the water drop. In the 10 probe
trials randomly inserted within the 40 paired trials, the 8 kHz tone sounded for
1.3s without water-drop delivery. Mice were allowed to groom freely in response
to the tone and water. The inter-trial intervals began when the mice stopped
grooming and were randomized in length (30-60 s). Each training session was
conducted in dim light and lasted approximately 1h. Grooming behavior was
recorded with a video camera placed under the experimental box. Grooming
onset events were assigned at the time when the mouse’ front paws reached its
nose to engage in phase 1 of grooming as defined in #°"#%%_ At the end of the
training lasting at least 16 consecutive days, a subset of the Sapap3 mutant mice
(n=7) were exposed to an extra session with laser stimulation delivered from 0.2

s before to 2.5 s after the tone onset (5 mW, 5 ms pulses, 10 Hz).

Out-of-task optogenetic stimulation: We delivered steady optical

stimulation (5 mW, 5 ms pulses, 5 Hz) to mice placed in the experimental box
without applying the conditioning protocol. Three-minute periods with and without
continuous light stimulation were alternated consecutively 5 times.

Free-feeding behavioral task: Mice were food deprived for 3 days prior to

this control experiment. The durations of feeding and food consumption were
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measured for each 5-minutes period with or without light stimulation. The light
on/off periods were alternated twice for a 20-minutes total duration.

Data acquisition and analysis: Stimulus events (tone onset, water drop

delivery, laser stimulation) were recorded during all training sessions, along with
behavior (video) and neuronal activity. Neuronal recording of MSN and FSI
activity with laser stimulation were performed after the training. Unit activity (gain:
200-10,000, filter: 600-6,000 Hz) was recorded with a Data Acquisition System.
Spikes exceeding a preset voltage threshold were sampled at 32 kHz and were
stored with time-stamps. For local field potential recording, neural signals were
amplified (gain: 1,000), filtered (1-475 Hz) and sampled at 1 kHz. The spectral
content of the local field potential signals was analyzed using open-source
Chronux algorithms (http://chronux.org), in-house software, and the Matlab Signal
Processing Toolkit. Spectrograms were constructed by the multitaper method,
with three tapers, time bandwidth product of 2, and window width of 0.75 s. Unit
activity containing spikes of multiple neurons was sorted manually off-line into
putative single units according to multiple spike parameters (e.g., peak height,
valley depth, peak time) on the 4 channels of each tetrode. The accuracy of
spike-sorting and the quality of the single units were then evaluated by the use of
spike waveform overlays to confirm uniform waveforms for a given unit and
autocorrelograms to detect the presence of an absolute refractory period. Based
on these tests, “clusters” judged as being noise were excluded from the analysis.
We classified as putative excitatory pyramidal cells neurons in which the baseline
firing rate averaged over 50 trials did not exceed 10 Hz, with a spike width (at
half-peak amplitude) within a range of 110-220us. With this criterion, we selected
79.1 % (480/607) of the total units recorded in the IOFC (Fig. 5.9 A). For the
striatal units, a unit with the average baseline firing rate of 5 Hz or below and with
a spike width (at half-peak amplitude) within a range of 130-250 us was classified
as a putative MSN (Fig. 5.9 B). With this criterion, we identified 81.5 % (495/608)
of the units recorded in the striatum as putative MSNs. We classified as putative
FSls recorded units with the average baseline firing rate exceeding 10 Hz and
with a spike width within a range of 70-120 us (Fig. 5.9 B). We identified 4.3 %
(26/608) of the striatal units as putative FSls. Units that did not meet these criteria
(putative tonically active neurons, other types or noisy units) were excluded from
the analysis. A unit (either putative MSN or putative pyramidal neuron) was
further classified as “task-related” unit if its firing rate between the tone and

water-drop events was greater than 2 standard deviations above its pretrial
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baseline firing rate (2 s before the tone event) for at least three consecutive 50ms
bins. For statistical analyses, statistical significance was assessed using repeated
measures analysis of variance (ANOVA) on the entire training period, unpaired t-
tests (with Bonferroni test for multiple comparisons) and chi-square tests. Data

were analyzed using Statview and SPSS software.

Histology: At the end of training, mice were deeply anesthetized
(Nembutal, 50-100 mg/kg), and lesions were made to mark the final recording
sites (25 YA, 10 s). Mice were then perfused with 4 % paraformaldehyde (PFA) in
0.1 M sodium-potassium phosphate buffered saline (PBS), and 30 um thick
transverse frozen sections were stained for Nissl substance to identify lesion sites
and by immunohistochemistry for GFP protein to confirm viral expression.

Immunostaining and cell count: Eight Sapap3 mutant mice and eight age-

matched wildtype mice (3-10 months) were compared for this study. Mice were
anesthetized by isoflurane inhalation and transcardially perfused with cold PBS
solution followed by 4 % PFA fixative solution. Brains were coded in order to blind
the experimenter and kept in 4 % PFA ON at 4 °C. Brains were then transferred
to PBS and sectioned at 50 ym on a Vibratome. Two to six matched coronal
sections (every 50 um from 0.05-0.30 mm relative to Bregma point) containing
the striatum from each animal were selected according to the mouse brain atlas.
Sections were washed 3 times in PBS and incubated in 1.2 % Triton-X 100 for 15
minutes, followed by another PBS wash (3 times). Blocking was performed for 1
hour in PBS containing 2 % BSA and 0.2 % Triton-X. Mouse anti-parvalbumin
antibody (Swant, PV235, 1:5000) was incubated overnight at 4 °C. Next day,
sections were washed 3 times in PBS, followed by 2 hours room temperature
incubation in biotinylated goat anti-mouse antibody (Jackson ImmunoResearch,
115-065-003). Sections were then washed and processed using the Vectastain
ABC kit (Vector Laboratories, PK-4000) and DAB substrate kit for peroxidase
(Vector Laboratories, SK4100). Sections were mounted in Krystalon and imaged
at the highest focal plane (to control for potential differences in labeling due to
focal depth changes) using a microscope, 20x objective. Cells were counted from
a 500 x 500 um region defined according to the area of recording for both
hemispheres in each section (Fig. 5.8 B; ML: 1.0-1.5 mm, DV: 2.0-2.5 mm).
Statistical analysis was performed using a chi-square test on the total number of
cells counted in both genotypes.
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Chapter 6

Discussion and future directions

The studies described in this thesis summarize my work in the Feng Lab. The
goal of these studies was to deepen the current knowledge on synaptic and circuitry
mechanisms of basal ganglia dysfunction in compulsive and repetitive behavior. Two
synaptic genes were studied to achieve this goal: Sapap3 and Shank3. Different KO/KI
mice lines were generated and used throughout the experimental work, helping us to
identify both overlapping and distinct phenotypes between these two genes and their
associations to OCD and ASD - two distinct neuropsychiatric disorders that share some
behavioral commonalities and can be often comorbid with one another.

Several fundamental findings emerging from this work are discussed below as
well as future experimental work that can be derived from those findings.

Obsessive-Compulsive Disorder (OCD) and Sapap3

In order to understand striatal function (and dysfunction) is crucial to illuminate
the neuronal players underlying specific behavioral responses. Diminished behavioral
flexibility (i.e., behavioral changes according to contextual cues) and disrupted balance
between goal-directed control and habit learning (with overreliance on habits) have been
described in OCD patients®*%°,

One theory in the basal ganglia field is that the dynamics between MSNs and
FSis might be important for the striatum to maintain a general structure of the task while
concomitantly processing changes in task details (and thus adjusting task performance).
Work done by Kubota et al. in 2009 shows that both MSNs and FSi in DLS express task-

bracketing activity pattern®®

. When task changes occur, MSNs pattern is unaffected.
Remarkably this pattern suffers changes in simultaneously recorded FSi. The FSis novel
response to the new cue fades with further training, suggesting that striatal interneurons
may promote behavioral flexibility and help to shape behavioral performance.

First, our experimental studies described on chapter 2 demonstrate that
parvalbumin fast-spiking interneurons in DMS are required for habit learning. These
results pose a model where after extensive training, FSi activity in DMS will help habit
formation (by possibly helping to dampen MSNSs activity in DMS and allowing activity in
DLS to emerge). In a scenario where a novel task change occurs (such as the cue
change described by Kubota et al.), FSi in DLS would then suffer a change in their

activity pattern, hypothetically dampening DLS activity at the same time that DMS
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activation occurs. Once learning as occurred for the novel cue, FSi activity in DLS would
faden (as well as DMS activity) and a new habit would be formed. Future experiments
can be made to address this hypothesis by simultaneously recording striatal FSi activity
in DMS and DLS territories in vivo, during goal-directed and habitual learning and upon
task changes.

Second, experimental evidence from our lab in collaboration with Dr. Ann
Graybiel's lab®’ (described on chapter 5) shows that lack of proper striatal FSi inhibition
might contribute to the etiology of compulsive grooming and lack of behavioral
adaptation observed in the Sapap3 OCD-mouse model. Although this published work
focused on centromedial striatum region, it would be interesting to address what
changes are simultaneously occurring in DLS territory. Unpublished data from our lab
shows that the decreased PV interneuron numbers observed in dorsomedial striatum of
Sapap3 mice, are accompanied by a reduced PV number in dorsolateral region as well.
This suggests that DLS baseline firing activity may also be increased in these mice,
adding to the existing increased baseline activity already reported for their centromedial
striatum region. Given that a dynamic competition between DMS and DLS activity seems
to guide the expression of habits, we hypothesize that a disruption in this balance could
be underlying the pathological behavior. It would be important to clarify which striatum
subregion (DLS or DMS) is guiding behavioral expression in these mice. Unpublished
data from my graduate work using Sapap3-KO in the operant chamber task, shows
enhanced habit formation (DLS overactivation?). Future experimental work should
directly test whether the beneficial effect on grooming behavior observed upon IOFC-
striatal pathway activation in Sapap3 mice is accompanied by parallel changes in other
striatum territories (DLS and even ventral striatum) that are known to coordinate their
activity with DMS.

These two experimental studies suggest that striatum interneuron pathology
might be associated with increased striatal activity in OCD. Striatum overactivation might
result in increased motor routines such as the self-injurious overgrooming that is

observed in the Sapap3-KO mice.

Autism-Spectrum Disorders (ASD) and Shank3
Further experimental work described on this thesis deepens our knowledge on

the neural (and genetic) basis of compulsive behavior and anxiety (two behavioral
phenotypes shared by the OCD- and ASD-mouse models - the Sapap3 and Shank3 KO
mice respectively).

First, our experimental study using the Shank3-cKI mouse (described on chapter

3) allowed us to study neurodevelopmental behavior phenotypes that can be reversed in
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adulthood upon normal gene expression. The results from this study not only
demonstrate that it is possible to reverse pathological grooming and social interaction
deficits in adult mice, but surprisingly reveal that anxiety cannot be reversed by this
strategy. This finding brings tremendous implications for ASD, indicating that although
both symptoms are present in this ASD model, they are independent of one another.
This suggests that the same gene can play a different role in distinct brain circuits and
can differentially affect their activity at distinct developmental periods. Future
experimental work can take advantage of the conditional strategy present in this mice to
address which brain regions/cell types are responsible for the various behavioral deficits,
by crossing them with cre-specific lines.

Second, our experimental work (chapter 4) using two mouse lines carrying
different human SHANK3 mutations associated with two distinct clinical diagnosis (ASD
and schizophrenia) further adds that within the same gene, specific mutations can lead
to different phenotypes contributing to a great complexity level. Mice carrying InsG3680
mutation (ASD associated) show full deletion of SHANK3 protein expression and have
more pronounced striatal synaptic deficits and increased repetitive overgrooming
behavior. On the other hand, mice carrying R117X mutation (schizophrenia associated)
show a truncated SHANKS protein band and pronounced synaptic defects in prefrontal
cortex that are not seen in InsG3680 mice. This work specifically uses 2 point mutations
identified in humans, portraying the importance of establishing close animal models of
human conditions that may allow us to isolate specific endophenotypes. Patients
carrying different mutations within the Shank3 gene (and even within the same Shank3
exon) might present differential benefit from the same therapeutic approaches and hence
should be accounted for differently in clinical trials. It is thus important to determine first
whether those mutations result in lost (or gain) of function of the Shank3 gene and how
they affect brain circuits. Results from this study bring tremendous implications for the
rationale design of successful clinical trials and to understand data from human genetic
screenings. Current data from large scale genomic studies, suggests overlapping genes
and pathways for different neuropsychiatric disorders. Taking advantage of emerging
scientific approaches such as iPSC-derived neurons from human patients, one can
envision the emergence of personalized tretament for neuropsychiatric disorders, in line
with what is currently done in the oncology field. Identifying how specific mutations can
lead to cell type and disease specific disregulations will significantly improve the
neuroscience field. Future experimental work using these mutant mice lines can address
if it is possible to genetically correct these human insertions and reverse the behavioral
phenotypes specifically elicited by those. These hypotheses can be explored through in

vivo genome editing using modern tools such as TALEN or CRISPR-Cas9 system.
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Those results will certainly be highly translational and informative in terms of how
efficiently can we access those locus and modify them for future gene therapy
approaches in human patients.
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Striatal circuits, habits, and implications for
obsessive—compulsive disorder

Abstract

Increasing evidence implicates abnormalities in corticostriatal circuits in the
pathophysiology of obsessive—compulsive disorder (OCD) and OC-spectrum disorders.
Parallels between the emergence of repetitive, compulsive behaviors and the acquisition
of automated behaviors suggest that the expression of compulsions could in part involve
loss of control of such habitual behaviors. The view that striatal circuit dysfunction is
involved in OC-spectrum disorders is strengthened by imaging and other evidence in
humans, by discovery of genes related to OCD syndromes, and by functional studies in
animal models of these disorders. We highlight this growing concordance of work in
genetics and neurobiology suggesting that frontostriatal circuits, and their links with basal
ganglia, thalamus and brainstem, are promising candidates for therapeutic intervention in
OCD.

Introduction

OCD is a neuropsychiatric disorder characterized by obsessions (intrusive
thoughts) and compulsions (physical or mental rituals such as washing or checking),
often associated with high levels of anxiety. OCD has an estimated lifetime prevalence of
2—-3 % worldwide. In recognition of the core clustering of symptoms in OCD, and in the
light of neurological findings, OCD has newly been separated from the class of anxiety
disorders in the revised Diagnostic and Statistical Manual of Mental Disorders [1].
Among the heterogeneous symptoms observed in OCD patients, four clusters have been
identified in this new classification: symmetry/ordering, hoarding, contamination/cleaning,
and obsessions/checking. These symptom-clusters all have features of repetitive thought
and action, expressed in relation to external and internal stimuli, and often appear in
ritualized form. Here we emphasize emerging evidence that the striatum is critical to the
establishment of such ritualized sequences of actions [2-5], and that the striatal
connections of anterior cingulate and orbitofrontal cortical regions are linked to OCD and
OC-spectrum disorders, based on physiological, genetic and neuroimaging evidence.
We point to remaining challenges to characterize the endophenotypes of OCD in relation
to a reconsideration of the central role of the striatum in the emergence of this complex
neuropsychiatric pathophysiology.
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Striatum-based circuitry and the pathophysiology of
OCD: insights from studies in human

New neuroimaging studies are helping to characterize both the circuits implicated
in OCD and the potential circuit functions that might contribute, when disturbed, to the
symptoms of OCD and related disorders. These studies highlight a special relationship
between the caudate nucleus, the orbitofrontal cortex (OFC) and anterior cingulate
cortex (ACC). At a morphological level, differences in volumes between OCD patients
and healthy controls have been reported for the putamen [6,7] and, especially, for the
caudate nucleus [8], but the results reported have not been consistent. Meta-analyses
have not yet indicated clear volumetric differences in striatal grey matter in the striatum
of OCD patients [9]. By contrast, there is concordance in work estimating coordinate
activities of the striatum relative to those of the OFC and ACC. Studies done with
functional magnetic resonance imaging (fMRI) indicate that activities in the striatum and
these two cortical regions are altered during resting-state and during expression of
symptoms [10,11]. fMRI has been employed extensively to study functional relationships
across these regions as indicated by correlations of spontaneous metabolic fluctuations
during cognitive tasks or symptom provocation in frontostriatal circuits. These studies
have consistently shown altered functional connectivity between striatum and prefrontal
regions in OCD patients [12—15]. These results have been supported by the use of
diffusion tensor imaging tractography in studies that report abnormalities in white matter
(e.g., fiber tracts) in the caudate nucleus and its associated frontal regions [16,17].

Clinical work early on suggested that dysfunction of the striatum might be
important in the emergence of OCD symptoms. Comorbid OCD symptoms were
identified in neurodegenerative disorders such as Parkinson’s disease and Huntington’s
disease [18-20], and in the wake of focal lesions in the caudate nucleus produced by
infarcts [21]. New clinical evidence supports this connection between striatum-related
circuits and OCD symptoms. For example, the most widely applied treatments for OCD
patients are pharmacologic therapy with selective serotonin-reuptake inhibitors (SSRI)
and cognitive behavioral therapy (CBT). Neuroimaging studies reported differentially
decreased activity in the striatum and associated cortical regions including the OFC after
these treatments [21,22].

Further evidence implicating striatal circuitry in OCD is being obtained with the

therapeutic use of deep brain stimulation (DBS) targeting subcortical structures to treat
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severely ill OCD patients for whom conventional treatments have proved ineffective.
About a quarter (20—30 %) of OCD patients are resistant to conventional treatments, but
some receive benefit from the DBS [23]. To date, the main DBS targets include the
anterior limb of the internal capsule, also referred to as the ventral capsule/ventral
striatum region [24—26], the nucleus accumbens and anterior caudate nucleus [27,28],
and the anterior ventral part of the subthalamic nucleus, a nucleus embedded in
striatopallidal output pathways [29].

Despite encouraging results of DBS therapy in these different targets (at least
half of the patients showed a diminution of symptoms from 25 % to total remission [23]),
the physiological mechanisms through which therapeutic effects are achieved remain
unclear, given that electrical DBS can have varying effects depending on local cell and
fiber types. However, neuronal single-unit recording can be performed during surgery,
prior to the insertion of the stimulating electrode, to verify the electrophysiological
signature of the targeted structures. Abnormally high firing rates and variability in firing of
putative medium spiny neurons (the main population of projection neurons in the
striatum, MSNs) have been reported for the caudate nucleus of OCD patients during the
expression of symptoms compared to features of firing recorded during resting-state
conditions [30].

This finding is notable in light of evidence in the related disorder of Tourette
syndrome. In two studies of post- mortem striatal tissue from patients who suffered from
Tourette syndrome, characterized by tics and overexpression of ritualized motor and/or
vocal behaviors, the authors observed a significant decrease of parvalbumin (PV)-
immunoreactive interneurons and cholinergic interneurons relative to their incidence in
normal striatum [31*,32]. Each of these neuronal types has been found in animal studies
to exert powerful effects on striatal circuitry, and the PV interneurons, which are
GABAergic and thought to be striatal fast-spiking or ‘high-firing’ interneurons, have been
shown capable of inhibiting up to $100 nearby MSNs apiece. They can be broadly
activated by microstimulation of small regions of the motor cortex, and so could be suited
to control corticostriatal flow [33] through fast feed-forward inhibition. Work on an animal
model of OCD, summarized below, reports both increased firing rates of MSNs and
lowered counts of PV interneurons in the striatum, suggesting potential bridges between
findings related to Tourette and OCD syndromes.
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Genetic evidence for the involvement of striatal
circuitry in OCD

Genetically engineered mice that exhibit both corticostriatal dysfunction and
OCD-like behaviors support a function for candidate OCD-related genes in the
pathogenesis of OCD and point toward a common dysfunction in glutamatergic signaling,
including dysfunction within the striatum, as a major contributor to the OCD-like
behaviors. These mouse models include the transgenic D1CT-7 model (over-activation
of glutamatergic input to the striatum produced by chronic potentiation of dopamine D1-
receptor expressing neurons); the Sapap3/Digap3 deletion model (defective
corticostriatal glutamatergic transmission) and the Slitrk5 deletion model (increased OFC
activity, reduced striatal volume and defective corticostriatal transmission), among others
[34-38].

A recently published genome-wide association study (GWAS) in dogs further
identified genomic loci associated with OCD, with four genes having the most case- only
variation: neuronal cadherin (CDH2), catenin alpha2 (CTNNA2), ataxin-1 (ATXN1), and
plasma glutamate carboxypeptidase (PGCP)—all of which have functions at synapses
[397]. In human studies using magnetic resonance spectroscopy (1H-MRS), strong
associations be- tween genes involved in glutamate signaling and pediatric OCD have
been found [40]. However, despite this consensus between basic research and human
stu- dies, a comprehensive understanding of the genetics of OCD has remained elusive.

The first GWAS study of OCD in human patients, involving more than 20
research groups, has provided new data that support the central involvement of
glutamate signaling in OCD [41*]. In this case-control analysis, the top two single-
nucleotide polymorphisms (SNPs) were located within DLGAP1, a gene that influences
glutamate signaling and encodes SAPAP1, a protein from the same super-family as
SAPAP3 that is not striatum- enriched, but is strongly expressed in cerebellum, hippo-
campus and neocortex. Another study led by the OCD Collaborative Genetics
Association Study (OCGAS) observed significance of a marker on chromosome 9, near
PTPRD. This protein promotes the pre-synaptic differentiation of glutamatergic synapses
and interacts with SLITRK3 to regulate the development of inhibitory GABAergic
synapses [42**]. These results from genetic studies pointed toward genes implicated in
glutamatergic synaptic transmission, suggesting that imbalances in excitation/inhibition
signaling within frontostriatal circuitry could be one of the etiologic factors leading to
OCD and OC-spectrum disorders.
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Striatum-based circuitry and the pathophysiology of
OCD: insights from studies in animals

Major advances are coming from the use of genetically engineered models of
OCD and OCD-like disorders together with the use of new methods now available to
neuroscientists, such as optogenetic. Animal models of OC-spectrum symptoms were
originally generated by employing either behavioral conditioning, pharmacological
treatment or physical manipulation, and these studies suggested that corticostriatal
circuitry contributed to OCD-like symptoms, in keeping with the growing clinical literature
(for review see [43,44]). With the new engineered mouse models of OCD-like disorders,
it is possible for the first time to link genes implicated in OCD and related disorders to
behavioral phenotypes [35,36,45,46].

Several of these mouse models have phenotypes related to excessive grooming
behavior, which might be interpreted as a proxy for compulsive behavior in mice. These
grooming bouts are expressions of abnormal ritualistic behavior that occur despite their
negative consequences (e.g., the production of skin lesions). The validation of these
mutant animals as models of OCD and OC-related disorders has depended on their
genetic linkage with candidate OCD genes discovered in patient populations (e.g.,
SAPAP3 variants in trichotillomania [47] and SLITRK1 in Tourette syndrome [48]), and
the rescue of the pathological behavior in these animal models with SSRI treatment
(fluoxetine, administered to OCD patients) [35,36].

The study of these mouse models has proved striking confirmation of earlier
conclusions that the striatum and corticostriatal pathways are related to OCD.
Introduction of gene mutations related to OCD and Tourette syndrome have resulted in
decreased striatal volume [36] and in dysfunctional corticostriatal synaptic transmission
following deletion of genes coding for Sapap3, Slitrk5, and EAAC1, proteins located
post-synaptically in striatal neurons [35,36,46]. In the Sapap3 deletion mutants, chronic
electrophysiological recording has demonstrated abnormally high spontaneous activity of
MSNs in the dorsomedial striatum, considered as the mouse equivalent of part of the
caudate nucleus in primates [49**]. In the Slitrk5-KO mouse model, elevated early-gene
activation in MSNs has been found by measuring levels of expression of FosB [36]. Yet
another study, done in normal mice, demonstrated that chronic optogenetic stimulation of
the medial OFC, activating the orbito- fronto-striatal pathway, could lead to the
emergence of compulsive behavior accompanied by sustained increases in the activity of
MSNs [50**]. All of these studies indicate overactive striatal activity as a key component
of the model phenotypes of OCD and Tourette syndrome.
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Notably, study of the Sapap3 deletion model also showed that these mice,
compared to control animals, have reduced numbers of PV-immunoreactive interneurons
in the dorsomedial striatum. This decrease was accompanied by decreased feed-forward
inhibition of MSNSs by fast-spiking interneurons (FSIs), putative PV neurons, as shown by
paired FSI-MSN spike recordings [49**]. This finding supports the idea that a lack of
inhibitory drive in striatal microcircuitry could lead to enhanced MSN spiking in this
compulsive mouse model (Figure 1).

Causal evidence for the importance of this interneuron- projection neuron circuitry
for compulsive, OCD-like behavioral symptoms was obtained by optogenetically
stimulating the OFC corticostriatal pathway in the Sapap3 deletion mutants [49**]. This
treatment blocked compulsive grooming, leaving other motor behaviors unaffected. The
treatment also produced inhibition of striatal MSNs by increasing excitation of local inter-
neurons. The involvement of the corticostriatal glutamatergic pathway in behavioral
inhibition thus likely includes not only direct effects on corticostriatal (or other
glutamatergic) synapses, but also local intrastriatal effects on microcircuits that can
modulate the efficacy of corticostriatal glutamatergic drive (Figure 1).

This conclusion is bolstered by recent evidence that selective ablation of striatal
PV interneurons in mice can lead to increased stereotypical grooming after stress [51].
Moreover, pharmacologic interference with striatal PV interneurons can lead to
behavioral abnormalities as shown in a study in which selective blockade of synaptic
excitation of PV interneurons produced dyskinesia-like movement abnormalities [52*].

In search of relevant corticostriatal- dependent
behavioral and neurophysiological endophenotypes of
OCD

The evidence that we have reviewed points to new opportunities to refine our
understanding of both the neural correlates of OCD and the endophenotypes of OCD
and OC-spectrum disorders. Many lines of evidence point to the caudate nucleus-
anterior putamen and their connected cortical regions, the OFC and the ACC, as
important to the disorder (Figure 1). A major current challenge is to identify core
functions supported by these corticostriatal loops, circuits likely affected in patients.

The ‘habit hypothesis’ of OCD suggests that OCD and related disorders reflects
dysregulation of neural processes favoring the expression of routinized, habitual

sequence of actions triggered by environmental stimuli ([2,53**] and reference therein).
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Evidence from neural recording experiments in animals suggests that such behavioral
routines can be encapsulated in ‘chunks’ marked by action boundary signals both in the
striatum [3,54,55] and in the prefrontal cortex [56**,57]. Such neural beginning-and-end
signals, if relevant to the behaviors repeatedly released in compulsive behavior, could be
central to the OCD and related disorders. Within the striatum, such signals are
dynamically regulated as habits are acquired, and they can be strikingly marked by
specific patterns of oscillatory activity as well as specific patterns of spiking activity [58].
The ventromedial striatum has strong task-end signals involving local field oscillatory
activity that entrains the striatal neurons [58*], and in OCD patients, DBS aimed at the
ventral striatal region can powerfully ameliorate symptoms [59*]. A recent study involving
70 OCD patients suggests that a dysfunction related to the termination of action could
provoke the patients’ symptoms [60]. Signals related to successful completion of action
sequences are a promising target for further study, as noted below.

New evidence obtained by studying OCD patients favors the habit hypothesis of
OCD and related disorders. Gillan et al. introduced, for the first time, the reward
devaluation procedure commonly accepted as distinguishing habits (independent of
forthcoming reward) from other behaviors for which acquisition of rewarding outcomes
drive the behavior [53**]. Ciritically, their study focused on avoidance behaviors, the
behaviors that are the hallmark of individuals with OCD. Their evidence suggests that
individuals with OCD, relative to controls, tend to perseverate in making avoidance
responses to external stimuli signaling negative outcomes even after they are informed

that the outcome will no longer depend on their action.

In related work, rigid ritualistic behaviors observed in OCD patients have been
proposed to be the consequence of diminished behavioral flexibility (i.e., ability to
change one’s behavior according to contextual cues). Behavioral flexibility can be
challenged in experimental tasks such as reversal learning paradigms, which test the
ability to adapt behavior in response to a reversal of reinforcement contingencies. Such
behavioral flexibility tasks, and reversal learning, in particular, appear to engage
differentially frontostriatal circuits including the caudate nucleus, OFC and ACC. In a
study of OCD patients, Remijinse et al. showed that OCD was associated with reduced
response in an OFC-striatal network during adaptive switching to the new stimulus-
reinforcement association [61*]. With a different type of behavioral flexibility task,
Chamberlain et al. have demonstrated that OCD patients, as well as their relatives,
exhibit diminished OFC responses to behavioral adaptation triggered by the task,
pointing toward the identification of an OCD endophenotype [62*]. Similar results have
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been obtained in animal studies implicating the medial striatum [63] and the OFC in
reversal learning [64].

Compulsive checking represents another core symptom of OCD. It is
characterized by the urge to verify repeatedly that an action, usually aimed at preventing
a possible harm, has been properly completed beyond doubt [65]. One possibility to
account for these problems is, as noted above, defective neural end-signals. The clinical
phenomenology of compulsive checking illustrates two further, and potentially related,
hypotheses regarding possible psychopathological mechanisms in OCD: compulsive
checking may proceed from maladaptive goal-directed behavior toward uncertainty
reduction or, in the context of habit-driven behavior, it may result from a failure to control
impulses to check.

These two alternatives fit nicely with two lines of research on the behavioral
functions of the corticostriatal circuits [66]. Investigations of repetitive checking in human
have employed ‘verification task’ paradigms based on a working memory protocol in
which, on each trial, participants could review the stimuli before proceeding to the feed-
back. This strategy allowed provocation and assessment of compulsive checking in OCD
patients in behavioral studies [67,68] and also the reproduction of this pathological
behavior during DBS surgery, in which the patient is awake and can behave [697].
Despite challenges in designing such tasks for animals, new behavioral paradigms have
been developed to assess uncertainty monitoring in animals. These demonstrate that,
when given the opportunity, rats can adaptively ‘opt-out’ and move on to the next,
possibly easier, trial of the task [70,71%]. In these tasks, varying uncertainty about
stimulus identity (hence decision difficulty) leads the animal to discard trials in which the
answer is most uncertain. Simultaneous electrophysiological recordings demonstrated
that stimulus-related uncertainty is encoded in the spike rate of OFC neurons. Whether
such uncertainty-monitoring signals reach the striatum and participate in the regulation of
goal-directed behavior, either to opt-out from a trial or to check back at the stimulus, is a
matter of great interest.

Conclusions and perspectives

Converging findings from clinical and experimental work, across anatomical,
physiological, genetic and behavioral levels, point to the importance of the striatum and
corticostriatal pathways in the pathophysiology of OCD and related OC-spectrum
disorders. The strength of these studies comes both from their diversity of approaches

and from the increasing specificity with which underlying genetic and neural circuit level
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mechanisms can be identified. The challenge presented by these studies is to discover
which dysfunctional executive functions are embedded within these circuits, and to
characterize the behavioral and neurophysiological endophenotypes of OCD and related
disorders. This integrative approach could lead to more appropriate treatments for such
psychiatric diseases and is supported by a growing number of clinicians [72,73]. To meet
this challenge, new methodologies based on circuit neuromodulation in humans and in
animal models will offer great support. The examples that we have reviewed here hint at
a new era in which dynamic interactions between studies of large genomic data sets,
research on genetically engineered animal models and improved study of patient
endophenotypes can help to define and to target therapeutically the neural circuits
disordered in OCD and related conditions.

Normal conditions

Frontal neocortex . From cortical

regions

oL O

\

\ C')
O
Ay

Y
A"
Ay
Ay
A
A
A
A
A
%
Y

Thalamus

oC

From cortical
regions

&

Current Opinion in Neurobiology

rontal neocortex .-
ACC | .-

Thalamus

_\

\

A

A

A

AY

A

A
Ay
N
N

Appendix A, Figure 1 | Hypothetical dysfunctional corticostriatal circuity in OCD.
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In normal conditions (top), the excitatory corticostriatal projections modulate striatal
activity through a balance between excitation and inhibition. Medium spiny neurons
(MSNs) are maintained under tonic inhibition by a network of parvalbumin (PV)-positive
interneurons (and possibly other interneuron’s not shown here), with the PV interneurons
tightly interconnected through gap-junctions. In pathological OCD conditions (bottom),
both cortical and striatal regions are hyperactive, possibly due to a decrease in the
number and/or function of striatal PV interneurons that could lead to enhancement of
MSN excitation by corticostriatal inputs and eventually to an increased activity
throughout the affected corticostriatal loops.
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Chapter 4 supplementary materials

Table S4.1 - List of antibodies and their working condition

Protein Antibody | Species Vendor Dilution g:j:;;:::ng
SynGAP D88GH Rabbit mAb | CST 1to 1000 5 % BSA
GluR1 #MAB2263 | Mouse Millipore 1 to 1000 5 % milk
Mouse
GIuR2 32-0300 (lgG2a) Invitrogen 1 to 500 5 % milk
PSD95 ab18258 Rabbit Abcam 1 to 1000 5 % milk
Homer AB5875 Rat Chemicon 1 to 1000 5 % milk
NR2A 07-632 Rabbit Millipore 1to 1000 5 % milk
NR2B N59/36 Mouse NeuroMAB 1 to 1000 5 % milk
Mouse BD
NR1 556308 (lgG2a) Pharmingen 1 to 1000 5 % milk
Synaptotag Synaptic
min1 105 103 Rabbit Systems 1 to 1000 5 % BSA
Synaptic
Shank1 162 002 Rabbit Systems 1 to 1000 5 % BSA
Shank2 #12218 Rabbit CST 1 to 500 5 % BSA
Mouse
Shank3N N367/62 (lgG2a) NeuroMab 1to 100 5 % milk
Shank3C SC-30193 | Rabbit Santa Cruz 1 to 1000 5 % milk
SAPAP3 homemade | Rabbit Feng lab 1 to 1000 5 % milk
Odyssey
ABR- blocking
PSD93 01252 Rabbit Dianova 1 to 1000 buffer
1 to 5000
(unboiled
mGIuR5 ab76316 Rabbit Abcam sample) 5 % milk
( |
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Chapter 5 supplementary materials

Supplementary Tables

Table S5.1 — P-values for difference between wildtype mice and Sapap3 mutant
mice tested by unpaired t-tests with Bonferroni correction.

Sessions

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Meangroommg 0.784 0.774 0585 0747 0535 0.104 0342 0823 0.793 0.075 0.005 0.025 0.118 0.037 0.007 0.001
onset time

%groomingin 0771 1.000 0.876 0982 1000 0996 0997 0982 1000 0869 0.645 0310 0564 0.048 0.012 0.023
probe trials

Red bold face indicates statistically significant differences (P < 0.05).

Table S5.2 — Proportions of task-related units among all putative pyramidal
neurons recorded in the IOFC and all putative MSNs recorded in the striatum.

Training phase

Early training Mid-training Late Training
Lateral orbitofrontal cortex
Wildtypes 31/152 (19.5%) 48/159 (30.2%) 43/154 (27.9%)
Sapap3 mutants 36/154 (23.4%) 35/129 (27.1%) 25/88 (28.4%)
Centromedial striatum
Wildtypes 56/105 (53.3%) 42/87 (48.3%) 36/76 (47.4%)
Sapap3 mutants 26/78 (33.3%) 37/94 (39.4%) 27/86 (31.4%)
( |
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Supplementary Text

Conditioning in the grooming task: In our conditioning task, the wildtype

animals exhibited progressively increased grooming in response to the
conditioning tone, followed by a progressive sharpening of their responses and
alignment of these responses to immediately after the water-drop delivery. The
final latencies (154 + 75 ms) at the end of the training were nearly optimal
responses, given the sensorimotor reaction time constraints of the mice. Thus in
the wildtype mice, the short-latency responses to the tone, initially acquired, were
decreased while the near-optimally timed responses were increased. These mice
did not groom at the drop-time if no water had been released (probe trials, Fig.
5.1 F). Detailed analysis of the dynamics of their performance indicated that they
adapted their behavior through a continuous learning process. First, they all
showed a reliable conditioning for several consecutive days at mid-training
(approximately from day 5 to day 12, Fig. 5.3). Second, their grooming onset
distributions early in training differed substantially from those late in training: early
on, the averaged distribution is spread over 2-3 s after the water-drop delivery,
but at the end of the training their responses occurred consistently at short
latencies (154 + 75 ms) after the water-drop delivery (Fig. 5.1 D, unpaired t-test
between beginning and end of training, P<0.05). These results do not favor the
possibility that there was a deficit in conditioning or an extinction process, but
rather, favor an adaptive learning process in the wildtypes. This adaptive process
was not present in the Sapap3 mutant animals.

Deficit in striatal inhibition in the Sapap3 mutant mice: In our conditioning

task, late in training there was a significant decrease in MSN firing in the
wildtypes relative to the firing of MSNs in the mutants. This decrease in the
wildtypes could be a neural pattern related to the behavioral adaptation shown by
the wildtypes during training, one not shown in the mutants. Therefore, in this
mouse model, what could be the cause of the abnormal increase of task-
dependent MSNs firing? Numerous mechanisms could be considered, but we
discuss here a small number that appear relevant in regard to our findings.

With respect to whether the lack of decline of the MSN firing in the
mutants was due to over-excitation or to lack of inhibition, the literature on the
Sapap3 mutant mice published so far tends not to favor the possibility that

Sapap3 mutant mice exhibit an abnormal increase in excitatory inputs in the
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striatum. First, in their original paper, Welch et al.>® reported that the Sapap3
mutant mice showed a decrease of NMDA-dependent corticostriatal excitatory
neurotransmission to the MSNs and a deficit in evoked field post-synaptic
potentials recorded in slice preparations, suggesting that this excitatory NMDA-
dependent pathway was deficient. Later, a study demonstrated that Sapap3
deletion reduces AMPAR-mediated excitatory synaptic transmission in MSNs
through postsynaptic endocytosis of AMPARs and excessive synapse
silencing®®. In a following study, the same group found that in the absence of
SAPAP3 protein, MSN excitatory synapses exhibit endocannobinoid-mediated
synaptic depression under conditions that do not normally activate this
process®’. And finally, very recently, they demonstrate that another major
excitatory input pathway, the thalamostriatal pathway, was not affected by
Sapap3 deletion®?. All together, these results suggest that the excitatory inputs to
the MSNs in the striatum are not modified in a major way that could increase the
striatal excitatory tone; if anything they would suggest the opposite. By contrast,
our electrophysiological results demonstrating abnormally elevated MSN firing in
the mutants relative to levels in wildtypes, and our finding of a significant
decrease in numbers of PV-containing neuron in the Sapap3 mutant mice,
suggest that a deficit of the PV-neuron-dependent inhibitory micro-circuitry could
account for the abnormal task-dependent MSNs excitation that we observed. We
emphasize that other deficits could occur in the Sapap3 mutants. For example,
corticostriatal FSls neurotransmission properties could also be modified in the
Sapap3 mutant mice, in addition to the corticostriatal input to the MSNs. We did
not monitor electrotonic transmission in the FSls, we did not study the LFP
oscillatory activity in the mutants and their wildtype controls, and we did not study
properties of other inhibitory elements in striatal circuitry, all of which might be
abnormal. What our findings do show is that in the mutants, the inhibition of MSN
spikes relative to FSI spikes of neighboring FSls could be greatly augmented by
stimulation of the IOFC-striatal pathway to the centromedial striatum, the region in
which we observed the deficit in numbers of FSls. One possible implication of this
set of findings is that the IOFC-striatal pathway stimulation affected MSN
inhibition via increasing FSI-MSN inhibitory efficacy.
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