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Abstract

Psychiatric diseases are triggered by the interaction of genetic and environmental risk factors
(GxE). To model GXE in mice, we developed an approach to analysing huge behavioural data
sets, which allowed us to compare mice tested in independent cohorts. In a battery of tests, we
analysed and compared mice subjected to Isolation rearing (IR), Social defeat (SD) or the control
condition Enriched environment (EE). By using multivariate statistics, we merged experiments
measuring similar behaviours into higher-order categories (dimension reduction). This allowed us
to create clinically relevant behavioural profiles of mice and visualise them in a single radar chart.
We show that IR as a paradigm models positive symptoms of psychotic diseases, while SD models
negative-like symptoms.

We used this approach to study GXE in transgenic mice overexpressing the schizophrenia
risk gene Tcf4. They displayed deficits in fear memory and behavioural flexibility upon IR and
SD, while EE rescued the phenotype. Ageing did not influence these impairments. This result
points at the role of Tcf4 in cognition. Tcf4 overexpressing mice also displayed enhanced LTD in
hippocampus as well as increased dendritic spine frequency and upregulation of proteins: CaMKII,
HOMERI and synaptobrevins in prefrontal cortex. RNA sequencing revealed deregulation of
BC1, Top3b and Mov10 involved in regulation of translation by microRNAs, and other genes, e.g.
Adora2a, Penk and Plxnal.

We also tested behaviour of Tcf4”* mice, which showed strong cognitive impairment specific
to hippocampus-dependent spatial learning. Analysis of 7Tcf4 expression in these mice revealed
downregulation mainly of the isoforms that are highly expressed in the hippocampus, which is in
line with the behavioural phenotype. We conclude that in mice Tcf4 is important predominantly for
cognition, which declines upon both overexpression and deficiency of the gene.

In the last project, we focused on mechanisms underlying pain insensitivity, which we observed
in the IR animals. We show that IR reduces expression of pronociceptive genes Vgf, Bdnf and
Npyrl in dorsal root ganglia, which may contribute to pain insensitivity. In hypothalamus, IR
reduced expression of oxytocin and arginine vasopressin, potentially adding to the pain phenotype

as well as to IR-induced aggressiveness.
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Introduction

1.1 Schizophrenia

HIZOPHRENIA is a highly debilitating psychiatric disease that affects around 1% of the
world-wide population”’. It drastically reduces quality of life by leading to disruption of
social relationships, unemployment and homelessness2. It also shortens life expectancy by

more than 15 years (more than bipolar disorder?), due to high rate of suicides (12x higher than in
general population®), poor health care, heavy smoking, substance abuse, medication and comorbid
disorders. The symptoms typically emerge in adolescence and are more severe in men than in
women".

Schizophrenia was first identified as dementia praecox (“premature dementia”) by Emil Krae-
pelin in 19199, A quarter-century later Eugen Bleuler coined the term schizophrenia (“split mind”).
At that time the disease was mainly seen as cognitive decline and emotional dullness emerging
already in young patients®. Later, in the 60s, Kurt Schneider drew attention to distortion of reality,
which he called the first-rank symptoms, and proposed it as a diagnostic criterion®.

Nowadays, according to DSM-5, the hallmarks of schizophrenia include: delusions, hallucin-
ations, disorganized speech and behaviour, catatonia and negative symptoms and possible social
dysfunctions””. Psychotic features occur also in schizoaffective disorder, depression or bipolar
disorder, but in contrast to them, schizophrenia has no affective component-’.

Symptoms of schizophrenia are divided into three classes: positive, negative and cognitive.
Positive symptoms represent exaggerated functions of the nervous system that do not occur in
healthy people — hallucinations and delusions. Negative symptoms on the other hand, indicate
a loss in function, e.g. reduced motivation, social withdrawal and blunted affect>'0. Cognitive
symptoms include a broad spectrum of impairments®. Even though positive symptoms are the
key diagnostic criteria, the negative symptoms and illness duration associate stronger with poor

S

outcome®. Schizophrenia has a neurodevelopmental aspect®”. The onset is typically in late

adolescence or early adulthood "2, but certain behavioural abnormalities appear already during
the prodromal phase, years before the first episode of psychosis®=.

Some of the characteristic abnormalities occur also in the healthy relatives of the patients, and
are called endophenotypes. Endophenotype is a concept similar to the concept of biomarker, but
it implies genetic underpinnings and heritability — it is a measurable behavioural, anatomical,
physiological or biochemical feature of a disease'l?. Endophenotypes are often shared between

several diseases and can also be reliably studied in animal models. Schizophrenia has many

1



INTRODUCTION

endophenotypes'#, e.g. disruption of Prepulse inhibition (PPI) (a measure of sensorimotor gating),
perseveration, enlarged lateral ventricles, reduced hippocampal volume, thinning of frontal gray
matter, reduced P300 and enhanced P50 event-related potentials®, hypoalgesia (see section on
page and abnormal beta- and gamma-oscillations (reviewed in''), to name only a few.
Cognitive impairment is the core symptom of schizophrenial® and also the most debilitating

1 in schizo-

one?. Even though cognitive deficits are common also in other psychiatric diseases
phrenia they are more severe and have a broader spectrum®1, The impairments affect several
cognitive domains, e.g. working memory, social cognition, executive functions, attention inhibition
(reviewed in®) and cognitive flexibility!!3, Such impairments, particularly of social cognition?,
lead to difficulties in finding a job and establishing social bonds and may provoke social defeat.

It is not clear what changes occur in schizophrenic brains, but different neurotransmitter systems
seem to be involved. According to the dopamine hypothesis of schizophrenia, aberrant dopamine
transmission is involved in positive and negative symptoms<". Hyperactivity in the mesolimbic
pathway is thought to cause inappropriate assignment of salience to stimuli, and therefore gives
raise to delusions (reviewed in>*2L). Hypoactivity of prefrontal dopamine transmission contributes
to negative symptoms Z]

Current treatment for schizophrenia is based on antypsychotic drugs (neuroleptics), which are
dopamine D2 receptor antagonists22. They have poor efficacy and many side effects, particularly
strong in first-generation (typical) antypsychotics®>. Medication reduces positive symptoms, but
fails to counteract negative and cognitive symptoms~-22.

Aetiology of schizophrenia is not well understood, because it seems to depend on the interplay

of genetic (see below) and environmental factors® (see section |1.3).

Genetics of schizophrenia Heritability of schizophrenia is high — around 80%">, but despite the
strong genetic component, the disease does not follow Mendelian patterns. The reason for this is
a complex polygenetic architecture where occurrence of the symptoms depends on gene X gene

2% as well as other factors, e.g. epigenetics and environment>.,

interactions

Numerous Genome Wide Association Studies (GWAS)) and polygenic inheritance tests have
sought to map schizophrenia risk genes. Through these, researchers have identified several copy
number variants (CNVs) and hundreds of common single nucleotide polymorphisms (SNPk)
in different parts of the genome, confirming the polygenic character of the disease. A few of
the candidate genes have been repeatedly found in several for example: the MHC re-
gion26‘30, microRNA-137 (M]R-]37)28=30*31, Transcription factor 4 (TCF4)26‘31, Neurogranin
(NRGN)?%°% Neuregulin 1 (NRGI), Voltage-dependent L-type calcium channel subunit alpha-1C
(CACNA1C)283031) genes repressed by Fragile X mental retardation protein (FMRP)31532 D(2)
dopamine receptor (DRD2)??3! matrix metalloproteinase 16 (MMP16)?*3%, NOTCH44% and
proteins of the ARC complex?2 (reviewed in°2).

The identified in are common in the general population. They have low penetrance,
which means they have a very small effect on the schizophrenia phenotype and explain only a small

fraction of the genetic variation. This missing heritability probably results from various sorts of

2
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gene X gene interactions (epistasis)=>, for example, TCF4 and CACNAIC are targets of MIR137%,
Presumably, accumulation of [SNPs in the genes controlling certain biological pathways result in an

overall impairment. Thus schizophrenia is postulated to be seen as a pathway disease*?.

Because schizophrenia is a polygenic disease, the type and severity of its symptoms differ
between individuals. Psychosis is a continuum=>, which means that psychotic symptoms, such as
hallucinations, occasionally occur also in healthy people. These psychotic-like traits in the general
population are displayed as psychoticism — one of the three dimensions of personality, according to
the P-E-N (Psychoticism-Extraversion-Neuroticism) model of personality by Eysenck=®. Common
risk alleles may increase psychoticism in an individual within the healthy range. However, if one
carries many of such alleles, or in a bad combination, his/her traits may reach a pathological level,
referred to as psychosis.

Genetic risks are shared between psychiatric diseases=2. revealed a genetic overlap
between schizophrenia and bipolar disorder”, which also share clinical features, e.g. psychosis
and cognitive decline® and are both treated with antipsychotic drugs>Z. Differential diagnosis is
problematic. Some patients display features of both diseases and are diagnosed for an intermediate
form, schizoaffective disorder=2. Schizophrenia also has some commonalities with major depressive
disorder and autism>""32. Since these genetic and clinical overlaps impede diagnosis, the Research
Domain Criteria (RDoC) project was founded to develop a new diagnostic approach based on
neurobiological parameters instead of observed symptoms=5. This classification system would be
organized hierarchically into five domains — Negative Affect, Positive Affect, Cognition, Social
Processes, Arousal/Regulatory systems — each of which consists of subordinate constructs, e.g.
Fear>?. Such a revolution in the psychiatric classification system is expected to improve diagnosis

and, consequently, introduce more efficient, domain-targeting treatment strategies in the patients.

1.2 TCF4 transcription factor

TCF4 (ENSG00000196628), also known as E2-2, SEF2 and ITF2, encodes Transcription factor 4.
Next to MIR137, CACNAIC and the MHC regi0n31, it is one of the most replicated schizo-
phrenia risk genes?®**!. TCF4 should not be confused with TCF7L2 (T-cell-specific transcription
factor 4, ENSG00000148737), which traditionally is often referred to as “TCF4” too.

TCF4 belongs to the class I basic helix-loop-helix (bHLH) transcription factors, which are
broadly expressed in various tissue types (reviewed in*"**2). They are also called E-proteins, since
they recognize palindromic CANNTG motifs known as E-boxes (Ephrussi-boxes)*?, via the basic
region of the domain***>. To gain transcriptional activity, E-proteins need to dimerize with
tissue-specific class IT[bHLH] transcription factors. The preference for different E-boxes will depend
on the protein combination within a heterodimer. E-proteins can also dimerize with dominant
negative HLH proteins (ID family), which lack the basic region and consequently, prevent DNA
binding (reviewed in*?%4®). Thus by interacting with various tissue-specific bHLH partners or

HLH repressors, E-proteins have pleiotropic functions**#¢. Brain development is regulated by less

3



INTRODUCTION

than 10 class II proneural proteins, which interact with ubiquitously expressed E-proteins (Fig. [I.1).
While the fate of neuronal precursos and differentiation are precisely determined by the class 11
tissue-specific proneural factors, E-proteins seem to be interchangeable between each other’.

Tcf4 is ubiquitously expressed with highest levels in fetal brain, cerebral cortex and spleen*-20,
In the brain, its expression is particularly high in neocortex and hippocampus“? and within the
immune system — in dendritic cells and B lymphocytes“®. Tcf4 expression starts in embryonic life
(Fig. and is crucial for cell differentiation during neurodevelopment and differentiation of B
and T lymphocytes>!. Due to the developmental function Tcf4”- mice die after birth*”°Z, Though

they display no major anatomical defects except from disrupted pontine nucleus development™Z.

! _TCF4
c " v
.g HES1 ASCL1 NEUROD1,2
o ID1 NEUROG2 1D2,4
>5<_ .
K 4
$ g o TCF4
Il O .
c “E G/
&5l o &
o| B &8
'E 1&-’ 8:':
sl e £
ol e = “--.. other E-proteins
EMBRYO BIRTH ADULT
E1 E20 P1 P30 P60 12M
proliferation migration synaptogenesis cognitive processing
determination . A
myelination learning & memory

differentiation

Figure 1.1: TCF4 and neurodevelopment. TCF4 expression in the central nervous system starts in
embryonic life, reaches its peak around birth and remains stable during adulthood. By interacting with other
bHLH proneural proteins (e.g. NEUROD family) or differentiation inhibitors (ID2 and 4), TCF4 regulates

neuronal differentiation during development. Figure from Quednow et al. 20144,

TCF4 may also be involved in regulation of apoptosis. Knockdown of TCF4 in human neuro-
blastoma SH-SYSY cells led to upregulation of proapoptotic genes and downregulation of genes
involved in signalling and neurodevelopment>>. In mice Tcf# is a direct target of ZAC1 (Zinc finger
protein regulator of Apoptosis and cell Cycle arrest 1),

The TCF4 gene is located on the reverse strand of the chromosome 18 in humans and on
the forward strand in mice. In humans, the forward strand encodes additionally MIR4529 and

RPL21P126°° (Fig. . The gene size is large (413.6 kb in humans and 343.5 kb in mice) and was

gradually increasing during vertebrate evolution“.
48

TCF4 has 48 known splice variants® and 18 predicted protein isoforms with distinct N-termini
Full-length protein has two activation domains (AD1 and AD2) that regulate transcription, and a
Nuclear Localization Signal (NLS). Shorter isoforms may lack AD1 or NLS, but known isoforms

contain AD2 and the N-terminally located domain*® (Fig.[1.2).
The bHLH| domain was conserved in evolution and mutations in that region cause Pitt-Hopkins

syndrome (PTHS)*Y (see section below). is critical for dimerization and binding

4



INTRODUCTION

miR137 AD1 NLS AD2  bHLH
\{ — — \{
1 3 ABCD E5 7 F9 G 11 1315 171921 H
= : of At HH—H oo
2 4 6 8 1012 1416 1820
| RPL21P126 | MIR4529 T PTHS mutations
5 413.6 kb 3
Schizophrenia SNPs: A @ 517512836 G ® 51261117 OtherSNPs:  C ® rs613872
B ® 159636107 H ® 15112966547 D © rs1452787
E ® rs9960767 | ® rs4309482

F ® rs17594526

Figure 1.2: Structure of human TCF4. Human TCF4 gene is 413.6 kb long and contains 21 exons (odd
and even introns and exons are marked in gray and black, respectively). Two activation domains (AD1 and
AD?2) are encoded by exons 3—6 and exons 14—16. Exons 8-9 encode Nuclear localisation signal (NLS)%>.
The conserved basic helix-loop-helix (bHLH] region is encoded in exon 19 (red arrow). Two miR137 binding
sites (blue arrow) are located within exon 1°%, Point mutations within the region containing exons 10-19
result in Pitt-Hopkins syndrome (marked in orange). Four schizophrenia risk [SNPk (red dots) are
located within TCF4 introns, three of which are in the intron ENSE00003675281, the longest intron of the
gene. Two more schizophrenia SNPs are downstream of the TCF4. Additionally, two [SNPk in the intron
ENSE00003675281 are associated with Fuchs’s corneal dystrophy (blue dot) and sclerosing cholangitis and
ulcerative colitis (yellow dot) GRS

E-boxes in promoters or enhancers of other genes*. TCF4 regulates transcription predominantly
as heterodimer with class II bHLH proteins and homodimers have no known function. Proneural
partners of TCF4 include NEUROD1, NEUROD?2 (NDRF) > and NEUROD6 (NEX), while the
HLH protein ID2 acts as a repressor~>. TCF4 has many potential partners and should be considered
as a hub in the network of proteins interactions“.

Direct target genes of TCF4 are largely unknown, but it has been shown that it regulates
expression of Somatostatin receptor type II (SSTR-2)>? and Tyrosine hydroxylase®.

Activity of E-proteins, including TCF4, is inhibited by Ca?*/calmodulin®%2, Ca?* levels,
which indicate synaptic activity, could possibly modulate TCF4 functions by affecting its splicing,
shuttling, dimerization or its partners“®. Such regulation of TCF4 by neuronal activity might allow

adaptation to environmental changes and indeed, TCF4 genotype intearcts with smoking®3.

1.2.1 TCF4 and schizophrenia

Several schizophrenia-risk were found in introns of TCF4 and in the intragenic region down-
stream of it (Fig.[I.2). Two of these polymorphisms are located in the intron ENSE00003675281
(intron 4-5) which also contains[SNPs independently associated with Fuchs’s corneal dystrophy and
sclerosing cholangitis and ulcerative colitis®*. Moreover, TCF4 has also been linked to intellectual
disability=!' and to bipolar disorder®®. Thus TCF4 is a validated risk gene for schizophrenia that
may play a role in other psychiatric diseases.

The TCF4[SNPs contribute to schizophrenia-relevant endophenotypes. Patients carrying the
risk allele of rs9960767 display decreased [PPI%” and auditory P50 suppression, which is worsened
in heavy smokers®®. Risk variant of rs17512836 was associated with reduced auditory P300

amplitude®®, thus may affect attention and working memory®. Both [SNPk are associated with

5
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predispositions for paranoia in adolescents in general population®”. Surprisingly, risk variants of
rs9960767 in Caucasians and rs2958182 in a Chinese population correlated with worsening of
verbal memory”? or attention”’! in healthy subjects, but with improvement in the patients.

It is unclear whether these [SNPk affect TCF4 expression levels, but elevated TCF4 mRNA was
found in blood of schizophrenic patients” and postmortem brain tissue”Z37>.

Interaction of T7CF4 with other schizophrenia risk genes is possible, since their expression
patterns largely overlap”®. In cultured non-neuronal cells, TCF4 regulates the schizophrenia and
autism-related genes CNTNAP2 and NRXN'™ and is regulated by miR-137** (Fig. , a microRNA
involved in schizophrenia?23l. TCF4 is also predicted to be a target of several other microRNAs
associated with diseases of the central nervous system“".

Interestingly, many murine microRNAs (miR-137, -183, -200b, -200c and —4297&79) are bound
by Tcf4 circular RNA — huge RNA molecules composed of exons. It is not clear what
determines which exons are incorporated into circRNAs, but it is known that the introns neighboring
the chosen exons tend to be 3 times longer than other introns. It may be interesting, concerning
that the TCF4 intron ENSE00003675281, where most of the risk SNPk are, is the longest intron of

TCF4 (over 12kb)=9.

1.2.2 TCF4 and the Pitt-Hopkins syndrome

The Pitt-Hopkins syndrome is an autosomal dominant disorder caused by haploinsufficiency
of TCF4. 1t is very rare — the number of patients is estimated to be around 200-300 worldwide™!.

The hallmarks of are mental and developmental retardation, absence of speech, epis-
odic hyperventilation and distinct facial features, e.g. strabismus, wide mouth with M-shaped

42180181

Cupid’s bow, fleshy lips and broad nasal bridge . Patients often also display other bodily

deformities, abnormal EEG, epilepsy, diminished startle response“!“42:82

and anatomical changes
of the brain: thin corpus callosum, hypoplasia of the frontal lobes and small hippocampi®~. Pa-
tients typically display autistic-like behaviours; including stereotypy, perseveration and impaired

social interaction*8081; and can be easily misdiagnosed for Rett, Angelman or Mowat-Wilson

syndrome8#54

is caused by various kinds of mutations within the TCF4 gene. Some of them are
deletions that affect the whole TCF4 transcript or the AD2 and bHLH] domains“**#>. Nonsense
mutations or small indels occur mainly in the exons 10-19, encoding AD2 and bHLH, and generate
a premature stop codon or elongate the reading frame*>. missense or elongating mutations
impair TCF4 functions via protein destabilization, changing dimerization preferences or disrupting
DNA-binding and transactivation activity*>. Ultimately, all these mutations lead to TCF4 loss of
function. Partial loss of function also leads to milder mental retardation without the typical

features®>.
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Mutations in NRXNI and CNTNAP2, potential TCF4 targets” and members of the neurexin
superfamily, lead to[PTHSHike syndromes, which have similar symptomes except from the facial
features*!. These genes are regulated by TCF4 in vitro” and possibly belong to the same pathway.
In contrast to which is an autosomal dominant disease, the PTHSHike syndromes are

autosomal recessive*!.

Modelling in animals would be possible by using appropriate Tcf4 knockouts. Different
Tcf4 knockout mouse lines are commertially available on the market (reviewed in*Y). In our project

we used a mouse line from the Sanger Institute with floxed 7cf4 exon 4 (see section 2.4 on page[I7).

1.3 Gene xEnvironment interaction

Both genes and environment play a role in psychiatric disorders. Whether an individual will develop
symptoms or not, depends on Gene x Environment interaction (GxE)>%®. According to the Two-
hit hypothesis, genetic vulnerability (first hit) followed by exposure to environmental risk factors
(second hit) can trigger psychotic disorders®”. Numerous environmental factors, often of social

natureg=88

, contribute to the risk of schizophrenia (reviewed in>2:80:8718990) " gome affect embryonic
development, e.g. pregnancy and birth complications, maternal malnutrition, maternal immune
activation or being born in winter. Other factors occur during early life: childhood adversity,

childhood viral infections, cannabis consumption 8ol82 EJEY) 93]

, migration and urban upbringing
The latter two come down to chronic social exclusion, isolation and defeat, which may be the
essential factors for schizophrenia®?®“”, Social support, on the other hand, may protect from
psychopathology“®.

Timing of environmental adversities can determine the type and severity of symptoms that will
emerge in adulthood®Y?8%% Schizophrenia typically has its onset during adolescence or shortly

10412432

after , which is a time of high vulnerability, considered as the critical period for developing

social skills and executive functions®*1Y%10L The adolescent brain undergoes intensive changes,
predominantly in the frontal cortex, e.g. enhanced plasticity %!
(pruning) V2103,

Pruning is a natural developmental process common in many species. During healthy ad-

and pronounced synapse elimination

olescence gray matter gets thinner in the frontal lobes (thought to result from loss of synapses),

1011104

which correlates with improvement of verbal and spatial memory . Reduction of dendritic

spines 105/106

and excessive pruning in the cortex are proposed as mechanisms of cortical thinning
in schizophrenia®!VM071038 - Tnterestingly, in a computational model, moderate elimination of
synapses improved speech recognition, but excessive synapse loss led to hallucinations, compared
to hearing “voices” 1%, Perhaps, common “pro-pruning” genes, that normally enhance cognition,
in bad combinations (G xG) can exaggerate pruning and lead to psychosis1%. Pruning is mediated
predominantly by long-term depression (CITD)"YL. It selectively reduces excitatory synapses in the
cortex and thereby increases inhibition/excitation ratio and refines interneuronal activity (reviewed

in1Y11108) Tt seems that pruning proceeds in an activity-dependent manner (used connections are

7
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reinforced, unused eliminated), which would make room for environmental and epigenetic factors
to get involved in the whole process1%.

Post-weaning period is the puberty in mice (e.g. around P29 in C57B1/6 males)', analogous
to human adolescence. However, some differences occur — human frontal cortex and amygdala
develop more extensively and human hippocampus maturates faster (in the age of 2 years, while in

Il and can be a useful

rodents after weaning)®?. Puberty is a time of high vulnerability in rodents
model of the critical period in human adolescence.

Several environmental paradigms are used to model environmental risk factors for schizophrenia
in animals (reviewed in''2. Models based on pharmacological treatment, e.g. psychostimulants®!3,
phencyclidine (PCP)M41Y NMDA receptor antagonists®, have long tradition; however, these
approaches usually have low clinical relevance, as they do not mimic the factors encountered by

the patients. Other models include neonatal ventral hippocampal lesion 1218

and prenatal immune
activation'1?. Probably a better approach is to model risk factors commonly encountered in human
adolescence, like cannabis exposure!?” and psychosocial adversities modeled by social isolation

t90

and social defeat* (see below).

Finally, approaches have been gaining more and more attention during the last dec-

ade'2!. Several genetic mouse models of schizophrenia — e.g. Discl, NrgI—Erbb4 mutants®%!12

> __ have been analysed using various paradigms (reviewed

and Tcf4-overexpressing mice
in?01227126 "1 our project we focused on adolescence-related psychosocial factors, which we be-

lieve to be particularly relevant for schizophrenia, and on their interaction with 7cf4 overexpression.

1.4 Modelling environmental factors in mice

Using rodents as disease models has several advantages compared to human studies. By testing an-
imals of a defined genetic background in strictly controlled and standarized experimental conditions,
we reduce between-subject variability. This way we can dissect even subtle influences of a given
factor, e.g. mutation or environment, on the phenotype. Modeling psychiatric diseases in rodents
requires performing behavioural experiments. Since animals do not speak, creating valid models
is challenging, particularly in case of the the positive symptomes of psychotic diseases. What
can be reliably measured in behavioural tests, is cognition and several other disease-associated
endophenotypes, e.g. [PPIl

Various paradigms are used to model environmental influences in laboratory conditions. To
mimic environmental risk factors for schizophrenia, we subjected our mice to isolation rearing (IR
and social defeat (SDJ)). As a control condition we used enriched environment (EE) which provides

various kinds of stimulation and best resembles the natural environment of wild mice.
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1.4.1 Isolation rearing (IR)

Social isolation in rodents induces a set of somatic and behavioural changes — the isolation

synrome 271128 Detrimental effects of isolation have been observed also in opossum'*2? and other

mammalian species kept in zoological gardens in the 60s 2%,

In laboratory conditions [[Rlis achieved by housing rodents individually in a barren cages after

weaning. The first reported symptoms were aggressiveness2®

127

, nervousness during handling and

tendency to bite“<", which makes these animals difficult to work with. Isolated rodents (particu-

larly males!2) display numerous symptoms, including learning and memory disruption' 1281324133

reduced pain sensitivity*#132 hypersensitivity to psychostimulants3L, locomotor hyperactivity in

13367142 4 d impaired [PPI28-140:143 TR has been proposed and as an animal

12811311143

novel environmen
model of schizophrenia in numerous studies

110

The post-weaning period is considered as rodent puberty™ and corresponds to the critical

period of risk for psychiatric diseases in humans'#*, [[R] can cause irreversible changes, some of
which (e.g. [PPIl deficits) occur only if the animals are isolated shortly after weaning!38:14214%) " apq
other (e.g. novelty-induced hyperactivity) are independent of developmental stage'2®. Therefore
isolation rearing shortly after weaning should be distinguished from isolation housing in adulthood.

Rl has three aspects: social deprivation, sensory deprivation and lack of physical activity —
each of which produces different symptoms. In rats, sensory deprivation in barren cageing impairs
hippocampus-dependent spatial learning in Morris water maze (MWM]), while social deprivation

specifically impairs reversal learning!4>

and in mice pseudoisolation (animals in one cage but
separated by a perforated transparent partition) induces hyperactivity in the Open Field (observed
in many schizophrenia models’2#) without changes in acoustic startle response!4®. On the cellular

level sensory deprivation diminishes cortical spine elimination during adolescence in mice*Z.

Social isolation in humans has detrimental effects, first observed in hospitalised children in
the 405148149 Tn adults, isolation and sensory deprivation trigger hallucinations, intrusive thoughts,
confusion of dreams with reality, emotional instability and irrational fear — reported in psycholo-

gical studies2121 152

and case reports, e.g. explorers, soldiers on guard duty or isolated patients
Conceivably, in absence of sensory input, brain generates hallucinations as a replacement. Sensory
deprivation has been proposed as a human model of schizophrenial>2, albeit criticized!*?. Long-
term isolation cannot be studied for ethical reasons, but short-term (few days long) isolation in
adults was shown to have temporary, yet striking, outcomes2%1>2, Prolonged isolation, particularly
in the critical periods, may cause life-long impairments. The famous case of Kaspar Hauser > — a
19t century’s German boy kept in complete isolation until the age of 17 — is an extreme example
of detrimental effects of social deprivation on development of language, cognition and social skills.

Rosenzweig°Z suggested that psychosis-like symptoms upon sensory deprivation are in fact
caused by relevance deprivation (lack of salient stimuli that would evoke a response). This state

could be also induced by perceptual distortion (incorrect understanding of perceptual experience'>%)

or sensory overload — possible alternative models of schizophrenia‘>2

1500151

. Schizophrenics hallucinate

less in isolation , which may denote that they normally suffer from sensory overload.
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1.4.2 Social defeat (SD)

Numerous evidence show that early life stress (e.g. emotional neglect, sexual abuse, violence,
bullying) can trigger psychopathology in adulthood 31227159 Schizophrenia risk factors: urban
upbringing and migration, are associated with chronic social defeat and social exclusion, which
underlies the Social Defeat Hypothesis of Schizophrenia®®®’. Tt seems that stressors in adulthood
do not contribute to the risk of schizophrenia, but the patients and their relatives are more reactive to
daily hassles®, which emphasizes the importance of the critical developmental period. Most of the
stressors in Western societies are of psychosocial nature, therefore mouse models of psychosocial

stress are expected to be the most relevant for psychiatric disorders.

In rodents, social defeat is one of the paradigms used to model psychosocial stress. Typically
the resident-intruder paradigm is applied, which resembles bullying in humans'®’. Experimental
mice are introduced to cages (territories) of more aggressive and bigger mice?. To assure the
stress is psychosocial and not physical, experimental mice are protected by wire-mesh cages
after the first attacks, but are still exposed to the aggressor. Because the procedure is repeated
for 3 weeks, the stress is chronic. [SDlhas been extensively studied in rodents and was found to

161162 impaired cognition and PPl deficits'®?. It also affects

hippocampal functioning'®* and the mesocorticolimbic dopaminergic system'162,

cause a depressive-like phenotype

1.4.3 Enriched environment (EE)

Enriched environment is virtually the opposite of isolation rearing. Enrichment in laboratory
conditions typically means housing rodents in groups in large cages equipped with various objects,
e.g. toys, tubes and running wheels?21*1% Such defined [EE] has three major aspects: sensory
stimulation, social stimulation and physical stimulation. Sensory stimulation is required for correct
functioning and connectivity of sensory cortices'®” while social stimulation allows them to develop
necessary social skills. Sensory and social stimulation seem to influence different behaviours
independently 14168, Physical activity is provided by the running wheel, which is willingly used by

169170/ and enhances cognitive performance 7172, Similarly, sport

1720173

laboratory as well as wild mice

for humans — particularly during childhood — improves cognition
174

and restores hippocampal

function in schizophrenic patients

Because of its positive effects on rodent behaviour and resemblance to the natural environment,
EE is recommended as an appropriate control condition, which is better than standard housing
(group housing in barren cages'°®). [EE|positively influences rodent brain and behaviour — increases
long-term potentiation (LTP), neurogenesis, dendritic branching, vascularisation and synaptic spine
density, improves cognition and exploration and reduces anxiety (reviewed in'#*107) In numerous
studies addressing EE rescued the phenotype of mouse models of various nervous system-

related diseases, e.g. Fragile X syndrome, Alzheimer’s disease or schizophrenia (reviewed in’1#1172)

and abolished effects of juvenile stress! /%177,

10
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1.5 Aims of the project

In this project, we focused on analysing Gene x Environment interaction in transgenic (7cf4tg)
mice overexpressing Tcf4 in postnatal forebrain.

To better relate the studied mouse models to psychiatric diseases, we developed an approach to
analysing complex behavioural data sets and creating clinically relevant behavioural profiles mice
(published in Badowska er al./%). Initially we focused on environmental factors in wildtype (@)
mice and next, on in mice.

Previous studies by Brzézka et al.*” showed that [Tcf4tg) mice display mild impairments of fear
conditioning and [PPIl Therefore we tested whether environment can influence the manifestation of
this phenotype in these mice. Therefore we subjected them to [[R|and [EE!and analysed them in a
battery of behavioural tests.

We also aimed at identifying molecular and cellular mechanisms that could underlie the
behavioural phenotype. To find potential candidate genes downstream of TCF4, we analysed the
transcriptome and proteome of mice in hippocampus and prefrontal cortex (PEC). We also
investigated whether Tcf4 overexpression influences synapse morphology and electrophysiological
properties of neurons.

To understand Tcf4 function, we combined the gain-of-function approach (7cf4 overexpression
in mice) with the loss-of-function approach (T¢f4 depletion). We generated a Tcf4* mouse
line and analysed the impact of the knockout on murine behaviour.

In summary, in this project we adressed the following issues:
e Creating behavioural profiles of wildtype mice based on huge data sets
e Modelling in mice and analyses on behavioural, molecular and cellular level

e Generation and initial analysis of Tcf4”* mice

11
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Materials

2.1 Chemicals, reagents and laboratory supplies

Table 2.1: Chemicals and reagents.

Chemical Supplier Chemical Supplier
2-Propanol VWR Lithium dodecyl Sigma
sulfate
Agarose AppliChem MES Sigma
Bis-Tris Sigma Methanol J.T.Baker
BSA (Bovine Serum Albu- ThermoScientific, Non-fat milk powder frema-
min) Sigma Reform
Chloroform J.T.Baker Paraformaldehyde Serva
dNTP 10mM (2.5mM Roche Pellet Paint, cat.no. Millipore
each)l| cat. no. 1969 064 70748-3
DTT (Dithiothreitol) 0.1 M PJK SDS Sigma
EDTA Sigma Serva Blue G250 Serva
Ethanol Sigma Sucrose Merck
Ethidium bromide Sigma Tris Roth
Glycerol Merck Tris base Sigma
Glycogen Tris-HC1 Sigma
HEPES (stock 200 mM) Lonza Triton X-100 Sigma
Inorganic salts Merck,  Sigma, Trizol Roth
Roth
Lauryl sulphate Sigma Tween20 Merck
PhosSTOP Phosphatase Inhibitor Cocktail Tablets, cat.no. 04 906 837 001 Roche
Complete Mini Ultra EDTA free protease-inhibitor tablets, cat.no. 05892791001 Roche
Markers:
DNA ladder (100 bp, 1 kb) Fermentas
Spectra Multicolor Broad Range Protein Ladder, cat.no. 26634 Thermo-
Scientific

ldiluted 1:5 with water before use, final concentration in the PCR 200 uM (50 uM each)

13
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Table 2.2: Laboratory supplies.

Laboratory supplies

Supplier

ECL-hyperfilms

PVDF Membrane Hybond P
96-well plates for RT-qPCR
384-well plates for RT-qPCR

NuPAGE Novex 4-12 % Bis-Tris Protein Gels,

1.0 mm, 10 well (cat.no. NP0321BOX)
Kits

Agilent RNA 6000 Nano Kit

DC Protein Assay

ECL Plus Western-Blot Detection Reagents
RNeasy Mini Kit (cat.no. 74106)

Invisorb Spin Tissue Mini Kit (cat.no. 1032100300)
(cat.no.

Cloud-Clone
CEA806Mu)
Enzymes
GoTaq DNA polymerase & 5 x buffer
RedTaq DNA polymerase & 10x buffer
Proteinase K (10 mg/ml)

SuperscriptlIl Reverse Transcriptase
Power SYBR Green Master Mix (2x)
HRP-conjugated-goat secondary antibodies

Corp ELISA Kit

Amersham Biosciences
Amersham Biosciences
Applied Biosystems
Roche

Life Technologies

Agilent

Bio-Rad

Amersham Biosciences
Qiagen

Stratec biomedical
Uscn Life Science Inc.

Sigma

Invitrogen
Invitrogen

Applied Biosystems
Dianova

Table 2.3: Laboratory equipment and software.

Equipment Supplier

7500 Fast Real-Time-PCR System Applied Biosystems
LightCycler 480 Roche

2100 Bioanalyzer Agilent

3328 Biofuge Heraeus

Stepper pipette HandyStep(®) electronic Brand

Intas Chemocam Imager ECL HR-16-3200 Intas UV-Systems
Homogenizer: Polytron PT 1200E Polytron Hand
Arium@®) pro VF Water Purification System Sartorius
SDS-PAGE Gel Electrophoresis System Invitrogen

Eon microplate reader BioTek

Open Field System TSE Systems

Fear Conditioning System
Prepulse Inhibition System
Digital camera ProgRes C14

TSE Systems or Ugo Basile
TSE Systems or SR-LABTM
Jenoptik

Software

Source

Adobe Illustrator CS5, Adobe InDesign CS5
Any-maze software (cat.no. 60000-FC)

Adobe Design Standard CS5
Ugo Basile

Continued on next page
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Table 2.3 — Continued from previous page

Software Source

DNASTAR Lasergene Core Suit 9 DNAStar

GraphPad Prism 5 for Windows ver. 5.04 www . graphpad. com

Imagel http://imagej.nih.gov/ij/
IXTEX (MiKTeX) http://miktex.org/

Moti4, VideoMot2 TSE Systems

R WWW.Ir-project.org

Universal Probe Library Assay Design Center www.roche-applied-science.com
Zotero WWW.Zzotero.org

2.2 Primers

Primers were designed using the Assay Design Center for Universal Probe Library by Roche
(http://lifescience.roche.com). All oligunucleotides were produced in by the DNA Core
Facility of the Max-Planck-Institute of Experimental Medicine, Gottingen, Germany. Each oligo
has been given an in-house identification number (ID). Primers are listed in the Tables and

2.3 Buffers

Blocking buffer (western blotting) 5% non-fat milk in TBS-T or 5% BSA in TBS-T
Buffer A (synaptosome isolation) 4 mM HEPES, 0.32 M sucrose

DNA extraction buffer (1x) 0.5 % SDS, 0.1 M NaCl, 0.05M Tris (pH 8.0), 3mM EDTA with
0.5 mg/ml Proteinase K

MGB (1x) 67 mM Tris pH 8.8, 16.6 mM (NHy4),SOy4, 6.5 mM MgCl,, 0.5% Triton-X-100

NuPAGE MES running buffer (1x) 50 mM MES, 50 mM Tris Base, 0.1% SDS, 1 mM EDTA,
pH7.3

NuPAGE sample buffer (1x) 106 mM Tris-HCI, 141 mM Tris base, 2% Lithium dodecyl sulph-
ate, 10% Glycerol, 0.51 mM EDTA, 0.22 mM SERVA Blue G250, 0.175 mM Phenol Red,
pH&.5

NuPAGE Transfer buffer (1x) 25 mM bicine, 25m M Bis-Tris (free base), 1 mM EDTA, 0.05 mM
chlorobutanol, 20% methanol pH 7.2

PBS (Phosphate buffered saline) (1x) 10% NaCl, 0.25% KCl, 0.72% Na,HPO4e2 H,0, 0.25%
KH2PO4, pH 7.2

Sucrose buffer (always freshly made) 320 mM sucrose, 10 mM Tris, | mM NaHCO3, 1 mM
MgCl,, Protease-inhibitor tablets, PhosSTOP Phosphatase Inhibitor Cocktail Tablets or self-
made phosphatase inhibitor coctail (4.5 mM NaysP,07, 5 mM NaF, 1 mM Na3VOy4, 1 mM
7ZnCl)

TAE (Tris/Acetate/EDTA) (1x) 40 mM Tris-Base pH 8, 0.4 mM acetic acid, 20 uM EDTA (0.5 M;
pHS)
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MATERIALS

TBS-T buffer (1x) 50 mM Tris-Base, 150 mM NacCl, 0.01-0.1% Tween20, pH 7.4

TE buffer (1x) 10 mM Tris-HCI (pH 7.4), | mM EDTA

2.4 Mouse strains

C57Bl/6N wildtype mice, from Charles River (Sulzfeld, Germany) or in-house-bred, used for
behavioural tests, hormone measurements, breeding and as strangers in Social Interaction test

FVB/N in-house-bred, used for breeding and as residents in [SD| paradigm
TMEB heterozygotic ad wi mice on FVB/N background (see section 2.4 below)

TMEBBI6 heterozygotic and wt mice on mixed background C57B1/6N x FVB/N (see
below). These hybrids were chosen for most of the experiments, as the most “healthy” strain
(see hybrid vigour below).

TMEBI6_F10 heterozygotic and wt mice on C57BI/6N background i.e. bred to C57BI/6N
mice for 10 generations (see below)

Tc¢f4E line MDXP EPDO0103_3_A07, (C57BI/6N background) from the Sanger Institute, carrying
the EUCOMM allele Tcf4™maEUCOMMWIsE (hrgiect ID: 26368).

Tcf4F offspring of Tcf4E mice bred to FLIR mice (C57B1/6N background) in order to delete the
lacZ-neo cassette (Fig.[2.1). Tcf4 function is restored in this line (see below).

Tcf4C heterozygotic a whole-body Tcf4 knockouts (C57B1/6N background), offspring of Tcf4E
and Ella-Cre mice (Fig. [2.1)). Tcf4 exon 4 is lacking but the lacZ-neo cassette is maintained.
The gene is disrupted in all body cells from the early development (see below).

Ella-Cre line B6.FVB-Tg(Ella-cre)C5379Lmgd/J from Jackson Laboratory (stock number: 003724).
Cre-recombinase expression starts in all body cells before implantation in the uterine wall.

FLIR Flpl recombinase expressing line 129S4/SvJaeSor-G#(ROSA)26Sor™! FLPLDYm 7 line from
Jackson Laboratory (stock number: 003946).

TYFB mice (C57BI/6N background) expressing EYFP under Thyl.2 promoter' 7.

Transgenic lines TMEB, TMEBBI6 and TMEBI6_F10

To explore the effect of TCF4 gain of function, we used lines TMEB, TMEBBI6 and
TMEBI6_F10, which were previously published by our group>Z. These mice overexpress full-
length Tcf4 var.1 open reading frame (2010 bp, 667 AA, 71.3 kDa) with an N-terminal Flag-tag and
C-terminal double Tandem Affinity Purification tag (585 bp). Therefore the construct
(2595 bp, 92 kDa) constitutes of exons only and is missing introns. Overexpression is driven by
Thyl.2 promoter and occurs in projection neurons of postnatal forebrain. As reported by Brzézka et
al, Tcf4 mRNA levels in [Tcf#tg mice are increased to 150% compared to their Wi littermates. These
mice exhibit strain-independent mild cognitive impairment and sensorimotor gating deficits=".
Animals on mixed C57B1/6N x FVB/N background were used in most of the experiments, as they
are more “healthy” than inbred strains — they display no anatomical and behavioural abnormalities
of their paternal strains and perform better in learning tasks (known as hybrid vigour)18V.
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Tcf4 knockout mouse strains Tcf4E, Tcf4F and Tcf4C

Eucomm mouse line T¢f4E  We purchased commercially available EUCOMM Tc¢f4 knockout
line from the Sanger Institute: the EUCOMM allele Tcf4 (see Mouse strains on page [L6).
As the knockout-first strategy '8! was applied, expression of Tcf4 in these mice is partially reduced
by a promoterless lacZ-neo cassette introduced before the exon 4. The cassette is flanked by two
FRT sites and the exon 4 is flanked by two loxP sites (see section [2.4] below and Fig. [2.1]and [3.5)).
This mouse line can be bred to appropriate tool mouse lines and give origin to various knockout
lines.

Line Tc¢f4F To delete the LacZ-neo cassette the mice were crossed with the Fipl recom-
binase expressing mice (the FLIR strain, see section 2.4 above). The offspring line was named
Tcf4EXFLIR (Tcf4E). Deletion of the cassette in restores the Tcf4 gene function. The [Tcf#H mice
can be bred to a Cre-line of choice to generate a conditional knockout line. However, Fip! is not
expressed in all body cells, thus the offspring knockouts show mosaic genotype. To solve this
problem we plan to breed the mosaic animals to wild type mice and then select only the
allele positive but Fipl negative offspring for further breeding.

Line Tcf4C — heterozygotic Tcf4 knockout Breeding the|[Tcf4E mice directly with the Ella-Cre
line (see section[2.4]above) allowed us to generate a Tcf4 knockout without the time consuming
[Tcf4H breeding and selection. The offspring line, named T¢f4E x Cre (Tcf4C)), lacks the Tcf4 exon 4
but maintains the lacZ-neo cassette. It is a heterozygotic whole-body knockout from an early
embryonic stage.

FRT FRT loxP4 loxP 5

Tcf4E: EUCOMM mouse (knockout-first)

FLIR: FipT recombinase Ella-Cre
FRT loxP 4 loxP 5 FRT FRT loxP 5
Tcf4F: restored Tcf4 expression Tcf4C: deletion of exon 4 in all
. body cells from early development
Cre recombinase
of choice
FRT loxP 5

¢ —r>—

‘ch4FC: conditional knockout

Figure 2.1: Breeding strategy of the Tcf4 knockout mouse lines. All Tcf4 knockout lines were derived
from the commercial EUCOMM line In this line FRT-flanked lacZ-neo cassette is introduced before
the floxed exon 4 (knockout-first approach). Crossing with FLIR mice (left panel) deletes the lacZ-neo
cassette and restores the gene function. The offspring (line can be bred to appropriate Cre-line to
obtain a desired conditional knockout line T¢f4FC. Another approach (right panel) is to breed [TcfZE mice
directly to Ella-Cre mice, which deletes the exon 4 in all body cells from an early developmental stage, but
preserves the lacZ-neo cassette.
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3.1 Behavioural analyses

3.1.1 Environmental paradigms

All mice were maintained in colony rooms under standard conditions with 12 h light/dark cycle and
2142 °C room temperature. Food and water were provided ad libitum.

Isolation rearing (IR) From the age of 4 weeks animals were housed individually in Makrolon 2
cages (26.5 x 20.5 x 14.5 cm) that contained only the bedding (Fig. [3.TA,C). No tissue or
other materials that could enrich the cage were provided and animals were handled only
during the cage change.

Social defeat (SD) To induce psychosocial stress the resident-intruder paradigm (Fig. [3.1B) was
used as described in127, Single-housed male FVB/N mice (Charles River, Sulzfeld, Germany)
were used as residents. In brief, from the age of 4-5 weeks the experimental animals
(intruders) were introduced in the cages of residents. After the first attack occurred each
intruder was protected by a wire mesh cage to prevent injuries and left in the resident’s
cage for 1 h. The procedure was repeated daily for 3 weeks and every day intruder mice
were exposed to different residents in a Latin-square manner. Between and after the stress
sessions the intruders were housed individually (cages contained bedding and tissue) to
prevent abolishment of stress effects by social support. The FVB/N residents were kept in
a separate room to avoid olfactory habituation in experimental mice.

A B

‘ Isolation Rearing (IR) ‘

Social Defeat (SD) | Single housing |

‘ Enriched Environment (EE) | ‘ Enriched Environment (EE) |

4 5 6 7 Gl behavioural [N 4 5 6 7 Cl behavioural [
tests [weeks] tasts [weeks]

Figure 3.1: Environmental paradigms: [IR] [EEl and A) Animals were subjected to post-weaning
isolation rearing (IR) or enriched environment (EE) from the age of 4 weeks remained during the testing
period (from the age of 8 weeks) and after it. B) Animals were subjected to social defeat (SD) (daily for
3 weeks) from the age of 4-5 weeks. The control group was housed in[EEl C) Photographs present isolation
rearing (left), social defeat (middle) and enriched environment (right).
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Enriched environment (EE) From the age of 4 weeks animals were group-housed (usually 5-8
mice per cage) in Makrolon 4 cages (60 x 38 x 20 cm). Cages were divided into two com-
partments: bigger compartment containing a running wheel and tunnels made of PCV pipe
fittings and smaller compartment providing access to food pellets and drinking water. Anim-
als could freely move between the compartments by climbing a ladder or passing through a

one-way gate (Fig.[3.1A,C).

3.1.2 Behavioural tests

Most of the experiments were described in our publication’?®. All tests were performed during the
light phase. The experiments were approved by the appropriate ethics committee of Lower Saxony
and have been performed according to the ethical standards of the Declaration of Helsinki (1964)
and its later amendments. The experimental chambers and mazes were washed with 70% ethanol
before and after each use, unless stated differently.

Open field (OF) and Hole board (HB) Animals were placed into a grey box (45 x 45 x 55 cm)
and allowed to explore the surrounding for 10 min. In the test, time moving, covered
distance, rearing and time in the centre were quantified using an infrared monitoring system
and the Moti4 software (TSE Systems, Bad Homburg, Germany).

The [HB] experiment was performed in the same boxes, but with a floor insert containing
16 symmetrically deployed holes (2 cm diameter). During the 10 min long test, the number
of nose pokes into the holes and total time of hole exploration were measured automatically
by the Moti4 software.

Light-dark preference (LD) The experiment was performed in a chamber divided into two com-
partments: black-walled “dark” chamber and transparent “light” chamber, both connected by
a door-like opening. Mice were placed into the light chamber, with their heads facing the
wall opposing the gate. The test lasted 5 min from the first entry into the dark chamber. The
latency to enter the dark chamber and the total time spent there were measured manually.

Elevated plus maze (EPM) The EPM setup was built in a shape of a “plus” sign with two oppos-
ing open and two closed arms (30 x 5 cm arms, walls 15 cm high) and raised 50 cm above
the floor. Each animal was placed at the crossing of the arms. The time spent in the open and
closed arms were manually measured for 5 min.

Tail suspension test (IST) Mice were suspended upside-down and attached to a fixed rod by an
adhesive tape by the tip of the tail. Fighting time, which reflects the escape motivation of the
mice, was manually scored for each mouse for 6 min.

Y-maze Mice were inserted into a gray plastic maze in the shape of “Y” with arms identical and
symmetric to each other. Animals were allowed to explore the maze for 10 min. The number
of arm explorations (choices) and number of alternations were scored. Alternation was
defined as a sequence of thee arms explorations without visiting the same arms twice.

Social interaction We used the Crawley test of sociability'®% to analyse social behaviour. The test
box consisted of three compartments separated by transparent plexi walls with entrances.
In the acquisition phase (5 min) the experimental animal was placed in the middle, empty
compartment and the entrances to other compartments were blocked. Next, in the sociability
phase, an unfamiliar mouse (stranger 1) was introduced to one of the compartments and
covered by a wire-mesh cage. And empty wire mesh cage was placed in the opposite
compartment. The experimental mouse was allowed to explore all compartments for 10 min.
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In the last phase (social memory) another unfamiliar mouse (stranger 2) was placed in the
previously empty wire-mesh cage and the experimental animal was allowed to explore the
box for 10 min. Experiments were recorded by a camera placed above the test box and the
time spent in each of the side compartments was then manually measured. Sociability and
memory indexes were calculated according to the formula:

sociability index = Lt +50 memory index = fy2 +50
o1 Tle tig+1p

where 71 and 7> are times spent in the compartments with stranger 1 and stranger 2 and ¢, is
the time in the compartment with the empty wire-mesh cage.

All stranger mice were C57B1/6N males younger than the experimental mice. To avoid
any repulsive stress or anxiety signals from the strangers, before the experiment they were
habituated to the wire-mesh cages several times and during the experiment different pairs of
strangers were used in consecutive sessions, to let the mice recover.

Prepulse inhibition (PPI) Diminished PPI is an endophenotype of schizophrenia'#, therefore
we measured it also in our animals. The experiment was performed as described in works
by Brzézka et al. 3183, Two different commercial PPI systems were used: 4-station PPI
system from TSE Systems (Bad Homburg, Germany) for the [Tcf#tgIR-EE-young cohort and
The SR-LAB™ Startle Response System (San Diego Instruments) for the [TcfZC#1 cohort.
Animals were habituated to experimental cages for few days before the experiment.

TSE Systems. The instrument contained 4 soundproof stations with sensors recording ver-
tical movements of the floor. In each station a metal grid cage of dimensions 90x40 x40 mm
would restrict animals locomotory movements and during the whole experiment 65 dB white
noise was played from speakers on both sides of the grid cage. Animals were placed one by
one into the stations and after 2 min habituation baseline recording was done for 1 min. Then
six 40 ms long 120 dB sound were played to stabilize the startle response and diminish the
impact of within-session habituation. The intensity of startle responses to acoustic stimuli
were recorded for 100 ms, starting from the onset of the stimulus. Next, in the PPI test, we
measured response to non-startling 20 ms-long prepulses of 70, 75 or 80 dB and 40 ms-long
120 dB startling stimuli played 100 ms later. The prepulses were presented in pseudorandom
order with 8-22 s long intervals between the trails. The amplitude of startle response was
calculated as the difference between the intensity of the strongest recorded startle and in-
tensity of startle directly before pulse onset. Means of maximal amplitudes (expressed in
arbitrary units, AUs) were calculated separately for startle pulses with or without a prepulse.
PPI was calculated as % of startle response, according to the formula:

where SA;, , stands for amplitude of startle response and SA,, is startle amplitude after
pulse only.

SR-LAB™ The protocol was as described above. The measurement was performed ac-
cording to the manufacturer’s instructions with the use of two cabinets (type: ABS) and
enclosures for mice (type: Small).

Fear conditioning (FC) The test was performed as described in>7133, Commercial fear condition-
ing systems were used: TSE Systems (Bad Homburg, Germany) for the vs. wt cohorts
and Ugo Basile (Siena, Italy) for the [Tcf4C|cohort. The paradigm is presented in Fig.
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Figure 3.2: Fear conditioning paradigm. Day 1) Mice were tested in the context chamber. Baseline
freezing was assessed for 2 min, after which animals were subjected to two 30 s long tones (cues) paired
with 2 s footshocks. Day 2) Frezing was measured in the context chamber for 2 min to assess context fear
memory. Day 3) Baseline freezing was measured in a novel chamber. Next cue was played for 30 s and
freezing was measured to assess cue fear memory.

TSE Systems. Foot shocks were applied in the context chamber (36 x20x20 cm), using an
electric metal grid made of stainless rods (4 mm in diameter, spaced 6 mm apart). To prevent
conditioning to external sounds, background noise was played in both chambers during all
phases of the experiment. On day 1 animals were placed in the context chamber and baseline
levels of freezing were manually scored for 2 min every 5 s. Next, an auditory stimulus (cue)
of 10kHz and 75 dB was played from a speaker for 30 s and immediately afterwards an
electric shock of 0.4 mA was applied for 2 s. After 30 s pause, the tone—shock pairing was
repeated once. On day 2 mice were placed in the same context chamber and freezing was
scored for 2 min to assess contextual memory. On day 3 animals were tested in a novel box
(grey, triangle-shaped chamber, washed with water). Cue baseline freezing was measured for
2 min. For the next 2 min, the freezing levels were determined in the presence of the sound
(cue) of the same intensity as during conditioning. To assess remote fear memory context
and cue procedures (day 2 and 3 respectively) were repeated one month later.

Ugo Basile System no. 46000. The procedure was performed like in the TSE Systems,

but with following modifications: 1) freezing was recorded by an infra-red CCD camera
(47400-025) and measured automatically by the Any-maze software (cat.no. 60000-FC);

i1) shocks were applied in the Ugo Basile 46003 Mouse Boxes (inside dimensions: 17x17x25(h) cm
with the vertical stripe patterns on the walls; iii) for cue memory Mouse Boxes were replaced

by a transparent Plexiglas cylinders (diameter 19.5 cm, height 25 cm).

Morris water maze (MWM) The paradigm''%¥ is presented in Fig. The test was performed
as described in*"183 in a white pool (diameter 120 cm) filled with water dyed with white
paint. White platform (diameter 10 cm) was located in one of the target quadrants (TQk),
1 cm under the water surface. To allow navigation, a single cue was placed on the wall. The
animals’ position, time, distance, route and speed of swimming were tracked using TSE
VideoMot-Systems. The test consisted of several phases and different behavioural qualities
were tested in each phase.

Learning curves. For several consecutive days mice had four swimming trials per day, each
time at the different pole of the pool (the order of the poles was different every day). Animals
were tested in batches of 4-5 mice, so the trials were separated by intervals of around 5 min.
During each trial (max. 90 s long) animals were supposed to find for the hidden platform and
remain on it for 10s. If a mouse failed to find the platform, it was gently guided to it and
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Figure 3.3: Morris water maze paradigm. Mice were inserted to the maze for several consecutive days;
each day is represented by a box. A) The experiment consisted of distinct phases: I) Visible platform (2 days,
4 trials per day) — mice learn to find a platform marked by a flag. II) Initial learning (6 days, 4 trials per
day) — mice search for the platform hidden under the water. III) Probe test’ (1 day, 1 trial) — the platform is
removed and the time they spend in target quadrant is measured. IV) Reversal learning (6 days, 4 trial
per day) — the hidden platform is moved to a different position. V) Probe trial” (1 day, 1 trial) — like probe
test’. VI) Remote probe test (1 day, 1 trial) — probe test” repeated after 1 month to assess long-term memory.

B) In another version of the paradigm probe test” was followed by delayed matching to place (DMP)) (5 days,
4 trials per day) in which the platform was located in different position every day.

allowed to sit for 10s. The time and distance needed to reach the platform were measured.
The means of all four trials were used to draw the learning curves. The test was composed of
an initial acquisition phase - visible platform (2 days) - , an initial learning - hidden platform
(6 days) - where the animals had to navigate based on the position of the cue, showing spatial
learning abilities, and a reversal learning phase (6 days) where the platform was moved
to the opposite quadrant to asses rigidity and perseveration. In the modified version of the
experiment (Fig. ) five additional days of delayed matching to place (DMP)'%> were
included to test perseveration in a more challenging task (platform in a different location
every day).

Memory recall was assessed in probe tests (1 day) in which the platform was removed and
mice were allowed to swim in the pool for 90 s in a single trial. The time and distance spent
in were recorded. Probe tests were performed after initial and reversal learning and a
remote probe test 1 month later (remote test not done if was included).

Hot plate (HP) Thermal pain sensitivity was assessed by putting mice on a hot plate preheated to
52 °C. The latency until licking the hind paws or jumping was measured. Afterwards animals
were immediately removed from the hot plate and put on a metal top to cool down their paws.

Pain threshold Pain sensitivity to electric shocks was measured in the TSE System that was
used for Fear conditioning. Animals were placed on the shock grid and a series of 2s
electric shocks of different intensities (0.1-0.7 mA) was applied. The shock intensities were
presented in a randomized order and with randomized intervals between them. The animals
were observed and the lowest shock intensities that induced reaction (jumping, vocalizing)
were noted.

Statistical analyses of behavioural profiles

All behavioural data were initially analysed using t-tests, Mann-Whitney tests, t-tests with Wesch
correction or Two-way ANOVA, when appropriate. For[MWMI RM Two-way ANOVA was applied.
Next, the raw data were used to create behavioural profiles (see section [3.1.4/on page 23).
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3.1.3 Behavioural cohorts

wtIR 28 male C57B1/6N mice (Charles River, Suzfeld, Germany) housed in IR (n=15) or EE
(n=13) from the age of 4 weeks and subjected to behavioural testing from the age of 8 weeks.

Order of tests: [OF, TSTL HP], Y-Maze,

wtSD 29 in-house-bred male C57B1/6N mice at the age 4-5 weeks were subjected to either EE
(n=14) or SD (n=15) for 3 weeks and then subjected to behavioural testing. All experimental
procedures for this cohort were performed by Ananya Chowdhury during her lab rotation
under my supervision.
Order of tests: LDl HB] Social Interaction, Radial Arm Water Maze, Social
Avoidance, [FC| [HPL

[Tcf4tgIR-EE-young or[Tcf#tg Young cohort. 59 male [Tcf#tgland wt mice on C57BI/6N x FVB/N

background were housed in IRl or [EEl from the age of 4 weeks and tested from the age of
8 weeks. The cohort consisted of 16 wt IR, 15[Tcf#tgIR, 16 wt EE and 12 [Tcf#tg| EE animals.
Testing was performed in cooperation with Dr Magdalena M. Brzézkeﬂ

Order of tests: [LD] [OF [HB| Y-maze, [PPIl, Social Interaction, [FC HP, pain
threshold.

[Tcf4tgIR-EE-aged or Ageing cohort. 59 male and wt mice on C57B1/6N x FVB/N back-
ground were housed in IR or EE from the age of 4 weeks and tested from the age of 12 months.
The cohort consisted of 14 wt IR, 16 IR, 13 wt EE and 16 EE animals.
Order of tests: [LD] [EPM] [HB! Y-maze, Social Interaction, Grip strength,
remote [FC| [HPL

1 30 male mice (14 wt, 16 on C57BI/6N background were housed in [[Rl from
4 weeks of age and tested from the age of 10—13 weeks. The animals were not the same age —
difference between the oldest and the youngest animals was 3 weeks — but there was no age
bias between the genotypes. Based on our experience with mice, [[R| was chosen to
enhance the potential phenotype of the knockouts.

Order of tests: [LDl [EPML [HB! Y-maze, Social Interaction, (variant
with [DMP)), [PPI|, remote [FC| [HP

3.1.4 Behavioural profiling of mice

Our approach was described in details in our article Data calibration and reduction allows to
visualize behavioural profiles of psychosocial influences in mice towards clinical domains’®. The
data were analysed in collaboration with Dr. Dorthe Malzahn (Department of Genetic Epidemiology,
University Medical Center, Georg-August University, 37099 Géttingen, Germany). Analyses were
done in R software version 2.15.2 using R-package nlme and R-functions gls and anova. Graphs
were generated using R-package plotrix, exported as .eps files and edited in Adobe Illustrator CS5.
The procedure below is described for comparison of two Wi cohorts: IR vs. EE-1 and SD vs. EE-2
(see “Behavioural cohorts” on page[23)). The analysis involved several steps (see Fig. [3.4):

'Dept. Neurogenetics, Max Planck Institute of Experimental Medicine, Gottingen, Germany
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1. Directionality Different behavioural parameters, called measures, are expressed in different
units (i.d. seconds, meters, indexes etc.). To allow comparisons, each of the 14 measures was
given an arbitrary sign, such that higher values indicate improved performance and lower
values indicate impairments (Fig. panel 2). All raw data were multiplied by 1 or —1
according to the assigned directionality. The signs of all measures are presented in Tab.

(column Dir.).

2. Data calibration Experimental groups were calibrated to appropriate controls (i.e. IR group to
EE-1 and to wt) using z-transformation. After this procedure the means of control

groups were set as zero and the values of experimental groups were relative to the controls
(Fig. 3.4]panel 3).

3. Reduction to traits The measures of the same behaviours were merged into single sum scores
called traits, e.g. exploration time and nose pokes in[HBl were compressed to HB-exploration
(Fig.[3.4 panel 4). Consequently, we reduced the number of dimensions from 14 measures to

11 domains.

4. Reduction to domains Traits reflecting similar behaviours were analysed together as single
domains by using multivariate statistics (Fig. 3.4 panel 5), e.g. OF-time in the centre, Dark
preference and EPM-anxiety were analysed collectively as Anxiety. In the wt IR-SD study,
we reduced the number of dimensions to 6 domains. To analyse bigger data sets, i.e.
and mice, the reductions were made even further into Superdomains and Symptom
classes (see Table[3.)), which could be compared to clinical symptom classes of psychiatric

patients.

5. Visualisation of behavioural profiles Calibrated data from different levels of reduction can be
visualised in a single figure by plotting them in a radar chart. Thin black line indicates [EE],
which is set to zero and coloured lines indicate experimental groups in reference to EE —
here[IRlin blue and [SDlin red. Such plots can be then overlaid to compare their profiles and
the strength of alterations (Fig. [3.4] panel 6 and Fig. 4.9).

6. Severity scores To compare the overall level of impairment between experimental groups, we
calculated severity scores, which were average squared treatment effects that were calculated
on the trait level, but can be also calculated on other levels. Higher scores indicate greater

difference from the reference group (improvement or impairment).

Statistical comparisons by 1-way ANOVA were done in a hierarchical order — first on the domain
level and then, if significant, on lower levels. This approach reduced the loss of statistical power

caused by correction for multiple testing.
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Figure 3.4: Creating behavioural profiles of mice. Panel 1: Two cohorts were analysed. In cohort 1
IR (blue) was referred to EE-1 control (black); in cohort 2: SD (red) was referred to EE-2 (black). Raw
data had different units and scales, partially due to experimenter effects. Bar graphs represent mean with
standard deviation. Panel 2: Raw data were assigned directionality such that higher values indicate improved
performance. Panel 3: Data were calibrated within cohorts by z-transformation with EE controls set as
zero. Boxplots represent means, interquartiles and range of data. Panels 4 and 5: Calibrated data were
reduced (merged) to traits and domains by summarizing measures into single sum scores (measures to traits)
or by multivariate statistics (traits to domains). Panel 6: Behavioural profiles of calibrated effect sizes
(deviances from EE: black line) were plotted in radar charts. IR (blue) or SD (red) deviations from the black
line towards the middle of the chart indicate impairments. Abbreviations: isolation rearing ([R]), social
defeat (SD)), enriched environment (EE), Open field (OF), Hole board (HB)), Hot plate (HP). Figure adapted
from Badowska et al'l’8.
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Table 3.1: Directionality and dimension reduction. To analyse huge behavioural data sets, we applied

the strategy of synchronizing data and grouping them into hierarchically organized dimensions (7raits,

Domains, Superdomains and Symptom classes) based on similarity of measured behaviours. In the first step
all behavioural parameters (Measures) were given arbitrary directionality 1 or —1 (column Dir.), which
determined that higher values of the raw data would always mean better performance in a given test. Measures
of the same behaviours (e.g. time moving and distance) were merged into Traits and then grouped into
hierarchical categories: Domains, Superdomains and Symptom classes. The last category refers to the three
symptoms classes of psychotic patients>.
Abbreviations: Fear conditioning (EC), Morris water maze (MWM)]), Open field (OF), Light-dark preference
(LD)), Elevated plus maze (EPM), Hole board (HB)), Tail suspension test (TST), Hot plate (HP)

Superdomain | Domain | Trait | Measure | Dir.
Symptom class: COGNITIVE
Context memory Context memory FC: context 1
Remote context memory FC: remote context 1
Cue memory FC: cue 1
Fear memo
Y Cue memory Remote cue memory FC: remote cue 1
. Remote social fear memory | remote social avoidance -1
Social fear memory . . .
Social fear memory social avoidance -1
Memory recall MWDM-recall MWM: probe test’ 1
Y MWDM-remote recall MWM: probe test” 1
. . MWM: reversal learning (latency) -1
Spatial learning and Perseveration MWMe-reversal learning MWM: reversal learning (distance) -1
memory MWM: initial learning MWM: %n@al learn¥ng (la.tency) -1
Spatial learnin MWM: initial learning (distance) -1
P | MWMvisible olatform | MWM: visible platform (latency) | -I
p MWM: visible platform (distance) -1
Working memory Y-maze-alternations Y-maze: altenations 1
Symptom class: NEGATIVE
Thigmotaxis OF: time in centre 1
Anxiety Dark preference IEPD 1:v[tirtrile in‘ dark i
. : time in open arms
EPM-anxiety EPM: time in closed arms -1
Curiosity OF: rearing 1
Curiosity . HB: exploration time 1
HB-exploration HB: nose pokes 1
Motivation LD-latency LD: latency to enter dark -1
TST-motivation TST: fighting time 1
Pain sensitivity HP-pain sensitivity HP: latency to lick -1
Symptom class: POSITIVE
Y-maze-choices Y-maze: choices 1
HB-ambulation HB: time moving -1
Ambulation LD-ambulation LD: crossings -1
Hyperactivity OF-ambulation OF: [1.11’16 moving -1
OF: distance -1
Speed OF-speed OF: speed -1
MWM-speed MWM: speed -1
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3.2 Molecular analyses

3.2.1 Genotyping

Animals were genotyped by polymerase chain reaction (PCR]) with tail DNA used as template.

MGSB tail prep Tails were incubated overnight in the MGB buffer with Proteinase K at 55 °C with
shaking. Next day the samples were incubated 20-30 min at 90 °C and diluted 1:1 with water.

Chlorophorm extraction Tails were incubated in 400 ul of extraction buffer and 20 ul 0.5 mg/ml
Proteinase K 40 min at 56 °C. Next, 75 ul of 8 M potassium acetate and 400 pl of chlorophorm
were added. Samples were mixed and centrifuged 10 min at 13000 rpm, at room temperature.
200 ul of the upper phase was transferred to a fresh tube with 400 ul cold 100% ethanol.
Tubes were inverted 10 times and centrifuged 10 min at 13000 rpm, at room temperature.
Supernatant was removed and DNA pellets were air dried and resuspended in 200 ul TE
buffer.

1 ul of the tail DNA extract was used for 20 ul Genotyping reactions (Table [3.2), were
performed using the programs presented in Table [3.4] and the master mixes in Table [3.3] PCR
products were loaded on 1.5-2% agarose gels in TAE buffer and separated by electrophoresis. DNA
was visualised with ethidium bromide (around 1 pg/ml in the gel) or 1x GelRed in the samples,
under UV light. Representative gel pictures (GelRed) are shown in Fig. [3.6] Genotyping primer
sequences are listed in Table [3.2]

Tcf4E allele Tcf4F allele
FRT FRT loxP 4 loxP 5 FRT loxP 4 loxP 5
26828 26827 26829 24897 21395
Tcf4C allele Tcf4FC conditional knockout
FRT FRT loxP 5 FRT loxP 5
29647 30030 separate PCRs detecting TCF4F
and Cre are necessary

Figure 3.5: Genotyping strategy of the Tc¢f4 knockout mouse lines Animals were genotyped by
using DNA from tail biopsies. The primer IDs and locations are indicated in the pictures.

Table 3.2: Genotyping primers. Genotyping of alleles marked with (*) require chlorophorm DNA isolation.
For others, MGB protocol was used. Column Prog. indicates which PCR program from Tab. [3.4] is
appropriate.

Allele fwd fwd 5°- 3’ sequence rev rev 5°- 3’ sequence Band Prog.
[bp]
EllaCre 4192 CAGGGTGTTATAAGCAATCCC 4193 CCTGGAAAATGCTTCTGTCCG 550 60°C
Sry 28741 GTGAGAGGCACAAGTTGGC 28742 CTCTGTGTAGGATCTTCAATC 147 SRY
[TAPtagl 4873 TCATAGCCGTCTCAGCAGCCAACCGC 4872 CATCGTGTTGCGCAAGAGCCGCGG 140 [TAPtag]
15 29647 TCAGCCATATCACATCTGTAGAGG 30030 AAATGACTTCCCGCCAGAC 497  60°C
Tcf4 24897 AGGCGCATAACGATACCACGAT 24395 GAACCAGGCACAGGGCTAC 464  60°C
[ cf4E] 26828 CCGATGACAGTGATGATGGT 26827 TCGTGGTATCGTTATGCGCC 172  TCF4
Tcf4 wt* 26828 CCGATGACAGTGATGATGGT 26829 AAGTTAAGCTGAAGTAAATACCCACA 300 TCF4
TYFB 4858 CGCTGAACTTGTGGCCGTTTACG 4859 TCTGAGTGGCAAAGGACCTTAGG 300 TYFB
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Table 3.3: PCR master-mixes

[TAP tag| SRY TCF4C
gDNA 1wl gDNA 1l gDNA 1wl
primer 4872 0.1 ul primer 28741 1l primer 29647  1ul
primer 4873 0.1 ul primer 28742  1ul primer 30030 1 ul
Sxbuffer 4ul Sxbuffer  4pl Sxbuffer 4ul
dNT 2ul dNT 2wl dNT 2wl
GoTag 0.1l GoTaqg 0.1ul GoTaq 0.1ul
H,O 10.5ul H,O 109ul H,O 109ul
20l 20l 20l
TCF4F TCF4 TYFB
gDNA 1wl gDNA 1wl gDNA 1wl
primer 24897 0.1l primer 26827  1ul primer 4858  0.5ul
primer 24395 0.1l primer 26828 0.5 ul primer 4859  0.5ul
Sxbuffer  4ul primer 26829 0.5 ul 10xbuffer 4wl
dNT 2wl Sxbuffer  4pul dNT 2wl
GoTag 0.1l dNT 2wl REDTaq 0.1ul
H,O 109ul GoTaqg 0.1l H,O 12.7ul
20l H,O 109ul 20l
20l
Table 3.4: Standard PCR programs
[TAP tag| PCR program SRY PCR program 60 °C PCR program
95°C 3 min 95°C 3 min 95°C 3 min
68°C 30s 60°C 30s 60°C 30s
72°C 605 36X 72°C 60s 36X 72°C 60s 36x
95°C 30s 95°C 30s 95°C 30s
68°C 1 min 68°C 1min 68°C 1 min
72°C  10min 72°C  10min 72°C 10 min
10°C pause 10°C pause 10°C pause
TCF4 PCR program TYFB PCR program
94°C Smin 94°C 3 min
94°C 30s 94°C 30s
58°C 30s | 34x 60°C 30s 36x
72°C 455 72°C 60s
72°C  Smin 72°C  10min
10°C pause 10°C pause
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Figure 3.6: Genotyping PCR electrophoresis. Products of genotyping [PCRk were separated by electro-
phoresis in agarose gels and visualised using ethidium bromide or GelRed under UV light. Photographs
show representative genotyping gels for: A)[TAPtag B) [TcfZE| (172 bp) and wt allele (300 bp), C)
allele, D) allele.

3.2.2 Tissue isolation and processing

All animal studies have been approved by the appropriate ethics committee of Lower Saxony and
were performed in line with the ethical standards in Declaration of Helsinki (1964) and its later
amendments. Animals were anesthetised with chloroform and sacrificed by cervical dislocation,
unless stated differently. Brain tissues were isolated, frozen on dry ice and stored at —80 °C.

Blood treatment and hormone measurements

Blood samples were collected by cardiac puncture from chlorophorm-anesthetised mice.

Serum Blood samples were stored overnight at 4 °C to coagulate. The next day they were
centrifuged 20 min at 1000x g at 4 °C. The supernatant — serum — was transferred to fresh
tubes, stored at 4 °C overnight and used for ELISA.

Plasma Blood was transferred to tubes containing 12 ul of 50 mg/ml EDTA, mixed and centrifuged
15 min in 3000 rpm at 4 °C. Supernatant was kept on ice until measurement on the same day.

Corticosterone, adrenaline and noradrenaline Mass spectrometric measurements in plasma
were performed by Dr rer.nat Frank Strei

B-endorphin Cloud-Clone Corp ELISA Kit (cat.no. CEA806Mu) was used to measure 3-endor-
phin in serum of [[R] (n=5) and [EEl (n=6) mice. The test was performed according to the
manufacturers instructions. Serum samples were measured in triplicates and standard curve
in quadruplicates. Absorbance was detected at the wave length 450 nm in BioTek Eon
microplate reader with correction for volume differences. The standard curved and 3-endor-
phin concentrations were calculated using BioTek software.

Dept. Clinical Chemistry of Gottingen Medical University Clinic (UMG Klinikum), Robert-Koch-StraBe 40,
37075 Gottingen
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Tissue lysates

To isolate proteins and nucleic acids, tissue samples were homogenized in fresh sucrose buffer
(250-300 ul per sample) using the Polytron Hand homogenizer. 100 ul of the lysate was transferred
to a tube containing 600 ul RLT buffer (Qiagen), mixed and kept at room temperature until they
were stored at —80 °C for RNA analysis. The rest of the lysate, used for protein analysis, was
kept on ice. Unless transmembrane proteins were analysed, the protein lysates were centrifuged
S min at 13000 rpm and 4 °C. Supernatant was transferred to fresh tubes. Protein concentration
was measured in 1:5 dilutions in sucrose buffer, using the Biorad kit. BSA dilutions in sucrose
buffer were used as a standard curve. Proteins were then appropriately diluted with water to obtain
equal concentrations between the samples. Finally the diluted proteins were mixed with 4 x NuPage
loading buffer and 10xDTT and incubated 10 min at 70 °C. Undiluted proteins were stored at
—80°C and proteins in sample buffer were stored at —20 °C.

3.2.3 RNA analysis
RT-gPCR

The procedure of reverse transcription quantivative polymerase chain reaction (RT-gPCR) involved:
1) tissue homogenization (see section [3.2.2] above); 2) RNA purification; 3) RNA precipitation
(optional); 4) complementary DNA (cDNA)) synthesis; 5) quantitative PCR.

RNA purification RNA was purified with the RNeasy kit (Qiagen). All steps were performed at
room temperature and filtered tips were used during the whole procedure. Samples stored
in RLT buffer were thawed at 37 °C , mixed with 700 ul of 70% ethanol and immediately
loaded on the columns provided in the kit. Columns were centrifuged at 1 min at 13000 rpm
and the flow through as discarded. Next, 500 ul of RW1 buffer was loaded and centrifugation
was repeated. Then 500 ul of RPE buffer was loaded, and columns were centrifuged — this
step was repeated once. The flow through was discarded and columns were centrifuged again
2 min at 13000 rpm to dry. Finally the columns were inserted into fresh tubes, 50-100 ul of
RNAse-free water was loaded and columns were centrifuged 1 min at 13000 rpm. To increase
the yield the flow-through was reloaded and on the column and centrifugation was repeated.
From that step RNA samples were kept on ice and stored at —80 °C. Concentration and
quality of RNA was measured in 2100 Bioanalyzer (Agilent) using Agilent RNA 6000 Nano
Kit. Only good quality samples (RIN=8 or higher) were included in further experiments.

In case of dorsal root ganglions (DRGE), a fat-rich tissue, RNA was obtained by homogeniza-
tion in 1ml Trizol at room temperature, adding 200 ul chlorophorm, vortexing 15 s, incubating
3 min at room temperature and centrifuging 15 min at 13000 rpm and 4 °C. 400-500 ul of
the upper, aqueous phase was transferred to 600 ul of 70% ethanol, vortexed 15 s and loaded
on RNeasy Mini Kit columns (Qiagen). Next series of RW1 and RPE washes were done as
described earlier. RNA was eluted in 60 pl water.

RNA precipitation Desired amount of RNA (e.g. 1 ug) was adjusted with water to the volume of
50wl . 2 ul of Pellet Paint (Millipore, cat.no. 70748-3) was added to the sample and votexed.
Next 25 ul of 7.5 M ammonium acetate was added and vortexed, followed by mixing the
sample with 180 of ethanol. Samples were centrifuged 15 min at 13000 rpm. Supernatant
was removed, pellet was washed with 70% ethanol and air dried. RNA was resuspended in
4 ul of water for generation of cDNA or in 2 ul of freshly diluted 2 pmol/ ul T7-B-Mix primer
for Illumina sequencing. Samples were kept 10 min on ice to dissolve.
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cDNA synthesis was synthesized using SuperScript III First-Strand Synthesis System for
RT-PCR (Invitrogen, cat.no. 18080-051). 400-600ng RNA was used for each 10.5 ul
reaction. 4 pul of RNA was transferred into a PCR tube containing 1 ul of 0.6 pmol/ ul dT-mix
primer (ID 9578) and 1 ul of 120 pmol/ ul N9 random primer (ID 4542) and the mix was
incubated 10 min at 70 °C. Next, the tubes were put on ice and to each reaction 2 ul of 5x 1st
strand buffer, 1 ul 0.1 M DTT, 0.5 ul deoxynucleotides (dNTPs) (10 mM each) and 1 pl of
superscript III reverse transcriptase (200 U/ ul ) were added. The tubes were incubated in the
thermocycler 10 min at 25 °C , 45 min at 50 °C and 45 min at 55 °C. Afterwards cDNA was
diluted with water and immediately used for gPCR or stored at —80 °C.

RT-qPCR| The master mix and standard program are shown in Tab. 4 ul [cDNA|

(typically 1:80 or 1:100 dilution in water) was used as a template. Samples were ampli-
fied in triplicates or quadruplicates and detected in LightCycler 480 (384-well plates) or
7500 Fast Real-Time-PCR System (96-well plates). Ct values and melting curves were ob-
tained using the software provided. Data were normalized to housekeeping genes (Cyc/ and
Rpl13) and expressed in reference to the mean of wt samples (or mean of wt exons 1-2 in
case of comparing different 7cf4 exons to each other). It was done according to the formula:

1 /

E= —
EACt Ewt

where € is expression normalized to mean of housekeepers, €’ is expression relative to wt, €y,
is the mean normalized expression in wt group, E is the efficiency of qPCR reaction and ACt
is the difference between Ct of a replicate and mean Ct of housekeepers for this sample—10.
Efficiency was determined to compare different 7Tcf4 exons. To determine efficiency, qPCR
reactions were run with 5 serial logarithmic dilutions measured in triplicates on a
single plate. The slope of the E curve was calculated in Excell2010 using a formula:

E=10«

where E is the efficiency and a is the slope of the efficiency curve. Obtained E values and

primer sequences are shown in Table [3.6] In other cases a typical E value 1.96 was used.

Table 3.5: Standard RT-qPCR

(a) (b)

Stardard RT-qPCR program Master mix
50°C  2min cDNA 4ul
95°C  10min primer fwd 0.1l
95°C 155 40 primer rev 0.1 ul
60°C 1min 2xSYBR  5ul
H20 1 Ml
10ul
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Table 3.6: Primers used for RT-qPCR} In-house IDs are indicated columns fid ID and rev ID for forwards
and reverse primers respectively. Efficiency of qPCR reactions is indicated in the column E. Primers
for genes marked with a star (*) were designed without intron spanning. Genes marked in bold are the
housekeepers used for reference.

Gene fwd ID fwd 5’- 3’ sequence revID rev5’-3’ sequence E
Actb 11280 ACGGCCAGGTCATCACTATTG 11281 AGGAAGGCTGGAAAAGAGCC
Adora2a 18619 GGTCCTCACGCAGAGTTCC 18620 TCACCAAGCCATTGTACCG
Atp5b 10568 GGCACAATGCAGGAAAGG 10569 TCAGCAGGCACATAGATAGCC
Avp* 33703 CTACGCTCTCCGCTTGTTTC 33704 GGGCAGTTCTGGAAGTAGCA
Bcl 31920 GTTGGGGATTTAGCTCAGTGG 31921 AGGTTGTGTGTGCCAGTTACC
Bdnf 10659 AATGGGAGGGGTAGATTTCTG 10661 CGCTTTATCAACCAGAATGGA
Cycl 10572 CAGAGCATGACCATCGAAAA 10573 CACTTATGCCGCTTCATGG

Fos 8879 GAATGGTGAAGACCGTGTCA 8892 TCTTCCTCTTCAGGAGATAGCTG
Npyrl 28528 TCACAGGCTGTCTTACACGACT 28529 TTTCTCCTTTTCAAGCGAATG
Oxt* 33701 CACCTACAGCGGATCTCAGAC 33702 CGAGGTCAGAGCCAGTAAGC
P2ryl 33707 GCAGTCCAGTCTTTGGCTAGA 33708 AGTTTCAACCTTTCCATACCACA
Penk 21048 CCCAGGCGACATCAATTT 21049 TCTCCCAGATTTTGAAAGAAGG
Plxnal 33753 CTCAGATGTGCGCCATACC 33754 TTAATCACATTCACCCAGAAGC
Rpli13 10574 ATCCCTCCACCCTATGACAA 10575 GCCCCAGGTAAGCAAACTT

Tcf4 exI-2 33456 CATATTTGTGGCCATTGAAGG 25642 GTCCCTAAGGCAGCCATTC 1.95
Tcf4 ex5-6 31143 GGATCTTGGGTCACATGACAA 31144 GCAACCCTGAACGTTTTCTC 1.93
Tcf4 ex7-9 33466 GTATTCAAGCAATAATGCCCG 33467 GGCGAGTCCCTGTTGTAGTC 1.92
Tcf4 ex9-10 3205 CCTAGCTCCTTCTTCATGCA 3200 GCTGATTCATCCCGCTGGAG  1.98
Tcf4exl5-16 3207 CAGGGTACGGAACTAGTCTT 3202 GAGAGAATGGCTGCCTCTCA 1.76
Tcf4 ex18-19 8756 CTGGAGCAGCAAGTTCGAG 8757 TTCTCTTCCTCCCTTCTTTTCA 2
Top3b 33751 GGTCGCTTTTCCAACGAG 33752  AGACCCAGAACAGCAGCAAT

Vef 33705 CGACCCTCCTCTCCACCT 33706 CCCAACCCCTGGATCAGTA

Illumina sequencing

Preparation of RNA samples for Illumina sequencing was done according to the protocol described
in1%% and performed by Dr Elena Ciirdaeveﬂ In brief, double-stranded was synthesized and
used for antisense RNA (aRNA) generation. Based on aRNA, another round of cDNA amplification
was performed and Illumina adaptors were added by Such prepared sample library were sent
to the Max-Planck Genome Centre in Cologne, Germany and single-end sequencing was performed
in [llumina Sequencer HiSeq2500 (type TruSeq RNA) with Phix control and 20 000 000 required
reads. All sequencing data analyses were carried out by Nirmal Kannaiyalﬂ Reads were barcode
sorted, quality analyzed and mapped to to UCSC Mm10 reference genome using Tophat1187,
which allows for split mapping against splice junctions. Expression abundance estimates and
differential gene expression analysis were computed using Cufflinks!3%, Gene set enrichment
analysis (GSEA)!8%1%Y was performed using the gene expression values using the GO gene sets.
This pipeline of analysis was performed using a local installation of GenePattern genome analysis
platform™L. Gene set size filters were set to minimum of 5 and maximum of 500 and false discovery
rate (EDR)) was set to 25%.

3Dept. Neurogenetics, Max-Planck-Institute of Experimental Medicine, Géttingen, Germany
“Department of Psychiatry and Psychotherapy, Ludwig Maximilian University of Munich, Germany
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3.2.4 Synaptosome isolation and proteome analysis

Synaptosomes were isolated according to a modified protocol from Gray & Whittaker 22193 in

cooperation with Dr Magdalena M. Brzézkzﬂ and Dr Christoph Biesemanrﬁ All centrifuga-
tion steps were done at 4 °C and samples were kept on ice between steps. 4 weeks old male
TMEBBI6 mice (Tcf4tg|n=4, wt n=4) were sacrificed and [PFC] (600-900 mg) was isolated,
washed with ice-cold PBS and homogenized 10 times by 12—15 up and down strokes in
900 pl of ice-cold buffer A suplemented with phosphatase inhibitor coctails I and II (Sigma,
1 ul per 100 ul buffer). Left PFC was pooled within genotypes in 900 ul buffer A and right
PFC was treated individually for each animal. Homogenate was centrifuged at 3200 rpm
for 10 min. Supernatant (S1-nuclei) was transferred to a different tube using a 200 ul pipette
with a cut tip and kept on ice. Pellet (P1-cell debris) was resuspended in 800 ul of buffer A
(without phosphatase inhibitors) and centrifuged at 3200 rpm for 10 min. Supernatant S1°
was combined with S1 and 100 ul S1 was saved for further analysis. Pellet (P1) was resus-
pended in 800 ul buffer A and 100 ul was saved for further analysis. The supernatant S1 was
centrifuged at 11500 rpm for 15 min and 100 ul of supernatant (S2) was saved. Pellet (P2)
was carefully resuspended with a pipette in 1 ml of homogenization buffer (0.32 M sucrose)
and pipetted on top of a discontinuous sucrose density gradient (from bottom: 4 ml 1.2 M,
4ml 1 M and 3ml 0.8 M) and centrifuged in and Ultracentrifuge with rotor Sv40Ti 2 h at
25000 rpm. The synaptosomal fraction, obtained from 1.2-1 M interphase, was diluted 1:1 in
water (water added drop by drop with mixing) and centrifuged 20 min at 30000 rpm with rotor
TLA 100.3 in polyallometer centrifuging tubes 13 x 51 mm. The pellet (S4, synaptosomes)
was resuspended in 10 pl water for proteomic or in 50 pl for western blotting and stored at
—20°C.

Proteome analysis of cytosolic fractions (S1) and synaptosomes (S4) and the western blots were

performed in collaboration with Dr Daniel Martins—de—Souz according to his established
protocol %, In brief: samples (100 ug total protein) underwent isotope-coded protein labeling
(ICPL)!®> and 50 ug proteins were prefractionated by on a 12% SDS-PAGE minigel. Shotgun
mass spectrometry was performed and proteins were identified using an in-house version
of MASCOT Distiller 2.2.3 software (Matrix Sciences, London, UK) and searched against
a decoy Uniprot mouse protein database (release 2012_06). Proteins were considered as
differentially expressed when they had more than 2 x fold change or 1.5-2 x when quantified
by minimum 5 peptides. Then, proteins were divided to classes based on Human Protein
Reference Database http: //www.hprd.org®.
Western blot analysis was done using 10 ul of protein extracts run individually on 12%
SDS-PAGE minigels and transferred on PVDF membranes. Proteins were detected using
primary antibodies against CamKII, VAMP1, VAMP2 and HOMERI1 (SySy) followed by
anti-c-MY C-peroxidase antibody (GE Healthcare, Uppsala, Sweden), incubated with ECL
solutions and scanned in a Gel Doc™ XR+ System (BioRad).

3.2.5 Western blotting

Samples (prepared as in section on page and the protein ladder were loaded on a NuPAGE
Novex 4-12% Bis-Tris Protein Gels and run in the MES buffer at constant voltage 200 V. Next,
the proteins were transferred on a PVDF membrane in the NuPAGE transfer buffer at 30 V for
2.5-3.5h. Afterwards the membrane was rinsed with TBS-T, blocked in 5% milk in TBS-T for

SDept. Neurogenetics, Max Planck Institute of Experimental Medicine, Gottingen, Germany
®Dept. Molecular Neurobiology, Max Planck Institute of Experimental Medicine, Gottingen, Germany
"Department of Psychiatry, Ludwig Maximilians Universitit, Munich, Germany
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30 min and incubated with the primary antibody overnight at 4 °C. The next day the membrane was
washed 3-5 times with TBS-T (5—10 min each wash), incubated for 1 h at room temperature with
the secondary antibody, washed 5—6 times with TBS-T. Membranes were incubated 30 s with ECL
solutions and imaged in the Intas developer.

3.3 Morphological analyses

3.3.1 Electron microscopy

Sample preparation Samples were prepared by Torben Ruhwede]ﬂ Mice were anaesthetized

with avertin (SigmaAldrich,) and perfused with 15 ml of Hanks balanced salt solution (HBSS,
PAA laboratories, Pasching, Austria) and then by fixative as described in'®” using a Heidolph
PD5201 Peristaltic Pump. The brain tissue was dissected and 200 um coronal sections were
cut with a Leica VT1200S Vibratom (Leica Microsystems, Wetzlar). The medial orbitofrontal
cortex (MQ), anterior cingulate cortex (ACC)) and cortex transversal areas (Fig. 4.3]A-C) were
punched out of the section by using a 2 mm Harris Uni-core Punch. After postfixation with 2%
OsOy4 (Science Services, Munich, Germany) and dehydration with ethanol and propylenoxid
(automated system EMTP Leica Microsystems, Wetzlar) samples were embedded in Epon
(Serva) and cut in the microtome (Ultracut S, Leica). Semi-thin (500 nm) and ultra-thin
(50 nm) sections were prepared using diamond knifes (Histo 45°and Ultra 45°, Diatome
Biel CH). Semi-thin sections were collected onto a glass slide and dried on a 60 °C hot
plate to verify the area of interest by using a Leica Dialux 20 light-microscope. Ultra-thin
sections were placed on 100 mesh hexagonal copper Grids (Gilder Grids Ltd. Grantham
UK) coated with “Formvar” (Plano Wetzlar) and stained with Uranylacetat (SPI-Chem West
Chester,USA) and Lead citrate (Merck, Darmstadt)(REYNOLDS, 1963). Ultra-thin sections
were analyzed using a Zeiss EM900 Elektron-Microscop (Zeiss, Oberkochen, Germany)
with the 3000, 12000x and 30000x magnification. Digital pictures were taken by the
wide-angle dual speed 2K-CCD-Camera (TRS, Moorenweis, Germany). Photos of of the
transverse cortical sections were taken by Bogustawa Sadowska.

Image analysis Pictures of and[ACCregions were taken under 12000 x and 30000 x mag-

nifications. Total number of synapses, perforated synapses and mitochondria was counted
within 20 randomly taken images under 12000 x magnification. The synapse structure was
analysed under 30000 x magnification with 50 synapses per animal. The average length
and width of the active zones, number of synaptic vesicles per synapse and the synaptic
vesicle cluster density (number of vesicles divided by the area they occupy) were calculated
separately for symmetric and asymmetric synapses. Additionally the average distance of the
vesicles from the active zone was measured using the Concentric Circles plugin for ImageJ
software: 5 differently sized circles with the centre in the middle of the active zone were
overlaid on the synapse images. Circles divided the synapse area into 5 zones, each 100 nm
wide. Zone 6 is the area outside of the biggest circle, more than 500 nm away from the active
zone. The number of vesicles in each zone was counted for each synapse and the averages
were calculated. 30000 x pictures were analysed for 6 wt animals and 4 animals and
12000 x pictures were analysed for n=6 per group.
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3.3.2 High-resolution microscopy via STED nanoscopy

The stimulated emission depletion (STED) nanoscopy experiment was performed in collaboration
with Dr Payam Dibayﬂ To analyse spine morphology, TMEB mice were bred to TYFB mice
that express EYFP in postnatal forebrain under Thy!.2 promoter 125 TMEBBI6x TYFB mice
were aesthetised by intraperitoneal injections of pentobarbital (120 mg per kg body weight) and
Buprenorphine (2 ug) and perfused with 4 % PFA in 0.1 M phosphate buffer (pH 7.4). After an
overnight postifxation in 4 % PFA at 4 °C, the brains cut on Vibratome into 70 um sections. Images
of spine morphology were taken in [ACC using a home-built STED microscope. Recording of
image stacks x-y-z (18 um x 18 um x 3 um) was performed with a STED resolution around 60 nm
and pixel dwell time of 10 us. Images of dendrites parallel to the slice surface were processed using
the “Simple Neurite Tracer” function of ImagelJ or Fiji software.

TMEBBI6 x TYFB male mice were analysed at the age of 4 weeks (wt n=5, n=7; 19 dendrites
per mouse) and 12 weeks housed under control condition (wt n=4, n=4; 15 dendrites per
mouse) or subjected to social defeat (wt n=7, n=11; 12 dendrites per mouse).

3.4 Electrophysiology

LTP and LTD in hippocampus and wt TMEBBI6 animals were sacrificed at the age of
4-5 weeks and [LTP and were measured in transverse hippocampal slices. Schaffer
collateral afferents were stimulated and field excitatory postsynaptic potentialss (fEPSPk)
were measured in the stratum radiatum of CA1 with a GABA inhibitor. e{LTPl was induced
by 1s of high frequency stimulation and LTD by applying low frequency stimulation for
15 min. fEPSP slopes were expressed relative to normalized baseline. For Input-output curves
mean fEPSPs from three consecutive responses were used. The data were analysed using
t-test. The experiment was performed in collaboration with Dr Jeong Seop Rhee{ﬂ

Dept. Neurogenetics, Max Planck Institute of Experimental Medicine, Gottingen, Germany
19Dept. Molecular Neurobiology, Max Planck Institute of Experimental Medicine, Géttingen, Germany
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Results

O ASSESS Tcf4 FUNCTIONS in adult murine brain, we combined gain-of-function (7cf4
overexpression in [Tcf#tg mice)