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Abstract

Abstract

The function of the central nervous system depemdthe interaction and communication
between neurons. Extracellular matrix proteinshim éxtracellular space and cell recognition
molecules on the cellular membrane are importamiaers of this interaction. In the present
study the effects of the ablation of the extradaflumatrix glycoprotein tenascin-R (TN-R)
and of the cell recognition molecule CHL1 were istigated at the behavioral level in mice.

TN-R is an important component of the extracellutatrix of the brain and is attributed to
fulfill a broad spectrum of different functions. this study the behavior of mice deficient for
the extracellular matrix glycoprotein TN-R in comigan to their wild-type littermates was
investigated. Tests for exploration and anxietytanooordination and cognition were carried
out. Mice were tested at different ages and undfarent housing conditions. TN-R deficient
mice displayed decreased motivation to explore andhcreased anxiety profile in the open
field, free choice open field and elevated plus entests. Also, the anxiety level of TN-R
deficient mice was more strongly influenced by eowmental factors as compared to wild-
type littermates. TN-R deficient mice showed matoordination impairments in the wire
hanging, Rotarod and pole tests. Thus TN-R abldéiads to an altered behavioral phenotype
in mice that may negatively affect their fithesslennatural conditions.

Mice deficient for the cell recognition molecule CHdisplay an altered behavior that is
reminiscent of some symptoms found in schizophrgmatients. The development of
schizophrenia is supposed to depend on the condmnatf genetic predisposition and
negative experiences during early development. Thaeswondered whether CHL1 deficient
mice would be more vulnerable towards environmepdstnatal insults and investigated the
impact of daily maternal separation on the behasfo€HL1 deficient mice and their wild-
type littermates. Male and female mice were teageddults in a longitudinal study including
tests for exploration and anxiety, social intem@tti motor coordination and cognition.
Maternal separation induced hyperactivity in malé®oth genotypes and a more impulsive
or disinhibited behavior in females of both genetyp Thus, maternal separation is a
paradigm that can alter the behavioral responspsessed by male and female mice later in
adulthood. For most of the investigated parametexternal separation had a similar effect on
both genotypes, although some evidence for impaitnmeworking memory, a core symptom
of schizophrenia, could be found specifically intemaally separated CHL1 deficient male

mice.






Zusammenfassung

Zusammenfassung

Die Funktionen des zentralen Nervensystems werddsgeblich durch die Interaktion und
Kommunikation zwischen den Neuronen gesteuert.eRr@tder extrazellularen Matrix und
Zellerkennungsmolekiile auf der Zellmembran sindntige Bestandteile dieser Interaktion.
In der vorliegenden Arbeit wurden die mdglichen wWirkungen des Fehlens des
extrazellularen Matrix Proteins Tenascin-R (TN-R)duwles Zellerkennungsmolekiils CHL1
auf das Verhalten von Mausen untersucht.

TN-R ist ein wichtiger Bestandteil der extrazelheid Matrix des Gehirns. In dieser Studie
wurde das Verhalten TN-R defizienter Mause im Vgl zu ihren Wildtyp Geschwistern
untersucht. Eine Langzeitstudie, welche Tests zupidgationsverhalten und Angstverhalten,
sowie zur Motorik und Kognition beinhaltete, wurdarchgefihrt. Die Mause wurden in
unterschiedlichen Altersstufen und unter untersiildeen Haltungsbedingungen getestet.
TN-R defiziente Mause zeigten eine verminderte Waiton zu Erkunden und erhdhte
Angstlichkeit im offenen Feld, freiwilligen offenefeld und erhohtem Plus Labyrinth. Des
Weiteren zeigte sich, da3 das Angstverhalten derRTHefizienten Mausen starker von
Umweltfaktoren beeinflu3t wurde als das der Wildigause. TN-R defiziente Mause wiesen
zudem Beeintrachtigungen in der motorischen Koattim beim Seil-Hangen, Rotarod und
Stab Test auf. Demzufolge fihrt das Fehlen von 3@&naR bei Mausen zu einem
veranderten Verhaltensprofil, welches sich untetiniahen Bedingungen nachteilig auf das
Uberleben auswirken konnte.

Mause, denen das Zellerkennungsmolekul CHL1 fetgigen Verhaltensdnderungen,
welche einigen Symptomen der Schizophrenie ahrigia. Entstehung von Schizophrenie
wird auf das Zusammentreffen von genetischer Rpadison und von negativen Erfahrungen
in der frihen Entwicklung zurlckgefuhrt. Somit Beekich die Frage, ob CHL1 defiziente
Mause anfalliger flr postnatale Stoérungen sein t@&mals Wildtyp Mause. Wir untersuchten,
welchen Einflu eine tagliche Trennung vom Muteertauf das Verhalten von CHL1
defizienten Mausen und deren Wildtyp Geschwistean Klannchen und Weibchen wurden
als Erwachsene in einer Langzeitstudie mit Testsn zixplorationsverhalten und
Angstverhalten, zur sozialen Interaktion, MotorikduKognition getestet. Die maternale
Separation fiuhrte bei Mannchen beider Genotypddyperaktivitdt und bei Weibchen beider
Genotypen zu einem impulsiveren oder weniger gehtemivierhalten. Somit kann maternale
Separation das Verhalten mannlicher und weibliddiéuse langfristig beeinflussen. Die

maternale Separation zeigte bei den meisten Pagameinen ahnlichen Effekt bei beiden

9



Zusammenfassung

Genotypen, jedoch konnten Hinweise auf eine moglich/erminderung des
Arbeitsgedéachtnisses (ein Hauptsymptom der Schieopd) spezifisch bei méannlichen

CHL1 defizienten Mausen gefunden werden.

10



General Introduction

General Introduction

Expression of behavior is regulated by the cemealous system (CNS) which in turn
depends on the proper contact and interaction leetwells (i.e., neuron-neuron, neuron-glia
and glia-glia interactions) and their surroundimgieonment, the extracellular matrix (ECM).
These interactions are mediated by cell recognitimiecules and ECM proteins. Several
functional in vitro and in vivo studies have shown that indeed ECM proteins ard ce
recognition molecules regulate not only importardcesses during the development of the
CNS (Maness and Schachner, 2007) but also theidmnat the adult brain (Schachner, 1997,
Dityatev and Schachner, 2003). In the present stilndyrole of one ECM glycoprotein and of
one cell recognition molecule in regulating behaadiagesponses was investigated with the
help of genetically engineered mice in which th@ression of the protein in question was
constitutively ablated. In the first part the beloaal phenotype of a mouse deficient for
tenascin-R was investigated. The multifunction efascin-Rin vitro, did not allow for a
strong hypothesis, therefore the experiment wagyded to address a spectrum of different
behavioral traits under different aspects. In theosd part the impact of maternal separation
on the behavior of a mouse deficient for CHL1 wasestigated. Here the emphasis was put
on the interaction of adverse environmental factetth the lack of CHL1 and the
consequences for the outcome of behavior.

The development of gene targeting in embryonic stelts and the possibility to generate
mice of theoretically any desired genotype by the ef the 1980s (Capecchi, 2005), offered
new options for the study of the influence of aedeiined protein on the behavior of the
mouse. So far, several mice lines lacking a defipemtein (knockout mice) have been
generated and their behavior has been investigatesbme cases, a direct link between a
mutated gene and a distinct behavioral deficit ddaé defined, as for example the specific
impairment of spatial learning observed drCalcium-Calmodulin Kinase Il mutant mice
(Silva et al., 1992). However, a complex behavemrot be attributed to a single protein, but
relies on a whole set of different genes that matoncert. Moreover, it is obviously not only
the genotype that defines behavioral traits. Emvitental and epigenetic factors play an
important role in the shaping of behavior as w€llabbe et al. (1999) reported remarkable
differences in the anxiety-like behavior of micattlwere tested in three different laboratories
under otherwise identical conditions. Also testeosrdnd training history have been shown to
affect the outcome of some behavioral tests (Mdhver al., 2001). The beneficial influences

of an enriched environment are described to be foldnincluding enhanced learning and

11



General Introduction

memory performance and compensation of neurodeggverimpairments (overview in:

Rampon and Tsien, 2000; Laviola et al., 2008). Bfmapf behavior through environmental

factors has a main impact during early developraedtparticularly the maternal factors play
a key role. Francis et al. (2003) used cross-fogjemethods to demonstrate the important
effect of the maternal care on the behavior diggday adulthood. Furthermore the sex ratio
and genotype ratio within a litter (Crews, 200&)weell as the intrauterine position (Ryan and
Vandenbergh, 2002), have been shown to influena#é adxual and social behavior. Despite
the paramount importance of environmental factorshaping behavior of the mouse, they
are often underestimated when the behavior of nutace is analyzed. In this context, the
two projects described in the present thesis ainantalyze two mutant mice taking into

consideration also the possible effects of therenment and experience on the expression of

behavioral responses.

12



Behavioral investigation of mice deficient for the

extracellular matrix protein tenascin-R



14



Introduction

Introduction

The Tenascin family of Glycoproteins

The development and function of multicellular orgams depends on the communication
between cells and between cells and their surrogneinvironment, the extracellular matrix
(ECM). The ECM of the nervous system is a spea@dlizomposition of macromolecules
including members of the tenascin family of glyameins. The tenascins fulfill a broad
spectrum of important functions in cell differenita, cell migration, neurite outgrowth and
cell communication.

The tenascins comprise at present four closelyteglanembers: tenascin-C (TN-C)
(Chiquet and Fambrough, 1984; Grumet et al., 188Gse et al., 1985), tenascin-R (TN-R)
(Pesheva et al., 1989; Rathjen et al., 1991; N@enket al., 1992), tenascin-X (TN-X)
(Bristow et al., 1993) and tenascin-W (TN-W) (Webeal., 1998). Since a tenascin gene has
been found in the urochordaf®ona intestinalisbut not in any invertebrate phyla it is likely,
that tenascins are exclusively expressed by chesd@tucker et al.,, 2006). All tenascins
display a common modular structure existing of amna terminal cystein-rich segment
which is unique to the family, followed by diveresambers of epidermal growth factor-like
(EGFL) domains, fibronectin type Il (FN 1lI) domes and a fibrinogen-like (FBG) knob.
The name tenascin was derived from a combinatioimefLatin wordgdenere(to hold) and
nasci(to be born) (Chiquet-Ehrismann et al., 1986).

Tenascin-R

TN-R has been discovered together with TN-C by Kre$ al. in 1985 as HNK-1
carbohydrate carrying protein with a molecular mafis220, 200, 180 and 160 kD. The yet
unknown protein got the name J1. Later it was bssio recognize J1-200/220 and J1-
160/180 as two strongly related but different moles and to identify J1-200/220 as TN-C
(Grumet et al., 1985). Due to its dual functiarvitro, where it has been shown to be either
repulsive or adhesive, the J1-160/180 protein veasead janusin after the two headed roman
god Janus (Pesheva et al., 1993). Rathjen et@31jldescribed a protein in chicken with a
distinct spatio-temporal expression pattern in @S and therefore named it restrictin.
Restrictin was shown to be the avian homologueantigin and a member of the tenascin
family resulting in the final name tenascin-regin¢TN-R).

Structure of TN-R TN-R is composed of an amino-terminal cystein-ridbmain,
followed by 4.5 epidermal growth factor like repee fibronectin type Il domains (the 6th

15



Introduction

domain can be alternatively spliced), and a fibgemo knob (Norenberg et al., 1992) (Fig. 1).
TN-R occurs in two isoforms of 160 and 180 kD that capable of building dimers and
trimers, respectively (Pesheva et al., 1989). ff/eoprotein TN-R is a carrier of the HNK-1

carbohydrate (Kruse et al., 1985) and diverse ctwtir sulfate proteoglycans (Zamze et al.,
1999; Probstmeier et al., 2000). TN-R is stronginserved during evolution, thus TN-R of
rat, chicken and human shows a high degree of segugomology, ranging from 75 to 93 %
(Erickson, 1993; Fuss et al., 1993; Erickson, 1994)

—l DOOOO I mm | IQ

Fig. 1 Schematic presentation of the tenascin-R protein.

Proceeding in a carboxyl terminal direction, theng@ins are as follows: cystein rich stretch (turcpe
triangle), 4,5 EGFL repeats (green ovals), 9 Fibeotin type Ill domains (blue rectangles) with tH2 6
domain alternatively spliced (striped ) and a fitmgen globe (purple circle).

Expression and localization of TN-R Apart from a possible expression by Schwann-cells
during embryogenesis (Probstmeier et al., 2001:RTIS restricted to the CNS. Studies in
rats and mice revealed that TN-R is mainly expresseoligodendrocytes during the period
of active myelination. Neuronal cells expressing-RNMave been identified as a small subset
of neurons in the hippocampus and neurons in tfaetoky bulb, motorneurons in the spinal
cord and stellate and basket cells in the cerbe{feuss et al., 1993; Wintergerst et al., 1993;
Saghatelyan et al., 2004). In the myelinated path® murine optic nerve TN-R expression
peaks around 2-3 weeks postnatal. In the retinaesgpn of TN-R by horizontal cells
remains stable up to adulthood. TN-R is found omyelinated and myelinated axons, on
oligodendrocytes and on the outer aspects of my#eaths (Bartsch et al., 1993), at axon
astrocyte contact areas and between the somatgarhlal neurons (Schuster et al., 2001).
TN-R has been found to be particularly accumulaaédhe nodes of Ranvier (ffrench-
Constant et al., 1986; Bartsch et al., 1993). Aaotlery important feature is the involvement
of TN-R in the building of perineuronal nets (PNDe{io and Rathjen, 1993; Wintergerst et
al., 1996). First described by Camillo Golgi (Go¢ldi893) the PNs have nowadays been
identified as lattice or honeycomb like accumulated extracellular matrix that surround the
soma, the proximal parts of dendrites and the amiial segments of several neuronal cell
types in various parts of the brain. The PNs caoms@inly of three classes of substances,

namely: hyaluronan, proteoglycans and glycoprotdike TN-C (Celio and Chiquet-
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Introduction

Ehrismann, 1993) and TN-R (Celio and Rathjen, 1983)ommon feature of cells with well
developed nets is their extensive coverage of simapntacts and the diameter of holes
within the nets agrees roughly to the size of akboatons (Celio and Blimke, 1994). Since
PNs are mainly found around neurons with fast dirjproperties, they may serve as a
polyanionic microenvironment, sub serving fast w#anent phases of fast firing neurons
(Brtickner et al., 1993). On the other hand PNs stapilize existing synapses and prevent
the formation of new contacts. Underpinning thipdiyesis PNs form late in postnatal life
and contain substances that are repellent for neuamd their processes like chondroitin
sulfate proteoglycans, TN-C and TN-R (Celio andrBtlée, 1994). Other theories see PN as
possible storage rooms for growth factors aroungrares, or a linkage of ECM with the
cytoskeleton (Wintergerst et al., 1996). TN-R begrPNs are found predominantly around
interneurons in the cortex, hippocampus, cerebelhm@instem and spinal cord (Hagihara et
al., 1999; Bruckner et al., 2000).

Function of TN-R. Severalin vitro studies have been carried out to investigate the
functional attributes of TN-R. One of the mostlgirg features is the dualism of properties.
TN-R has been found to be either adhesive or reylseurite outgrowth promoting or
inhibiting, depending on the time course, cell tygre developmental stage of the cell, the
presentation of the TN-R protein and the interactwath different ligands and receptors.
TN-R is a non permissive substrate for the attactiroé cerebellar neurons, astrocytes and
fibroblasts while neurons first attach and theradetfrom the substrate (Pesheva et al., 1989;
Morganti et al., 1990). Interestingly TN-R promotes retards growth cone advance
depending on the spatial expression pattern andebeonal cell type. If TN-R is presented as
a sharp boundary, it is non permissive for dorsat rganglia and retinal ganglion cell
neurites, whereas, if presented as a uniform satlestffN-R enhances the outgrowth of dorsal
root ganglia, but abolishes the outgrowth of rdtgenglion cells completely (Taylor et al.,
1993). Studies on TN-R fragments have providedrmé&dion on the binding abilities and
functional properties of single domains (Tayloraét 1993; Nérenberg et al., 1995; Xiao et
al., 1996; Aspberg et al., 1997; Xiao et al., 199IMe interaction of TN-R and the cell
adhesion molecule F3/F11/Contactin mediates repulsi murine neurons (Pesheva et al.,
1993) and attachment and neurite outgrowth of @rckeurons (Rathjen et al., 1991;
Norenberg et al., 1995). Zacharias and Rauch (2f2@6)d the promoting or inhibiting effect
of TN-R on the attachment and outgrowth of chickectal cells to be dependent on the
interaction of TN-R with contactin 1 and diverseortroitin sulphate proteoglycans. The

peak in TN-R expression during the period of myaion suggests relevance for CNS
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myelination. Accordingly it has been shown thatsttdte bound TN-R supports the adhesion
of oligodendrocyte progenitors and influences algodrocyte differentiation (Pesheva et al.,
1997). The strong attachment of TN-R to oligodenytes led to the filing of a patent in
2005, using TN-R fragments as a molecular fishodjto purify oligodendrocytes from other
cells. Furthermore, the myelin associated glycanot(MAG) has been identified as a
binding partner. MAG shows an overlapping expresgattern with TN-R and is part of the
signaling pathway of TN-R for cell repulsion (Yaegal., 1999). TN-R binds to and is able to
modulate the beta-2 subunit of voltage gated sodibamnels, suggesting a role of TN-R in
localizing sodium channels at axon initial segmemig at nodes of Ranvier (Srinivasan et al.,
1998; Xiao et al., 1999). Taken togethar, vitro studies revealed a broad spectrum of
different attributes, depicting TN-R as a multiftiooal, modular protein with a great variety
of (sometimes ambivalent) functions.

The anti-adhesive properties of TN-R led to thedtlgpsis that TN-R may play a key role
in preventing CNS regeneration in higher vertelsraldaus severah vivo studies have been
carried out. Lesion experiments in rodents showed TN-R is upregulated in regions of

neuronal degeneration and reactive astrogliosis\@kerst et al., 1997; Probstmeier et al.

2000). TN-R inhibits the outgrowth of retinal gaiogl cell axons of both mice and
salamander but remains expressed after lesioredditic nerve in mice and is strongly down
regulated after lesion of the optic nerve of thasander. This correlates with the finding
that, in contrast to mammals, amphibians are abtedenerate axons after optic nerve crush
(Becker et al., 1999; Becker et al., 2000). In aébh TN-R borders the optic tract and is
repellent for developing and newly growing and regating optic axons, thus TN-R may
have a guiding function for the proper buildingtieé optic tract (Becker et al., 2003; Becker
et al., 2004). Other studies found that fish TN<Rniot repellent for fish neurons, but
mammalian TN-R is repellent for mammalian neurond aostulate a development from
adhesive to antiadehesive functions of TN-R dumvegtebrate evolution (Pesheva et al.,
2006). Congruently it has been shown, that TN-Rpeegulated in the optic tract of lizards
and does not prevent the outgrowth of optic axbasg et al., 2008).

Electrophysiological studies revealed the involvetrid TN-R in synaptic plasticity of the
hippocampus. In the murine CNS TN-R and its HNKatbohydrate modulate perisomatic
inhibition and LTP in the CAl region (Saghatelyanak, 2000). Furthermore TN-R is
involved in the recruitment of neuroblasts in tldelamouse brain, as has been shown for the
olfactory bulb (Saghatelyan et al., 2004). Furinésrmation about the involvement of TN-R
in the living system has been gained from a mous&am deficient for TN-R.
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The tenascin-R knockout mutant

Weber et al. (1999) generated a murine null mutanfTN-R. TN-R deficient mice are
viable and fertile and TN-R expressing brain araes apparently normal. Ultrastructural
investigations revealed a normal building, appesgaand density of myelin, and a normal
morphology of the nodes of Ranvier with no obviotlsanges in the expression and
distribution of voltage gated sodium channels. Heeveimmunostaining for phosphacan, a
binding partner of TN-R (Xiao et a., 1997; Milev @t, 1998), is weak and diffuse in the
mutant, especially at nodes of Ranvier, suggestingaltered distribution of this ECM
component in the mutant. Furthermore the conduatéacity in the optic nerve is decreased
to about half that in WT animals, thus underpinnthg finding that TN-R is a functional
modulator of sodium channels (Xiao et al., 1999)praminent feature of TN-R deficient
mice is a disturbed morphology of perineuronal iiets). The PNs of the mutant are found in
similar numbers and show the same distributiondswtlopment as in the WT. However, the
appearance of the nets is altered. The stainingcfmndroitin sulfate proteoglycans is
diminished or absent in the PNs of TN-R deficiemtenthe nets are less regularly shaped and
less extensive in their covering of somata and dsd In comparison to the evenly
honeycomb-like meshes of the WT, the TN-R deficiemtts show a more granular
configuration, thus revealing an important roleTdf-R for the composition and maintenance
of the matrix components in PNs. (Weber et al.,91®tckner et al., 2000; Haunso et al.,
2000). The finding of the relevance of TN-R for ipematic inhibition (Saghatelyan et al.,
2000) led to extensive studies of the electrophggioal properties of TN-R deficient mice.
The mutants display a disturbed balance betweentaéi®ro and inhibition in the
hippocampus. They show an increase of excitatonatyc transmission and a reduced
expression of LTP in CAl, and display a two-fol&@sase in theta-burst stimulation induced
LTP (Bukalo et al., 2001; Saghatelyan et al., 2@Bdrevicius et al., 2004). It was found that
the deficiency of TN-R increases the thresholdifaiuction of LTP at CA3-CAl synapses,
due to hippocampal metaplasticity (Bukalo et alD0?). TN-R deficient mice display
increased hippocampal excitability of CA1 pyramidadlls, resulting from a deficit in
GABAergic inhibition, but not an increased susdaipity to seizures (Brenneke et al., 2004).
Correlating with the abnormal inhibition in CA1l,etlspatial arrangement of neuronal cell
bodies in the pyramidal cell layer is more diffuséhe mutant and the coverage of pyramidal
cell bodies by active zones of symmetric synapsestrongly reduced (Nikonenko et al.,

2003). Furthermore, the extracellular space indiren of TN-R deficient mice is reduced,
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which may also contribute to a disturbed diffusafnneurotransmitters, trophic factors and
ions (Sykova et al.,, 2005). The hypothesis of TNaR an inhibitor of regeneration in
mammals (see above) led also to lesion studiedNuRTdeficient mice. After transection of
the facial nerve, no alteration of motoneuron remation was found, but a better recovery of
vibrissal whisking in TN-R deficient mice in compgn to WT mice. This suggests that
TN-R impedes recovery after nerve lesion (Guntinakius et al., 2005). Also after
compression of the thoracic spinal cord, open fieldomotion in TN-R deficient mice
recovered better than in WT mice, affirming TN-R as inhibitory protein for CNS
regeneration (Apostolova et al., 2006).

In summary the results obtained from investigatdmN-R deficient mutants add further
insights into the multiple functional propertiestbé proteinn vivo. The studies revealed that
TN-R is involved in building a proper ECM environntearound neurons, in synaptic

plasticity of the hippocampus and in regeneratraegsses of the CNS.
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Aim of the Study

The extracellular matrix glycoprotein TN-R is a fdgenetically conserved protein
suggesting that it is important for the expressiban adaptive phenotype. Morphological and
electrophysiological investigation of a mouse mutdaficient for TN-R revealed several
alterations in the mutant, but the behavioral phgr®has never been described. Behavior is
the end-point of integrated systems and even sakieations in any of the components are
likely to be reflected in a disrupted or modifieéhavior. The aim of this study was to
perform a longitudinal behavioral study on TN-Ridieint mice in order to test the influence
of the lack of TN-R on the behavior of the mouse.

Experimental design

In order to gain comprehensive information abowt biehavior of TN-R deficient mice
several behavioral tests were performed. For iny&sbn of exploration and reaction towards
novel stimuli, the open field and free choice ofield were included. The elevated plus maze
was accomplished as a classical test for anxiédye behavior in rodents. For evaluation of
social behavior the observation of spontaneousabkanteractions between siblings, the
resident intruder and the Reeperbahn tests werd. ksippocampus-dependent cognitive
functions were tested with the Morris water-maze @patial learning and memory) and the
step through passive avoidance (for one-trial iegrand memory). Motor functions and
motor learning were examined with the pole test;TRROD and wire hanging. The aim of
this study was not just to screen the mice systieaibt for any possible difference between
KO and WT. Furthermore it ought to be tested whetbavironmental changes did
differentially affect the development of behaviarWT and TN-R deficient mice. Therefore
the free choice open field, open field and elevgikg maze where performed repeatedly
before and after isolation and at different develeptal ages. Although it is clear, that
investigation of inbred mice under laboratory cdiotgis does not meet the criteria of classical
ethology, the experiments were performed and agdlyaking in consideration the biology of
the mouse and the adaptive functions of determlmsdthvioral responses. The order was

designed starting with tests that are assumed tbebkeast invasive ones.
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Materials and Methods

Husbandry and general procedures

Mice were transferred from the breeding facilityoira vivarium with an inverted 12:12
light: dark cycle (light on at 7:00 am) and maintd under standard housing conditions£21
1°C, 40-50% humidity, food and wated libitum). All behavioral tests were performed
during the dark cycle of the animals in a room rtexthevivariumthat was illuminated with
dim red light. Tests were started and ended at Bdsours after light offset and 2 hours
before light onset, respectively. After a mousashied a test the fecal boli and urine-drops
were counted and the experimental material waselbavith soap, water, and ethanol (70%)

successively.

Animals

16 tenascin-R +/+(WT), 34 tenascin-R +/-(HET) and 18tenascin-R -/-(KO) male
littermates from heterozygous breeding pairs (mi€&dBI/6J x 1290la genetic background,
2 backcrosses into C57BI/6J) were separated frain thothers at postnatal day (PD) 21 and
transferred into the animal room and, after onekwbeused in pairs composed by one HET

mouse and either one WT or one KQrable 1

. . Day Age Experiment
littermate in Macrolon type ll-long 1 51 d Weaning
cages (15 x 20 x 30 cm). To avoid a  © 2rd Housing in twos
29 -33d Free choice openfield (FCOF) 1
litter effect, no more than 2 males 12 33-37d Open field 1
52 -57 11-15w Home cage spontaneous behavior
per genotype were used from the 6 13-16w Open field 2
same litter Bod weight was 69 14-17w Elevated Plus maze 1
: y g 77 14-17w Isolation
recorded daily up to PD 35, and then &0 14-17w Resident/intruder test
82 14-17w Open field 3
weekly up to the age of 18 weeks. 84 14-18w Elevated plus maze 2
. 87 -89 15-18w FCOF 2 and 3, Reeperbahn test
Startlng at PD 29-33 WT and KO 90 16 - 18 w Pole test
. . 96 - 10¢ 17-20v Water-maz
mice were tested in several 11¢ 20-22y ROTAROL
behavioral ~ paradigms in a  13€ 23-25v Wire hangin
_ _ 26¢E 9-10n Circadian activit
longitudinal study (Table 1). 28C 11 Step through passive avoida

Aggressive interaction between siblings

The observation of aggressive interactions betwd&h or KO mice and their HET
brothers were performed to assess possible maffaratices in social hierarchy between

caged-together littermates. Aggressive interactiwere scored for 60 min after changing the
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cage during the second half of the dark cycle. iéw cage contained new sawdust and new
nesting material with the addition of part of tHd aesting material and sawdust. The HET
mice had been marked on the tail with non-toxic dgehe previous days. Observations were
performed in red dim-light on PD 40-44, PD 54-5B, 68-72, and PD 94-98. Observation of
aggressive interactions was also performed in thst half of the dark cycle without
disturbing the mice on PD 40-44, as well as dutirgobservation of home cage spontaneous
behavior (see below). In addition, aggressive atgons were scored for 30 min after mice
were returned into the home cage after the threm digld tests and after the elevated plus
maze test (as the WT or KO mouse was in the oped br elevated plus-maze the HET
mouse was placed in a new cage without beddingjnBall observations latency, frequency
and direction (i.e. HET towards WT) of attacks, mtmnattacks and mounting events were
scored. For each attack it was scored whether thesenbeing attacked was counterattacking.
The following method was then used to determineiaoaierarchy within each cage
(Bartolomucci et al., 2001; Grant et al., 1963;rdaova et al., 1998): a mouse was ranked as
submissive when it showed, in the last two aggvessnteractions, submissive behavior
(submissive upright position, squeaking, crouchedtyre) when attacked; a mouse was
considered dominant when it was initiating attackgh the partner showing defensive or

submissive behavior in the last two aggressivaactens.

Free choice open field and Reeperbahn test

Mice were housed for 2 days in a Macrolon typeoHg cage equipped with a lockable
hole (4 cm in diameter) at the bottom of one of shaaller walls. The cage (with the hole
closed) was placed next to an arena (75 x 90 cor)the test performed on periadolescent
mice, the arena was enclosed by a 45 cm high watine 90 cm and one 75 cm side and an
85 cm high cliff on the other two sides. For thst fgerformed on adult mice, the whole arena
was surrounded by 45 cm high walls. One short e@iitained a gap where the small side of
the cage fitted in perfectly allowing direct acce$égshe mouse from its home cage into the
arena through the hole. After 5 min the hole wasnep and the mouse had 10 min to
recognize the opening. After the mouse recogniredpen door, it was given a maximum of
10 min to enter the arena with four paws (Fig. ®)e test lasted 10 min after the first
entrance into the arena. During this time the maasdd freely move between the arena and
the home cage. Mice were caged in pairs when tegt&D 29-33. To distinguish the focal
animal (either WT or KO) from the HET littermatégttail of the HET mouse was marked 30

min before the test with a non-toxic white dye. S 'harking stimulated toilet behavior in the
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HET mice, so that only in three cases the HET MO g
A

entered the arena before the focal mouse. The avesa™

illuminated by 25 Lux and 5 Lux for the young anduk

mice, respectively (the lower light density for thdult

mice was used since previous data showed low atésr

with higher illumination). The young mice were m!;tT
once, whereas the adult mice were tested twicewan
consecutive days and, 24 hrs later, they underveer

modified FCOF where a new social stimulus (a ce

containing adult females) was introduced (for krev

named Reeperbahn test after the red light diswict Fig. 2 Freechoice open field.
Hamburg). For the Reeperbahn test all conditionse ves ;'Ar%,«?:tun (BHMOESSISHIENG e

for the free choice open fields (FCOFs), besided thPlexiglas cage (14 x 20 x 26 cm)
containing three adult virgin females was placedhi@a arena opposite to the entrance. All
females were previously caged together and hadrieen exposed either to males or male’s
urine since weaning, conditions that cause proldrdjestrous intervals (named anestrous or
pseudopregnancy) in mice (Lee-Boot effect) (Lee 8odt, 1955; Lee and Boot, 1956;
Whitten, 1959). A new group of three females wasdusvery four trials (two WT mice and
two KO mice).The females’ cage had several holes (11 mm diainmeteallow diffusion of
odor and limited tactile contacts between male femdales. The two FCOFs on adult mice
were performed to observe long-term habituatiotheoFCOF before testing the mice in the
same apparatus containing the cage with the femakesnew social stimulus should induce
an altered behavioral response to the arena asaenhpgo the FCOFs performed on the
previous days, possibly increasing the motivatibthe male mice to enter the arena and to
explore the cage containing the females.

The behavior of the mice in their home cage andha arena was analyzed with the
software The Observer (Noldus, Wageningen, The @tithds). Following parameters were
scored: time spent investigating the door, latetewyenter the arena, transitions home
cage/arena, time spent in different zones of tle@mariocomotion (number of 15 x 15 cm
squares crossed in the arena), rearing in the aagmh time spent at females’ cage
(Reeperbahn test only).
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Open field

The open field (OF) consisted of a 50 x 50 cm arenelosed by 40 cm high walls,
illuminated with 25 Lux (Fig. 3A). The mouse wasagtd
in a Plexiglas cylinder located in one corner @& #nena. As
the cylinder was lifted, the mouse could freely man the
arena for 15 min. Tracks were produced with theévsoe
EthoVision (Noldus). The following behavioral paret®rs
were analyzed with The Observer for the first 5 wirthe
test: stretch attend posture (calculated when tloeisen
stretched forward and then retracted to the origioaition
without forward locomotion; Rodgers and Johnsor§5)9

rearing on wall (vertical exploration by standingthe back

Fig. 3 Open field. (A) Open field
box. (B) Rearing on wall. (C)
rearing off wall (Fig. 3C) and self-grooming. Rearing off wall.

paws with one or two forepaws touching the walyy.F@B),

Elevated plus maze

The arena of the plus maze had the shape of anpthfour 30 cm long and 5 cm wide
arms, connected by a 5 x 5 cm center. Two oppaaimg were bordered by 15 cm high walls
(closed arms), whereas the other two arms (opes)anmare bordered by a 2 mm rim. The

plus was elevated 75 cm from the floor and illuntaa

with 5 Lux. The mouse was placed in the centemfac
an open arm and observed for 5 min (Fig 4).
following parameters were analyzed with T
Observer: latency to enter the open arms, latenc
reach the edge of an open arm, open and closed
entries (calculated when all the four paws wereaon
arm), number of entries in the edges of the opemsa
(calculated when the mouse reached with its srioaut tFig. 4 Elevated Plus Maze.

edge of an open arm), stretch attend posture (RARulated when the mouse stretched
forward and retracted to the original position with forward locomotion (Rodgers and
Johnson, 1995), rearing on wall, self-grooming, aedd dips (exploratory head movement

over the side of an open arm with the snout pojndiownwards).
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Resident/intruder test

Mice underwent the resident/intruder test threesdafter being single housed in a
Macrolon type Il cage (15 x 20 x 30 cm). The horagecof the mouse was gently taken from
the vivarium and placed in the experimental room under a vichrnera. A Plexiglas panel
provided with holes for ventilation substituted tlo@ of the cage. After 5 min, a C57BI/6J
age- and body-weight-matched unfamiliar male (k) was introduced in the cage of the
focal animal (resident). The test lasted 10 minmfrthe first resident-intruder contact.

Possible aggressive interactions between resicehingruder were analyzed.

Home cage spontaneous behavior

The spontaneous behavior of 11 to 15 week-old nmdeeir home cage was observed 2
and 7 days after the mice were placed in a fregk.da order to distinguish the focal animal
from the HET partner, the tale of the HET animaswwainted with animal marking color. The
behavior of the mice was observed by instantansamgpling for 1 hour with an interval of 3
min (20 samples / hour) at three different timengsi at the beginning of the dark phase
(08:30), in the middle of the dark phase (14:00) anthe end of the dark phase (17:30). The
behavioral parameter shown by the mouse at the miotihhe experimenter looked in the cage
was immediately recorded, namely: resting, eatdrg)king, being active, climbing at the
grid of the cage, self-grooming, allo-grooming @@s and active), social investigation
(passive and active), biting (passive and actiighting and urination/defecation. The
frequency of expression of the several behaviaedmpeters (measured as number of time the

mouse was involved in a behavioral parameter dventaximum of 20) was analyzed.

Circadian activity

The circadian activity of a single housed mouse masitored by using an infrared sensor
connected to a recording and data storing systetheo$ize of a cigarette pocket (Mouse-E-
Motion by Infra-e-motion, Henstedt-Ulzburg, Germangee technical descriptions at
http://www.infra-e-motion.de). The mice were plagdgeth a standard cage (15 x 20 x 23 cm)
two days before starting monitoring the circadiativaty. A Mouse-E-Motion was placed 10
cm above the top of each cage so that the moudd beuwletected in any position inside the
cage. The Mouse-E-Motion sampled every second wehétie mouse was moving or not over
a period of 4 days. The sensor could detect bodyement of the mouse of at least 1.5 cm
from one sample point to the successive one. Theitgcof the mouse is expressed as

percentage of samples showing a movement overotak amount of samples for a certain
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time interval. For example, if, over 5 min, 50 saaspshowed that the mouse was moving, the
mouse was scored as active for 16.7% over this {Bfe* 100 / 5 min * 60 s). The data
measured by each Mouse-E-Motion were downloadedpaocessed with Microsoft Excel

(Microsoft CorporationRedmond, Washington, USA).

Pole test

The animals were placed on top of a vertical 4&3ang rod made of rough wood with a
diameter of 0.8 cm. To motivate the mouse to cloholvn, nesting material of the animals’
home cage was placed at the bottom of the polenidwese was placed grasping the rod with
four paws and the head pointing upwards. The tieagiired by the mouse to reach the floor
(maximum duration of each trial was 80 sec) wasnded. Each mouse had to perform 3
consecutive trials with an inter-trial interval (JTof 30 sec. The ability of a mouse to turn
180° and climb down with the head pointing downwgavehs evaluated. In case the mouse
turned, it was recorded whether it turned at tipe(kevel 1, above 32 cm), at the middle (level

2, between 32 and 16 cm) or at the bottom of tdglevel 3, below 16 cm).

Wire hanging test

Mice were placed with their forepaws gripping théddte of a 50 cm long horizontal
metallic wire (1.5 mm in diameter) that was susgehbetween two rods 30 cm above a foam
mattress. The mice had to perform 3 trials witHHnof 45 min (maximum duration of each
trial was 10 min). The latency to fall down and #i®lity to grip the wire with 2, 3 or 4 paws

was scored.

Rotarod test

Mice had to walk on a turning, corrugated rod 2in diameter) (Accelerating Rotarod
for mice, Jones & Roberts, TSE systems, Bad Homb@egmany). The rod was started to
rotate 5 sec after the mice were placed onto g. (). Mice underwent 5 trials with an ITI of
45 min. Trials 1 and 2 were performed at slow, tamis
speed (4 rpm) for a maximum duration of 3 min. [Bria-5
were performed with the accelerating rod, startiity 4 rpm

up to 40 rpm within 4 min, with a maximum duratiofh 10

min. On the following day, a sixth trial with thecelerating
rod was carried out. The performance of the mices wa

evaluated by scoring the latency to fall down.

Fig. 5 Rotarod
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Water maze

Mice were trained in a 155 cm diameter water maied fwith water at 2¢t 1°C, made
opague by a non-toxic white paint. A platform (14rb diameter) was placed 1 cm below the
water surface 40 cm from the white wall (20 cm abale water surface) (Fig. 6). The
maximal trial duration was 90 s. The maze was planehe center of a room (3.5 x 3.5 m)
provided with several visual cues at the walls dhdninated by 100 Lux. During the
experiment, mice were kept in an adjacent
room illuminated by dim red light. Mice were
started from six symmetrical positions in a
pseudo-randomized order. After staying on the
platform for 15 s, the mice were given the
opportunity to climb onto a wire-mesh grid
and then returned to their home cage placed

under infrared light. The training was started

with a visible platform so that the mice could

Fig. 6 Morris water maze pool

learn to associate the platform with the escape
from the pool. For the visible platform protocobgs 1 to 2, 4 trials per day, ITI of 1 hr),
visual cues were occluded by a curtain and thégotatwas tagged by a black flag (6 x 7 x 15
cm) and located pseudo-randomly in different lawaiacross trials. For the spatial learning
protocol the platform was hidden and the cuesaitnmahlls were visible. Animals were trained
over 6 days (days 3-5, six trials per day, days 8-8ials per day, ITI 45 min). On day 9 a
transfer trial was performed (the platform was reetband mice swam for 80 s). Time spent
in the four imaginary quadrants was used to testpifeference of the mice for the former
platform location. The swimming behavior of the emiwas analyzed by measuring the time
they spent without regular coordinated forward sming when released into the pool.
Uncoordinated swimming was defined as contractafrthe body from one side to the other,
circling in narrow circles or struggling with therépaws in the water or at the wall of the

pool.

Flinch-jump threshold test and step-through passivevoidance task

Before performing the passive avoidance test, énsibility of WT and KO mice to a foot-
shock was analyzed: 2 month-old naive female nmige=6; no = 7) were used for the
flinch/jump test. Mice were placed in a 24 x 24&e&m box with a grid-floor (0.6 cm space

between bar&]l 1.1 mm) that allowed releasing an electric sh@tks after the mouse was
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placed in the box, a train of consecutive 0.5 g lfmot-shocks was administered (30 s interval
between foot-shocks) stepwise from 13 to maximd @ in steps of 8 pA. Behavioral
responses (flinch and jump) were recorded at elaobksintensity. The lowest shock intensity
eliciting flinch and/or jump was taken as threshaddlies.

9 WT mice and 10 KO mice were used for the steptin passive avoidance test. A two-
chamber-box equipped with a grid-floor (0.6 cm kesgw bars[1 1.1 mm) was used. The box
was made of white plastic with a sliding door (5 xm) connecting the two chambers. One
smaller chamber (13 x 21 x 30 cm) was illuminated ux) while the other (25 x 21 x 30
cm) remained dark (0.5 Lux). On day 1 mice wereilianzed with the set-up by placing
them in the light chamber without opening the dddter 5 min mice were returned to their
home cages. On the second day mice were placed iagtdie light chamber. After 1 min the
sliding door was raised. After the mouse encoudtéhe open door for the first time the
latency to enter the dark chamber was taken. Whemouse entered the dark compartment
with 4 paws the door was closed and a foot-shocg, (A.25 mA) was delivered. After the
foot-shock mice were immediately taken back tortheime cages. Retention was tested 24
hours later on day 2 by repeating the whole proeedithout foot shock.

Analysis of behavioral parameters

With exception of the Rotarod, all tests were videcorded. Tracks representing the
position of the mice were created and analyzed thighsoftware Ethovision for the open field
and water maze tests (sampling rate of 5 samplesqoend). For the analysis of the tracks
the minimal distance moved was set at 1.6 cm, @Xoephe parameter “minimal distance to
a zone”, which was analyzed with a minimal distamseved of O cm. The following
parameters were obtained: distance moved, mearityeland maximal velocity. Defined
zones were designed within the arena of the ot &ind of the water maze to calculate the
following parameters: time spent and distance mawedifferent zones, latency to the first
entrance and number of entries in the zones anthaimistance from different zones. Three
zones were defined for the open field: “bordertjma of 5 cm at the walls of the open field,;
“center”, a 25 x 25 cm square in the center ofdpen field; “wall”, a rim of 2 cm at the walls
which was used to calculate the minimal distaneenthice kept from the walls of the open
field (being O the value given by a mouse touchimg walls with its body). For the water
maze, four quadrants containing one circle withdlaneter of 14.5 cm at their center were

designed. One quadrant contained the platformsatehter and was therefore called target
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quadrant. A circular rim of 2 cm was designed & border of the wall to calculate the
minimal distance from the wall of the pool.

The behavior of the mice was analyzed blind to gleeotype with the software The
Observer. Observation was trained until at lea$t 8F consistency could repeatedly be
scored between two analyzes performed at diffetiems on the same mice, as calculated
with the Reliability Test provided by the softwarke Observer (having 2 s as maximal time

discrepancy).

Statistics

To compare the WT and KO group, data were analywéid the non-parametric Mann-
Whitney U test. For multi-factorial analysis of pad values obtained at different time points
(different time intervals in the open field; diféatt testing days for the open field and for the
elevated plus maze; different hours and days fer ahalysis of home cage spontaneous
behavior and circadian activity; different trialsdadays for the water maze; different trials for
pole, wire hanging, and ROTAROD tests) the ANOVA fflepeated measures was performed
(having Genotype as between factor), followed bgtitmc analysis (Newmann-Keuls) when
appropriate. Since the three 5 min intervals of dpen field test were arbitrary, values
calculated for the total 15 min duration of thet twere analyzed with the Mann-Whitney U
test. For brevity the results of this analysis presented only if in discordance with the
results obtained from the ANOVA for repeated measuComparison between KO and WT
mice in the proportion of mice showing a particuterformance was tested with Fisher’'s

exact probability test. All tests were performeatailed.
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Results

General appearance

No obvious difference in the appearance of TN-Rcaait mice (KO) in comparison to
their wild-type (WT) littermates was observed wherce were examined starting from
postnatal day (PD) 21. No difference was found adybweight as regularly recorded from
weaning up to 4 months of age (Fig. 7). At the afj@1 months KO mice were slightly but
significantly heavier than WT mice (WT: 34.6 + §h3KO: 38.6 + 1.1 g, P< 0.05).

A Periadolescent mice B Juvenile and adult mice
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Fig. 7 No difference in body weight between KO mice and WT littermates. Body weight of WT mic
(n=16) and KO littermates (n=18). Data are expratsas meant+ SEM. (A) Daily bodyweight i
periadolescent mice (PD 21-35). (B) Weekly bodghteif juvenile and adult mice (5-16 weeks).

Aggressive interactions with littermates

The observation of aggressive interactions perfdro@il mice were isolated at the age of
3 months did not show any significant differencéasen KO mice and WT littermates. WT
mice and KO mice started aggressive interactiorth Wieir HET littermate at the age of
approximately 6-8 weeks. WT mice and KO mice didl differ in their social rank. 11 WT
mice and 10 KO mice were involved in aggressiverations with their HET partner
without showing a clear hierarchy (both siblinggtiated attacks towards the brother that
regularly counterattacked and no of the two sildistpowed submissive behavior); 2 WT
mice and 4 KO mice appeared to be submissive wh@&HT mice and none of the KO mice
were dominant; 1 WT mouse and 4 KO mice were negen in aggressive interactions with

their HET littermate.
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Free choice open field and Reeperbahn test

When tested at periadolescence, most WT and KO freedy entered the arena and no
difference between genotypes was detected. Onathiieacy, when re-exposed as adults after
isolation, KO mice showed to be extremely anxiomsards the arena as compared to their
WT littermates by avoiding entering and explorihg farena both during the free choice open
field (FCOF) and Reeperbahn tests.

FCOF 1. Periadolescent mice caged with a heterozygmlittermate

As shown in Table 2, no difference between periesltdnt WT mice and KO littermates
was found in their behavioral response to the aréfi® WT mice and 13/18 KO mice freely
entered the arena with no difference between geestyn the latency to enter it. Both
genotypes spent a similar amount of time in thear@nd crossed comparable numbers of
squares. KO and WT mice showed similar patternsmo¥ement within the arena, namely
staying most of the time in an area close to tlgee @nd spending little time in the rest of the
arena. There was no significant difference in tspent at the door while being in the cage

and amount of rearing in the arena.

FCOF 2 and 3 and Reeperbahn test. Adult mice aftasolation

Few KO mice entered the arena during the FCOF vauerdt (FCOF 2: 5/18; FCOF 3:
5/18; Reeperbahn test: 3/18), while most of thdtadl mice entered the arena (FCOF 2:
14/16; FCOF 3: 14/16; Reeperbahn test: 15/16). difference between genotypes was
significant for all three trials (Fisher's exact B<01). Due to the low number of KO mice, it
was not possible to test the effect of Genotype¢henbehavior shown by the mice after they
had entered the open field. Nevertheless, as cadpgarWT littermates, KO mice that had
entered the open field showed lower mean valuetsnad spent in the arenaf amount of
rearing and of locomotion (number of squares ci)sGeable 2).

Table 2. Behavioral aalysis of the FCOF tests and Reeeperbahr

FCOF 1 FCOF 2 FCOF 3 Reeperbahn
WT KO WT KO WT KO WT KO
(n=8) (n=13) (n=14) (n=5) (n=14) (n=5) (n=15) (n=3)
Median;f ,5/P;5  Median;F ,/P;s  Mediar  Mediar ~ Mediar  Mediar ~ Mediar Mediar
Latency to enter the arena (s) + 500; 118/600 167.5; 42/600 1145 600 30.5 600 40.5 600
Home cage-arena transitions 13.5; 7/14.3 7;6/11 15.5 8 11 10 15 16
Squares crossed 33; 10/56 8; 0/52 1745 6 183.5 153 281 196
Time in arena (%) 31.5; 14.3/44 18.4;7.1/28.9 69 8.7 81.7 745 86.6 76.5
Time in center (%) 0;0/3.1 0;0/3.1 3.8 0 34 3.3 6.2 7.1
Time in square at the home cage (%) 23.7;9.1/26 15.6; 6.0/18 22.7 8.7 68.4 87.4 10.1 7.8
Time in squares at the cliff (%) 3.8;1.6/4.9 1.1;0/2.5
Time in squares at the wall (%) 4.2;0.6/6.6 0; 0/5.3
Rearing 1;0/5 0; 0/1 19.5 0 38 4 11 15
Time at the door (%) 19.1; 10.5/27  24.2;17.3/28.7 8.9 38.2 15.2 16.6 4.3 7.7

+ WT (n=16); KO (n=18); B, and P are 28" and 75" percentiles, respectively.
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Open field

In all three open fields (OFs) performed KO micevew and explored less as compared to
WT littermates. KO mice avoided staying in the ee@nd spent more time close to the walls.

Both genotypes changed their behavior over theesstee OF tests (Fig. 8 and Table 3).

OF 1. Periadolescent mice caged with a heterozygolitsermate

To test possible differences between genotypesant-¢erm habituation all parameters
were analyzed for the three consecutive 5 min waler As shown in Table 3, the 2-way
ANOVA for repeated measures (having Genotype awdmt factor and Interval as within
factor) showed an effect of Genotype on distancgadpmean velocity, time in the border,
time in the center, and mean distance to the WaD\{/). KO mice moved less and at lower
velocity, spent more time in the border and lesetin the center and had a lower MDW as
compared to WT mice (Fig. 8A-E). Since the lowercpatage of time spent in the center
(and more time in the border) could have been chbyea lower locomotor activity of KO
mice, the distance moved in the border and in #mer was analyzed as percentages of the
total distance moved in the arena. KO mice showeiglaer percentage of distance moved in
the border and lower percentage of distance mowndtid center as compared to WT mice
(Fig. 9F and G). Therefore, the higher “preferenfg”the border and “avoidance” of the
center shown by KO mice as compared to WT micecatds an enhanced anxiety towards
the center in KO mice. There was an effect of kdkion distance moved, mean velocity,
time in the border (all these parameters decrefisadthe first to the last 5 min interval) and
on MDW, which increased from the first to the I&smin interval. Therefore, as the mice
spent more time in the open field, they moved &s$ showed less thigmotaxis, as expected
from mice familiar with the arena. There was neefffof the interaction Genotype x Interval
on any of the parameters observed, suggestingtiaand KO mice had a similar short term
habituation to the open field. The behavioral resgoof mice during the first minutes after
exposure to the open field can be indicative of bgelty induced reactivity of the mice.
Therefore an ethological analysis of the first ;raf the test was performed. KO mice did
less rearing on wall and less rearing off wall asipared to their WT littermates (Fig. 9H and
). There was no difference in the number of stretttend posture (SAP) between genotypes
probably due to the fact that this behavior wa®lyadone by the two genotypes. Both
genotypes spent a similar amount of time self-griogm
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Fig 8. Decreased exploration and increased anxiety-like behavior of KO mice in the open field test.
Performance of WT mice (n=16) and KO littermates1@®) in three open field tests of the duration &frhin
each performed as mice were periadolescent (Omdeh 1), adult (Open field 2) and 7 days after adults &
single housed (Open field 3). Data are expressethean+ SEM. (A) Distance moved. (B) Mean velocit
locomotion. (C) Mean distance to the wall. (D) Rertage of time spent in the border (an imagynanter rim
5 cm wide). (E) Percentage of time spent in the ceai® imaginary 20 x 20 cm squaite the middle of th
open field. (F) Distance moved in the border expedsas percentage of total distance moved) OiStance
moved in the center expressed as percentage df dsttance moved. (HNumber of rearing on wall ¢
measured for the first 5 min of the test. (I) Numbferearing off wall as measured for the first Snnof the
test. For each test, a 2-way ANOVA for repeatedsmes was performeldaving Genotype as between fac
and Interval (three consecutive 5 min intervals)thin factor. *, **, *** p < 0.05, 0.01, 0.001, espectivel
(effect of Genotype).
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Table 3 2-way ANOVA for repeated measures on open fiel@
Open field 1 Open field 2 Open field 3
Genotype Interval Gen. x Int.  Genotype Interval Gemtx | Genotype Interval  Gen. x Int.
Fizo P Fea P Fes P Fisp P Fea P Fea P Fgp P Fea P Feag P
Distance moved (DM) 24.1 0.00 21.0 0.00 2.3 0.11 16.2 0.00.0 601 15 023 8.0 0.01 234 0.00 1.9 0.16

Mean velocity 18.7 0.00 43 0.02 05 0.60 12.2 0.00 1.2 0.30.1 092 46 0.04 232 0.00 0.0 0.96
Time in border 104 0.00 6.3 000 0.6 053 3.8 0.06 2.7 0.07.2 @30 58 0.02 312 0.00 4.4 0.02
Time in center 8.2 0.01 1.9 0.15 1.3 026 3.8 0.06 1.0 0.377 049 6.0 002 7.1 000 0.0 094
MDW 176 0.00 43 002 04 066 73 001 28 007 03 077 7610.33.9 0.00 34 0.04

DM border/arena 8.8 0.01 140 000 0.2 0.83 1.2 0.28 16.0 0.00.8 0.44 3.1 0.09 348 0.00 24 0.10
DM center/arena 82 001 67 000 0.2 078 06 045 5.10 0.00.1 094 58 0.02 19.7 0.00 0.8 0.46

DM: distance moved; MDW: mean distance to the wall

OF 2. Adult mice caged with a heterozygous littermiz

When tested the second time in the OF at the ad8-46 weeks, KO mice showed again
reduced locomotor activity (lower distance moved dower mean velocity) and higher
thigmotaxis (lower MDW) as compared to WT litterestas shown by the significant effect
of Genotype on these parameters (Table 3, Fig. BAFGere was no effect of Genotype on
time in the border, time in the center, percentafalistance moved in the border and
percentage of distance moved in the center, althd&@ mice tended to spend more time in
the border and less time in the center as compar®dT mice (p < 0.1) (Fig. 8D-F). The 2-
way ANOVA showed an effect of Interval on distane®ved and mean velocity (both
parameters decreased from the first to the lastrbimterval). There was no effect of the
interaction Genotype X Interval on any parameteseoled. The ethological observation
during the first 5 min of the open field revealedignificant difference in the amount of
rearing on and off wall (KO mice reared less thah iMce, see Fig. 8H,1). No difference was

seen in SAP and in self-grooming.

OF 3. Adult mice after isolation

As in OF 1, KO mice moved less and with lower mgalocity, spent more time in the
border and less time in the center and stayed rclsdhe wall (decreased MDW) as
compared to WT littermates (there was a signifiedfact of Genotype on these parameters,
see Table 3 and Fig. 8A-C). There was an effectntdrval on distance moved, mean
velocity, time in the border (all these parametgsreased from the first to the last 5 min
interval), time in the center and on MDW, whichre&sed from the first to the last 5 min
interval. There was an effect of the interactiom@gpe x Interval on time in the border and
MDW (Table 3). The post-hoc analysis showed thati{i©e had lower values of time in the
border and MDW as compared to WT mice in the frs second 5 min interval (during the
first 10 min) but not in the third 5 min intervéloreover, although both genotypes reduced
the time in the border and increased the MDW dutirggtest, WT mice drastically reduced

their time in the border already at the second B mierval as compared to the first one,
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whereas KO mice did not reduce their time until thied 5 min interval. Behavioral analysis
of the first 5 min of the test revealed that KO enperformed less rearing on wall and off wall
than their WT littermates (Fig. 8H,1) and self-gneed more than WT mice (WT = 1460.4;
KO = 3.9% 0.5; P < 0.001), while there was no differenceveein genotypes in SAP.

Meta-analysis of the open field tests

It is known that the behavioral response of a maagbe OF also depends on the age of
the animal and on previous experience. Therefattsstical analysis to test whether the two
genotypes differentially changed their behaviorrdie successive OF tests was performed.

In concordance to the statistical Table 4.Meta-analysis with 2-way ANOVA for repeated
analyses performed on single OFmMeasures for open fields 1-3

Genotype Age Gen. x Age

tests, the 2-way ANOVA (being Fio P Bot P Ret P
Distance moved (DM) 258 0.00 09 042 21 013
Genotype the between factor anduean velocity 157 0.00 282 0.00 28 0.6
L Time in border 9.7 0.00 12.3 0.00 0.7 0.48
Age the within factor) showed an time in center 131 0.00 14 025 01 089
_ MDW 182 0.00 103  0.00 09 041
effect of Genotype on distancepy porgeriarena 51 0.03 238 0.00 30 005
. . . DM center/arena 88 0.01 1.6 0.21 22 012
moved, velocity, time in border, zeqing on wai 329 0.0 00 096 57  0.00
: . Rearing off wall 25.2  0.00 22.4 0.00 3.2 0.04
time in center, MDW, percem:ageSeIg grooming 8.3 0.01 0.0 0.98 14 0.25

of distance moved in the border,MPW: mean distance to the wall

rearing on wall, rearing off wall and self groomi(itable 4). There was an effect of Age on
velocity (it increases from OF 1 to OF 3), timehborder, MDW, percentage of distance
moved in the border and rearing off wall. The post-analysis showed that both genotypes
were less thigmotactic (less time in the border perdentage of distance moved in the border
and higher MDW) in OF 2, as compared to OF 1 and3OBoth genotypes did more rearing
off wall in OF 2 and 3 as compared to OF 1. Theas an effect of the interaction Genotype
x Age on the parameter rearing on wall. While WTcentended to do less rearing on wall
when adult (OF 2 and 3), KO mice tended to increasenumber of rearing on wall when
adult, although KO mice always had lower values@sapared to WT littermates.

In conclusion, the meta-analysis confirmed that i@e moved less and explored less in
the OF and spent more time close to the walls asslitime in the center as compared to their
WT littermates, regardless of their age or previexggsosure to the arena. Moreover, the meta-
analysis showed that both genotypes similarly chdrbeir response to the OF as they were

re-exposed to it.
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Elevated plus maze

In the elevated plus maze (EPM) tests KO mice stdgss time on the open arms as
compared to WT littermates, indicating higher atxi@he differences between genotypes

were more pronounced as mice were re-tested onle aves isolation (Fig. 9).

EPM 1. Adult mice caged with a heterozygous litterrate

When tested for the first time on the elevated phaze 11/16 WT and 8/18 KO mice
entered at least one of the open arms. KO micedtigs time on the open arms and did less
head dipping and less rearing as compared to W'e r(iteg. 10). No other significant
difference was detected between the two genotyghimugh KO mice tended to have a lower
percentage of entries into the open arms and rg@mpen arm edges and tended to stay less
time at the edges of the open arms as comparedrtbotidmates (P < 0.1) (Fig. 9).

EPM 2. Adult mice after isolation

When tested for the second time on the EPM aftelak@solation, a lower proportion of
KO mice entered the open arms as compared to W€ (1i8/16 WT and 7/18 KO mice,
Fisher's exact P = 0.017). KO mice differed from Wfermates in all parameters analyzed
(Fig. 3). KO mice entered the open arms with higagmcies and showed a lower percentage
of time and entries into the open arms as comparédT mice. Concordantly, KO mice
reached less frequently the edge of the open anthstayed less time there. KO mice were
also less active as compared to WT littermates hesvis by the lower values of total
transitions, closed arms entries and rearing. K@endid less SAP and head dipping as
compared to WT mice and spent less time in theeceatposition where the mouse usually
stays when assessing the risk of the open arm®rogining in a more protected area. KO
mice spent more time sitting in the corners ofc¢lused arms and did more self-grooming as
compared to WT mice, additionally indicating lovexploratory activity. Moreover KO mice
spent more time self-grooming (6.1 + 1.3) as comgao WT littermates (2.3 + 0.5) (P <
0.01).
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Fig 9. Enhanced anxiety-
like behavior of KO mice in
the elevated-plus maze.
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Meta-analysis of the EPM tests

A 2-way ANOVA (having Genotype as between factor and Baywithin factor) was
performed to test whether the two genotypes diffeayptchanged their response to the EPM
from the first to the second exposure to the appar@Table 5). There was an effect of
Genotype on all parameters analyzed. There was act eff Day on head dipping, SAP and

time spent in the center (they allTable 5.Meta-analysis with 2-way ANOVA for repeated
measures for elevated plus-mazes 1 and 2

decreased in EPM 2 as compared Genotype Day Gen. x Day
to EPM 1). There was an effect of Pzt P Fozi P Fozi P
Latency to enter OA (s) 8.03;0.01 0:30; 0.59 1.7200.
the interaction Genotype x Day Orvotal transitions (n) 5.22; 0.03 2.62;0.11 7.77;0.01
CA entries (n) 1.71;0.20 8.18; 0.05 8.18; 0.02
two parameters for 10COMOOrG, ontiies (v) 8.36; 0.01 1.72; 0.20 0.15; 0.70
activity, total transitions and closed'™e " ©A (%) 8.84,0.00 3.54,0.07 2.00,0.17
Time in center (%) 7.54;0.01 18.53; 0.00 2.83;0.10
arm entries. While WT mice Time in corners of CA (%) 7.58; 0.01 2.17:0.15 0073
_ . Time in OA edges (%) 9.35; 0.00 0.05; 0.81 0.39; 0.53
increased the total transitions ang s in oa edges (n) 8.86: 0.00 0.50; 0.48 1.7200.
closed arm entries in EPM 2 a&eaing () 21.95; 0.00 0.38; 0.54 0.99; 0.33
SAP (n) 4.20;0.04 5.60; 0.02 0.04; 0.83
compared to EPM 1, KO miceHead dipping (n) 11.7; 0.00 34.00; 0.00 2.31;0.14
Time self grooming (%) 5.30; 0.03 0.01; 0.93 3.0290.0

maintained the same |0COMOtOBHA: open arms; CA: closed arms; SAP stretch atfrsiure
activity.

In conclusion, in the EPM performed after isolatlmth genotypes decreased not only the
exploration of the open arms, but also the frequaridbehaviors as head dipping, SAP and
time in the center that are indicative of the redsessment the mouse performs when in
conflict between exploring the open arms (the arembg stimulus) and staying in the
protected part of the maze. In WT mice the deckkaseloration of the open arms was
coupled to an enhanced exploration of the closet §more transitions), while this was not

true for KO mice that did not change the locomotiivity between the two EPM tests.

Resident/Intruder test

There was no difference between KO mice and WT littegmin their behavioral response
towards an unfamiliar male placed into their homgector 10 min. Only very few WT (3/16)
and KO (2/18) attacked the intruder.

Home cage spontaneous behavior and circadian adtiy

Mice home cage spontaneous behavior was scoredstantaneous sampling observations
of 60 min performed at three time points at twoeat#ht days. Data were analyzed by 3-way
ANOVA (having Genotype as between factor and Day and Howiths factors). There was
a significant effect of Genotype on resting £= 6.3; P = 0.02) and eating/drinking: =
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6.7; P = 0.01). KO mice spent more A Home cage behavior
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some subtle differences between WT three times a day, 2 and 7 days after changing of tues
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and KO mice. Since both genotypes

did not change their circadian activity

four days with single values for each hour (Fig. lOBata were analyzed with 4-way-
ANOVA for repeated measures having Genotype as betwedor fand Day (4 levels),
Dark/Light (2 levels) and Hours (12 levels) as witlf@ators. No difference was observed
between KO and WT mice during the dark and light piridBoth genotypes were more
active during the dark period as compared to tgbt Iperiod. No effect of the interaction
Genotype x Dark/Light was found, whereas there wasrdfisignt interaction of Genotype x

Dark/Light x Hour (k1187= 2.04 and P = 0.027). Post-hoc analyses showegn#isantly
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decreased activity of KO mice as compared to Wi€rlihates 3, 6 and 11 hrs after light offset
(Fig. 4B). Indeed, by observation of the graphiegresentation it appears that WT mice
showed a cyclic activity during the dark periodtwictivity peaks at around 3, 6 and 11 hrs
after light offset, whereas KO mice maintained katreely constant activity throughout the
dark period.

Pole test, Rotarod and wire hanging test

When tested in the pole,

A Pole B Pole
Rotarod and wire hanging tests ,,_ ook —_t
KO mice showed a clear < 35] ——WT
c S
. . . = ~-0--KO &£
impairment in motor- 3 30+ e
[e0]
coordination as compared to WT £ 257 ‘é'
O 5n | £
mice. In the Pole test, the 2-way § 20 =
154 pt
ANOVA (having Genotype as %10 é
. T
between factor and Trial as - 5.
within factor) showed an effect 01— : :
1 2 3
of Genotype on the latency to Trial Trial
climb down the pole, being KO ¢ Rotarod D Wire Hanging
: , 300, —
mice slower than WT littermates g 10 o
(F1131 = 7.82; P < 0.01) (Fig. @250— %
11A). There was also an effect of8 200- =
@] —
Trials. The post-hoc analysis&>)~ 1504 B . -
2
showed that both genotype59LIU 100 O @
decreased the latency to climb o
, . i =
down from the first to the third

0
trial. There was no effect of the '1 2 3 4

1 2 3

interaction Genotype x Trial. _ Trial o Trial
Fig 11. Impaired motor coordination of KO mice. Motor

However, the latency to climb coordination abilities of WT mice (n=15 pole, n § Wire hanging
and Rotarod tests) and KO littermates (n=17 pole, 18 wire
down did not always correspondhanging and Rotarod tests). Data are expressed\jnafid (Q as
meanz+ SEM, in (B) and (D) as percentages. (A) Time migeded
to climb down the vertical pole on 3 consecutivaldr (B)
Percentage of mice turning 180° and climbing dota pole witr
head foremost. (Q)atency to fall from the accelerating Rotarod
also scored low latencies.3 consecutive trials and on d"4rial performed 24 hrs later(D)
Percentage of mice performing an uplift and ust@r 4 paws
Therefore more emphasis wasgnstead of only 2 while hanging ohet wire in 3 consecutive trial
. * x ek P o< (0.05, 0.01, 0.001, respectively, aanalyzel with

put on the strategy the animalsrisher's exact probability test.

to the motor performance since

mice that were slipping or falling
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used to climb down. While almost all WT mice fitatned 180° and then climbed down the
pole with the head pointing downwards (Fig. 12A-&)ower proportion of KO mice were
able to turn 180° during the first and second gridMlost KO mice failed to turn and instead
kept their body in a position horizontal to thegaind climbed down often in a corkscrew-
like manner (Fig. 12D-F and Fig. 11B).

Fig 6. Altered motor coordination of KO
mice in the pole test

Two possibilities of climbing down the pc
(A), (B), and (C) example of a mouse
turns 180°. (D), (E), and (F) example ol
mouse that climbs down sideways. |
Starting position. (B) e mouse turned 18!
already at the top of the rod, the head
pointing downwards. (C) The mouse climl
the rod to the end in a turned position. |
Starting position. (E) The mouse did not t
180°, but kept the body in a horizon
position. (F) The muse climbed down tt
rod laterally.

In the Rotarod test both genotypes were able t& aathe Rotarod for a given maximal
time of 180 s when the rod was rotating at a conistpeed of 4 rpm, whereas KO mice
showed impairment as compared to WT mice whenpbed of the rod was accelerating. The
2-way ANOVA (having Genotype as between factor anél as within factor) showed an
effect of Genotype on the latency to fall down #veelerating rod (2= 51.59, P < 0.001).
Indeed, KO mice fell down the accelerating Rotaabdower latencies as compared to WT

mice during all accelerating trials performed. Bgdnotypes improved their performance on
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successive trials (significant effect of Triahds= 11.7, P < 0.001), while there was no effect
of the interaction Genotype x Trial, suggesting thath KO mice and WT littermates were
able to improve their performance with traininggFL1C).

In the wire hanging test there was no effect of @gpe, Trial or interaction of Genotype x
Trial on the latency to fall from the wire. Nevestass, while most of WT mice were able to
lift their body up allowing them to grip the wirésa with the hind limbs, a lower proportion
of KO mice, although they seemed to try, was abled so during all three trials (Fisher's
exact P < 0.01) (Fig. 11D and Fig. 13).

Fig 13 Two possibilities of hanging at the
wire.

(A) Example typical for WT mice: the mol
performed a uplift and uses 3 or 4 paws a
the tail for gripping. (B) Example typical fi
KO mice: the mouse uses only the forep
for gripping.

Water maze test

Before being tested for spatial learning and memarige were first trained for two days
with a cued platform. At the end of this trainingraice learnt to associate the cue with the
escape from the maze, and both genotypes reaché¢ke second day, a mean escape latency
of less than 10 s. No mice showed floating durimg training with a cued platform. The 2-
way ANOVA did not show an effect of Genotype on & latency, but there was a
significant effect of the interaction Genotype xalr(F; 140= 370.6; P < 0.005). Post-hoc
analyses showed that KO mice needed more timedwessfully find and climb the platform
as compared to their WT littermates only duringfiret trial (Fig. 14A). When observed for
their ability to perform coordinated swimming belwavin the first four visible trials, KO
mice spent a longer time with uncoordinated movdmdrefore starting with regular
swimming behavior as compared to their WT litteresabn the first trial, going in parallel
with the increased escape latency of KO mice is thial (Fig. 14B).No differences in
swimming behavior were observed in the first tadkthe hidden platform. When mice were
trained for spatial learning and memory with a leiddlatform, no difference was found
between the two genotypes. The 2-way ANOVA did stlmdw any difference between KO
mice and WT littermates in any of the parameterseoled. KO mice and WT littermates
swam normally and climbed successfully onto theapscplatform in the pool. The 2-way
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ANOVA for repeated measure did not show any eftdcGenotype and of the interaction
between Genotype and Trials on escape latencgndistmoved, velocity and MDW. There
was an effect of Trial on escape latencyg= 7.48; P < 0.000), distance moved £= 8.17;

P < 0.000), mean velocity {kp= 7.94; P < 0.000), and MDW {k= 5.63; P = 0.001). Both
genotypes decreased the escape latency, distanagrand mean velocity and increased the
MDW over trials (Fig. 14C). When a transfer trisgasvperformed 24 hrs after the last training,
both KO mice and WT littermates did not preferditigearch in the target quadrant (SE)
(Fig. 14D).

A Cued platform B Cued platform Fig 14. Morris water maze.
90+ Performance of W{n=11) and
*kk — WT D 169 jun KO (n=11) in the water maz
@ 804 < 144 Data are expressed as mean
=, 70 --a-- KO = . % SEM. (A) Latency to reach tl
g\‘i’/ 124 cued platform in 8 trials(B)
o 2 104 Time spent performin
LE uncoordinated movemer
% E 8] before starting coordinate
o % 6- swimming directly afte
g E % placemat in the pool on th
E 4 % first four visible trials. (C
2 E Latency to reach the hidden
platform on 6 consecutive days.
L L S 0-— I I T (D) Time spent in imaginal
012345678 1 2 3 4 quadrants of the pool durir
Trial Trial the transfertrial (no platform)
as percentage of the tot80 s
C Hidden platform D Transfer trial trial duration. The transfer tria
60~ 404 was performed 1 day after tt
- \WT last trial with the hiddel
@ 557 354 [C—KO platform. The dotted lin
> 507 30 l indicates the chance level of
Q 454 T T T %. * = P < 0.001 as
% 40- S 25+-2-- [ IO {----J-1--1. analyzed by podtoc analysis
= © (Newman-Keuls test) after 2-
8 359 £ 207 way ANOVA for repeate
S 304 = 154 measures (having Genotype
i 25 between factor and Trial as
10+ within factor) that showed &
2(5): 5] effect of the interaction «
0 Genotype x Trial.
0 :I|_ |2 I3 A I5 é Target Left Right Opposite
Day Quadrant
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Flinch-jump threshold test and step-through passivevoidance task

There was no difference in foot-shock sensitivigtviieen WT and KO female mice as
tested in the flinch-jump threshold test. The flitbreshold was 282 2.1 and 31.& 7 pA
for the WT mice and KO mice, respectively; the juthgeshold was 505 5.9 and 53.@& 3.9
HA for the WT mice and KO mice, respectively.

When trained in the step-through passive avoidaask&, KO mice entered the dark
chamber (where the foot-shock was given) with higlatencies as compared to WT
littermates (WT: 12.2+ 2.2 s; KO: 126.5 32.8 s, 1 KO mouse did not enter the dark
chamber). The difference between genotypes wasfisgmt (P < 0.01) revealing a strong
discrepancy already in the baseline between thegevmtypes. Since performing a passive
avoidance task emanating from already very diffebaseline levels between WT mice and
KO mice would not lead to interpretable resultg, tst was discontinued.

a7
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Discussion

Weber et al. (1999) generated a mouse deficientn®rextracellular matrix glycoprotein
TN-R to investigate the molecule’s functiomsvivo. Since then, TN-R deficient mice have
been studied extensively under morphological andctelphysiological aspects and
considerable abnormalities were found (Weber ¢t1809; Brickner et al., 2000; Haunso et
al., 2000; Bukalo et al., 2001; Saghatelyan e801; Nikonenko et al., 2003). However, the
behavioral phenotype of this mutant has not yehlwsscribed. Therefore tests for different
behavioral parameters, including motor coordinagtioovelty-induced behavior, intra-sexual
aggressive behavior, circadian activity and cogeifunction, were performed. There was no
obvious difference in the general appearance, healt body weight of WT and KO mice
during the experiments and handling of animaldaimsneous sampling did not reveal major
changes in the spontaneous behavior. Therefore unlikely that the observed behavioral
alterations are due to differences in general healt body conditions. However it is
interesting to note that at the age of 11 monthKiBeanimals have been significantly heavier,

although the underlying causes remain to be eltmida

Exploratory and anxiety related behavior

Novel stimuli, such as a new environment generatagproach/avoidance conflict in the
mouse. The reaction of a mouse is composed of tive tb explore the novelty to gain
information and of anxiety related or cautious hédrato protect the animal from possible
danger or harm (Bardo et al., 1996). Several enmental and intrinsic factors influence the
behavior of mice in tests for exploratory behavad/or anxiety, such as: laboratory
environment, social isolation, age, rearing coondsi social stress and previous exposure to
the same or different tests (for review see: Holn2301). Therefore the anxiety and
exploratory behavior of KO mice and WT littermateas investigated by using paradigms
known to diversely elicit behavioral responses bé& tmouse (FCOF, OF and EPM),
additionally mice were tested at different ontogenstages and under different housing
conditions.

Anxiety behavior can be divided into state andttemxiety, with state anxiety being
anxiety that occurs temporarily as a reaction toaariogenic stimulus, whereas the trait
anxiety is intrinsic for each individual (Lister990). The open field (OF) was performed as a
classical test for state anxiety and for exploratiy means of novelty (Belzung and Griebel,

2001). A first OF was run on periadolescent mice atditional OFs were conducted as mice
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were adult, one before and one after social iswiatin all OFs KO mice explored less as
compared to WT littermates, as shown by the shalisgance moved, lower velocity and, in
particular, by the decreased amount of rearingsthological marker for exploratory behavior
(Crusio, 2001). Furthermore, KO mice entered theerdess often and spent more time in the
border and showed more thigmotaxis, revealing areased state anxiety. Also a change in
the behavior of both genotypes was observed iiffierent OFs. WT and KO mice showed
less anxiety when paired housed in the adulthoodoaspared to periadolescence and after
isolation. In summary, KO mice clearly showed altems in their behavior in the OFs that
remained constant under various conditions.

A similar increase in anxiety was seen as mice wested in the elevated plus maze
(EPM), one of the most common tests for state aypaad exploration in rodents (Belzung
and Griebel, 2001). Avoiding the open arms and quering less risk assessment are
interpreted as anxious behavior (Rodgers and D&B®7). Two EPMs were performed as
mice were adult, one before and one after isolathmobserved in the OF, both genotypes
changed their behavioral response between the #W\s-showing a more anxious profile in
the second EPM as compared to the first one. lstiagdy, while both genotypes decreased
exploration of the open arms, WT mice increasedagapon of the closed arms whereas KO
mice did not change their behavior in the closedsarThis indicates that KO mice and WT
littermates had a different reaction to re-expodarthe apparatus and/or to social isolation.
Indeed, in the first EPM KO mice only tended to whimcreased anxiety and decreased
exploration in comparison to WT littermates, wherélaere was a clear difference between
genotypes in the second EPM, indicating that thereise in anxiety shown by both
genotypes in the latter EPM was more pronounced@ mice as compared to WT
littermates.

Particularly interesting are the results from treefchoice open field (FCOF). Since mice
decide themselves if, when and how often they @heearena and since they are not forcibly
exposed to an anxiogenic stimulus this test isghbowo assess trait anxiety (Griebel et al.,
1993). No difference was found between KO mice &vi@l littermates when they were
periadolescent, indicating that there was no difiee in trait anxiety or in novelty seeking
behavior between genotypes at this age. Strikintfigre was a dramatic change in the
behavior of KO mice in the FCOF when mice were adlihe number of adult KO mice
entering the arena was strongly decreased in «intpathe first FCOF on periadolescent

mice, although the arena in the second FCOF wagsosepl to be less anxiogenic (only closed
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sides). However, the number of WT mice enteringaftena increased when they were adult
and they also increased the exploration of theaaren

The results from the EPM and FCOF experiments atdidhat KO mice displayed
increased state and trait anxiety and exploreduedsr certain conditions, possibly due to re-
exposure to the apparatus, to age or to sociastieal Also the social and competitive
behavior of both genotypes was monitored as they waged with a heterozygous brother
and after they were single housed. No difference fwand between genotypes. Therefore it
seems unlikely, that the traits observed in the idi©e were due to different social rank or
competitive behavior.

The results from the instantaneous sampling anon@atic measurement of the circadian
activity indicate that KO mice were less active wiWegT mice showed characteristic peaks of
activity. Therefore, it is important to validateattour results from the anxiety and exploratory
tests were not biased by possible differencestinigc For the OF the distance moved in the
border and in the center was normalized by the tiidéance moved. The results indicate that
KO mice displayed more thigmotaxis regardless eflthver distance moved, clearly pointing
to an increase in anxiety. The same holds trudghferpercentage of time and entries in the
open arms of the EPM. Moreover, in the first EPM Kxe showed no difference in total
transitions and closed arms entries, two paraméteigeneral activity (Rodgers and Johnson,
1995), but spent less time than WT mice on the @vers. Nevertheless it will be important
to perform more focused experiments on the circadigthm of KO mice, in particular on
their ability to reset the biological clock aftershift in the light dark cycle, as well as their
ability to maintain circadian rhythm activity undesnstant darkness.

Mice explore a novel environment to gain informati(Bardo et al., 1996). It can be
assumed that TN-R KO mutants will have disadvargageing confronted with a novel
environment, since their increased anxiety and gedwexploration will decrease the amount
of information they may acquire. This is particlifaclear when considering the results from
the FCOF that seems to be the most valuable tewrins of ethological interpretation of

novelty seeking behavior.

Motor coordination

The pole, wire hanging and Rotarod tests reveateichpairment of motor coordination in
KO mice. In the pole test a lower proportion of Kace were able to turn 180° on the rod
and hence failed to climb down head foremost. Watchhe performance of KO mice it

seemed that they unsuccessfully tried to turn 1&8@} therefore climbed down sideward.
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However, KO mice were able to improve their perfanme during three consecutive trials.
An impairment of KO mice to coordinate in space aB® observed in the wire hanging test,
where KO mice were not able to lift their body ahds grip the wire with their hind paws.
Similar to the pole test KO mice seemed to tryutm tupwards but failed. The Rotarod is used
to examine motor coordination in rodents and igrmofincluded in test batteries for mouse
mutants (Brandon et al., 1998; Tarantino et alo030In concordance with the data from pole
and wire hanging tests, KO mice displayed probldmsstaying shorter times on the
accelerating rod. The results clearly reveal ardistlefect in motor coordination in KO mice
that occurs only under aggravated conditions, sk@emice did not display any obvious
motor problems such as ataxia, tremor or disadslith walking.

One may argue that the observed impairments wergedaby lower muscle strength, but
the specific expression of TN-R in the CNS rules this hypothesis. Alternatively, the
observed impairment might be a sequel of increasatety and not a primary motor problem
as it has been reported that stress can impaipdahiermance of rats in different motor tasks
(Metz et al.,, 2001). However, KO mice did not shdigabilities in the non-accelerating
Rotarod, indicating that KO mice have no motor jpeois under mild demands, even if the
test is new and unfamiliar and therefore anxiogamd stressful. However, it is conceivable
that anxiety has an impact on motor performance.

With respect to the morphological phenotype of ingtant, it is interesting to note that
TN-R bearing perineuronal nets are found in theodegebellar nuclei, around motor neurons
in the spinal cord and in cortical areas (Celio &ldmcke, 1994; Hagihara et al., 1999;
Briickner et al., 2000). Thus one may speculatedahatregular appearance of perineuronal
nets as it is seen in the TN-R KO mutant (Webe.etL999; Bruckner et al., 2000; Haunso et
al., 2000) could be the cause of impairments inomobordination. On the other hand, TN-R
is also accumulated at the nodes of Ranvier (firgbonstant et al., 1986; Bartsch et al.,
1993) where its function has not been defined. studbed molecular composition of the node
of Ranvier, especially in the spinal cord, may léac decreased conduction velocity in the
TN-R KO mutant as it has already been observethmoptic nerve (Weber et al., 1999), thus
resulting in impaired motor coordination. It is eabrthy in this respect that TN-R binds to
voltage-activated sodium channels and activates tf(frinivasan et al., 1998; Xiao et al.,
1999). In conclusion, ablation of TN-R causes impants in finely coordinated movements,
possibly relating to the function of perineuronatshor of nodes of Ranvier in the motor

cortex, cerebellum and spinal cord.
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Cognitive behavior

Cognitive abilities were tested in a spatial leagntask (water maze) and in a passive
avoidance task (step-through). Unfortunately, tlesults do not permit a plausible
interpretation regarding learning and memory in Ki@e. In the water maze both genotypes
performed poorly, thus compromising evaluationgossible cognitive impairments in KO
mice. In the step-through passive avoidance, KCerdiffered from WT littermates already
in their baseline, showing a “passive” behaviort threade this paradigm inappropriate for
testing learning and memory in the mutant.

However, the behavioral profile shown by KO micetlwe spatial learning and passive
avoidance tasks confirmed the conclusions drawm fifte experiments related to exploratory
behavior and motor coordination. In the first vigiltrial of the water maze KO mice spent
significantly more time with uncoordinated movensenntil they started to swim regularly.
The lack of coordination in the first seconds ie ool emphasizes again the impairment in
motor coordination and may also suggest increasetty displayed by the mutant when
confronted with a novel situation. As observedhe OF, FCOF and EPM, KO mice were
less active during the conditioning trial of thesthrough passive avoidance test, indicating
that they had a lower motivation to explore angldiged increased anxiety in comparison to
WT littermates.

Although the use of null mutants has been recognazea powerful tool in understanding
the function of a targeted gene product, one canuet out possible compensatory effects
during development and/or an influence of the genedckground on the alterations of a
mutant (Gerlai, 1996). Generating transgenic arsnsbften performed by using embryonic
stem cells from the 129/Ola strain and chimerad lrigh C56BI/6J mice, this also holds true
for the tenascin-R KO mice used in this study. Hesvethe results shown here replicate the
results obtained on two former experiments whereriGe from F1 homozygous breeding
have been compared to a strain generated from 12%/Q56BI/6J F1 mice. Therefore it is
most likely that the observed behavioral alteragiare not linked to the genetic background,
but caused by the ablation of TN-R.

Concluding remarks

In this study was shown that deficiency in TN-Rdedo increased anxiety, decreased
exploration and impaired motor coordination. Takegether, these behavioral alterations
may be a disadvantage for mice living under natcwaditions where natural selection works.
Due to the decreased drive to explore and increasa&ety when confronted with a new
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stimulus, KO mice may not be able to acquire nesoueces in the environment, with a
potentially negative impact on their fitness. Irdiidn, the observed motor impairment may
be a grave handicap when mice have to coordinatieré®e dimensions and are forced to be
quick and precise in their movements, for instamten fleeing from a predator or when
interacting with the environment. Therefore, TN{bpaars to be important for the expression
of an adaptive behavioral response and, by consegqudor the fitness of an individual,
holding a first functional explanation to the hightonserved structure of TN-R during

evolution.
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Introduction

Cell recognition molecules in the nervous System

The nervous System, as one of the most complexnsygiepends crucially on a proper
organization mediated by cell-cell contacts and-@al interactions. Molecules of the
Immunoglobulin superfamily of neural cell recogaiti molecules (formerly named cell
adhesion molecules) have been found to play importales for the development,
maintenance and function of the nervous system. flihetional properties of recognition
molecules are manifold and include regulation df déferentiation and migration, neurite
outgrowth, synapse formation, regeneration andyaplasticity (Rutishauer, 1993; Maness
and Schachner, 2007).

The L1 family of recognition molecules

Within the nervous system three classes of reciognimolecules have been described, the
cadherins (Shapiro et al., 1998), integrins (Albetaal., 1990) and the immunoglobulin
superfamily (Salzer and Colman 1998). Proteins h&f immunoglobulin superfamily are
characterized by their immunoglobulin-domain whishresponsible for the high specific
recognition and binding. Proteins of the immunetaysdisplay similar immunoglobulin
modules as found in the superfamily, suggestingwerutionary connection (Edelman, 1987).
The immunoglobulin superfamily comprises severddfamilies (overview in Edelman and
Crossin, 1991 and Crossin and Krushel, 2000) ineudhe L1 subfamily with members
found in invertebrates and vertebrates. The masiprent members within the vertebrates
are: L1 (Rathjen and Schachner, 1984), CHL1 (clum®ologue of L1, Holm et al., 1996)
neurofascin (Volkmer et al.,, 1992) and Nr-CAM (nmuiglia CAM related cell adhesion
molecule, Grumet et al., 1991). Proteins of thesulbfamily are characterized by a modular
structure composed of six immunoglobulin-like donsaithree to five fibronectin type il
domains, a transmembrane domain and a short, hagiigerved cytoplasmic tail (Hortsch,
2000). Members of the L1 subfamily are expressedigminately by neuronal cells, some
also by glial cells. They act through homophillicheterophillic binding and have the ability
to mediate different aspects of neuronal and ghtdractions, including myelination and
morphogenesis. The early onset of expression wih kvels along major axonal pathways
highlights the important role for neurite guidammee promotion (Hortsch, 1996).

L1, the eponym of the subfamily, was one of thstfdescribed cell recognition molecules
(Rathjen and Schachner, 1984). During developmeéntplays a role in cell migration,
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outgrowth and fasciculation of axons and myelinatjceviewed in: Maness and Schachner,
2007). In the established nervous system L1 islu@gbin memory formation and synaptic
plasticity (Luthi et al., 1996; Venero et al., 20Ghd triggers neuronal survival and axonal
regeneration (Nishimune et al., 2005; Chen e28D;7; Loers and Schachner, 2007).

CHL1

When the attempt was made to search for new cDNAed of L1, one of the isolated
clones was found to encode for a protein thatasetly related, but distinct from L1 (Tacke et
al., 1987). Due to its high similarity with L1 itas termed: lose_fomologue of L1(CHL1).
CHL1 comprises an N-terminal signal sequence, sinunoglobulin-like domains, 4.5
fibronectin type 11l -like repeats, a transmembraoenain and a C-terminal domain (Holm et
al., 1996) (Fig 16).

NN [ [ [ [ R DLDN LD DL

Fig. 16 schematic presentation of the CHL1 protein. Proceeding in a carboxyerminal direction.
the domains are as follows: cytoplasmic tail (r@te), transmembrane domain (orange rectang
4,5 Fibronectin type Il domains (blue rectanglasd 6 immunglobulin like domains (pink boy

CHL1 expression is restricted to the nervous systenmice CHL1 is first expressed
around embryonic day 13 at times of neurite outginpwnd is detectable in subpopulations of
neurons, astrocytes, oligodendrocyte precursors @oldwann cells. CHL1 expression
decreases from PD 7 to adulthood, but remainsfgignt in the adult (Holm et al., 1996;
Hillenbrand et al.,, 1999). CHL1 is a strong promotd neurite outgrowthin vitro
(Hillenbrand et al., 1999). Furthermore CHL1 proasoheuronal survival (Chen et al., 1999;
Nishimune et al., 2005) and regulates neuronalatimn (Buhusi et al., 2003).

The importance of CHL1 for the development of tleevous system has also been shown
in a mouse mutant deficient for CHL1. At the morogical level, these mice show
alterations of hippocampal mossy fiber organizateomd of olfactory axon projections,
suggesting participation of CHL1 in the establishingf neuronal networks (Montag-Sallaz
et al., 2002). Furthermore CHL1 deficient mice sh@duced migration and positioning of
pyramidal cells in the visual cortex (Demyanenkalet 2004). Behavioral investigations of
the mutants revealed no differences in life spaability, general behavior, reflexes or in
motoric and sensory functions, but detected amealtexplorative behavior, when mice are
confronted with a novel environment (Montag-Salzal., 2002). The finding, that CHL1
mice show impaired prepulse inhibition of the ad¢mustartle response and therefore display

a disturbance of sensorimotor gating (Irintschealgt2004) led to a detailed analysis of the
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behavior and of synaptic activity in the hippocasymi CHL1 deficient mice. This study
revealed a delayed response to novel environmstitalli and to social stimuli, suggesting,
that CHL1 deficient mice are impaired in extractimglevant information from the
environment. The electrophysiological investigatidid not reveal alterations in synaptic
plasticity of major excitatory connections of th@pgocampus, but an enhanced basal
excitatory synaptic transmission in perforant patajections to the dentate gyrus in CHL1
deficient mice, providing a possible correlate lie tlelayed behavioral responses (Morellini
et al., 2007).

CHL1 and mental diseases in humans

Interestingly, the above described behavioral aftens found in CHL1 mice are among
the typical symptoms found in several neuropsyaiiold disorders in humans. A disturbed
prepulse inhibition, as described for the CHL lideht mouse (Irintchev et al., 2004), is a
typical symptom found in schizophrenic patientsafBet al., 2001). The observed impaired
reaction towards novel stimuli, indicative of reddcattention, as well as disturbances in
social behavior of CHL1 deficient mice (Morellint al., 2007) are also core features of
schizophrenia (Nuechterlein et al., 2006; Burns Ratrick, 2007). CHL1 in humans (also
referred to as CALL) localizes to chromosome 3p ésdoss or mutation may contribute to
mental impairment associated with the “3p-syndroiffaigeloni et al., 1999) and to mental
retardation (Frints et al., 2003). Furthermore aeadation between mutations in the human
CHL1 gene and the occurrence of schizophrenia bas keported (Sakurai et al., 2002; Chen
et al., 2005). Schizophrenia is a complex mentaordier and as with many other
neuropsychological dysfunctions, the underlying n@@isms and causes are not yet well
understood. Nevertheless it is widely accepted that occurrence of schizophrenia is
associated with both, genetic and environmentabfagTandon et al., 2008). Most of the
possible environmental disturbances that may haveingpact on the development of
schizophrenia take place either prenatal, in forfrolustetric complications (Mittal et al.,
2008), or during early childhood in form of traunst&tess or abnormal hormonal homeostasis
(Morgan and Fischer 2007).

Maternal separation in rodents as an ecological nutel of postnatal stress

A mechanism to induce early life stress in mamnsathe separation of dam and pups, at
stages when the pups are still depending on the carthe mother in form of nursing,
maintenance of body temperature and physical conthe laboratory rat has been one of the

first animals studied in maternal separation (M3v(ne, 1957; Hofer, 1975) and ever since
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many studies have contributed to the understanadirthe impact of MS on the behavior of
the rat. Depending on the method and strain udeesl, atterations found are manifold.
Reported changes induced by MS in rats are incréasanxiety- and depression-like
behavior, hyperactivity, changes in social/defeasibehavior, increase of voluntary drug-
intake and hyperactivity of the hypothalamic-piiyt-adrenal (HPA)-axis (overview in:
Champagne and Meaney, 2001; Cameron et al., 200bnds et al., 2005; Moffet et al.,
2007). MS has also been applied in mice, but thelt®are not as extensive and consistent as
in the rat. An increase in anxiety—like behavioreafMS has been reported for C57BL/6J
male, but not female mice (Romeo et al., 2003), rad other studies report no increase in
anxiety-like behavior in this mouse strain after Karfitt et al., 2004; Parfitt el al., 2007). A
mild increase in depression-like behavior (MacQuetal., 2003), or increased exploration
(Venerosi et al., 2003) are also alterations foaftdr MS. In the most extensive study the
influence of MS on the anxiety- and depression-bkdavior of eight different mouse strains
has been investigated systematically and the aittmme to the conclusion that MS is not a
robust model of early life stress affecting anxieand depression-related behaviors in mice
(Millstein and Holmes 2007). Taken together, miemre to be more robust against the
adverse qualities of MS in comparison to rats (#t&in and Holmes 2007). Furthermore the
outcome seems very much dependent on the gendeynatitt mouse strain used, indicating
that the combination of genetic predisposition #dreltreatment determines the character and

magnitude of the effect of MS in mice.
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Aim of the Study

Mice deficient for the neural cell recognition molée CHL1 display behavioral
alterations in their reaction towards novel stintblt are reminiscent of alterations observed
in neuropsychological disorders like schizophreiiiae etiology of schizophrenia is thought
to be a combination of genetic predisposition athdease environmental factors. The aim of
the study was to perform a maternal separationdggmaon CHL1 deficient mice and their
WT littermates and to compare the behavioral ditema evoked by this early life stress. The
question was if CHL1 deficient mice are, due tartigenetic predisposition, more vulnerable
to the effects of maternal separation, and thuplajsalterations that are not, or only to a
minor extend, observed in WT mice. Furthermorediice of several tests covering a broad
spectrum of different behaviors and the investayatf male and female mice ought to add

information on the influence of maternal separabammice in general.

Experimental design

CHL1 KO mice have already been investigated in ortte compile a behavioral
phenotype. In this present study the focus wa®puhe impact of the maternal separation on
the behavior of the mouse. It was not intendedpigyaa standardized test-battery to search
for general differences between genotypes. Thezefioe type, procedure and order of the
behavioral tests was designed considering on the lwend results obtained from the
behavioral analysis of the CHL1 KO mouse (Montajia@aet al., 2002; Pratte et al., 2003;
Frints et al., 2003; Morellini et al., 2007), and the other hand the possible influence of
maternal separation on the behavior as reportéukitfiterature (Romeo et al., 2003; Parfitt et
al., 2004; Millstein et al., 2006; Millstein and Haes 2007). The study from Morellini et al.
(2007) showed that CHL1 KO mice display alteratioms their reaction to novel
environmental stimuli and furthermore exhibit reedcsocial behavior. To gain information
on a possible influence of MS, the open field testhich the mice have to react with a new
environment and the novel object test where thetiea towards new stimuli is observed
were performed to test novelty-induced behaviore Shcial preference, urine marking and
resident intruder tests were chosen to assess| dmiavior. Since anxiety-like behavior
seems to be affected by MS in mice (Romeo et AD3}, the elevated plus maze (EPM) as
one of the most established tests for state anxietydents was performed in addition to the
anxiety-related parameters that can be extrapofatedthe open field and novel object tests.

Another emphasis was placed on a possible interabitween CHL1 deficiency and MS on
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the memory performance of mice. It is known thatcpstic illnesses like schizophrenia also
influence cognitive abilities and in particular Wworg memory (Lewis and Liebermann, 2000;
Manoach, 2003), thus tests for working memory ($@o@ous alternation) and long term
memory (step through passive avoidance) have besmglished. No differences in motor
performance between CHL1 KO and WT have been famd no influence of MS on the
motor behavior of mice has been reported so fagr&fbre two tests of motor behavior (pole
test and Rotarod) have been included to serve asmtamal control and to scrutinize a
possible influence of the combination of CHL1 KQdavWS on the motor function. Finally,
the effect of MS on the depression like behaviomie as described by MacQueen et al.
(2003) was meant to be assessed by the tail suspaest. While planning the schedule the
invasiveness of the tests was taken into accouns, heginning with tests considered to be the

least stressful for the mice.
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Material and Methods

Husbandry and general procedures

Husbandry and general procedures were performddsasibed in part A.

Animals

Heterozygous CHL1 mice with a 1290la x C57BIl/6JKgaound and 6 backcrosses to
C57BI/6J were used for breeding. Sixteen breedaggs were composed of 1 CHL1 +/- male
and 2 CHL1 +/- females, 2 cages contained 1 maleldiemale only. After 13 days, females
with a weight gain of at least 10% were considet@de bearing and single housed in
Macrolon cages (15 x 20 x 23 cm). Cages were cluefikelitters daily starting 19 days after
breeding onset. The inspection was performed dayefiithout opening the cage to prevent
disturbance of dam and pups. When a litter wasdptire pups were designated postnatal day
(PD) 1 and the normal food was exchanged with fémdnursing mice (ssniff, Soest,

Germany).

Long Maternal separation

The whole procedure was performed wearing gloves.PO 2 pups were counted and
checked for gender by evaluation of the anogeditthnce. Each litter was either assigned to
the control group (CON), or long maternal separaiip!S) group allowing for a balanced

litter composition. The CON group was lef

undisturbed. During MS, the dam wsg
transferred in a new cage to avoid t
destruction of the nest by the dam in sea
of the pups and brought into thesarium
In the meantime, the pups were kept in
adjacent room to avoid ultrasoun
communication between pups and da

Each pup was put in a single compartme ‘ tn,|

(4 x 4 cm) of a cardboard box covered witlFig. 17 Maternal separation. Pubs are placed in sing

. . compartments (covering sheet removed
tissue. Red lights were arranged around the P ( I )

boxes to obtain a temperature of 32 + 2° Celsiug. (7). The separation lasted 180 min and
took place daily from PD 2 to PD 8 between 8 a.nd 32:30 p.m. After separation dam and

pups were reunited in their home cage and brouagtk mto thevivarium.

63



Materials and Methods

Behavioral tests

Between PD 21 and PD 23 the pups were weaned gratased from their mother.
Bodyweight was taken; a 1-2 mm long tip of the tatks cut to collect a biopsy for

genotyping and one ear was punched to
. Table €

distinguish single mice. On PD 30 mice Day Age Experiment
were housed in groups of 2 to 4 siblings in 1~ 9-12w Open field
3-4 9-12w Elevated Plus Maze
Type 1l long cages (15 x 20 x 30 cm). For9-17 10-13w Spontaneous alternation 1
. . 15-25 12-15w Social preference
the behavioral tests maximal 2 KO or WT1g .26 12-15w Isolation + Novel Object

-27 13-16w Urine Marking (males only)
-30 13-16w Resident/Intruder (males only)
effect. Every tenth day bodyweight was32-37 14-17w Step through passive avoidance

per sex and litter were taken to avoid a Iittegg

37-43 14-17w Pole test
measured and the cages were changed wit§ 45 15-18w Rotarod
2-95 21-25w Spontaneous alternation 2

clean ones. Starting at the age of 9_]1%6 - 127 25-28 w Tail suspension + blood sampling

weeks, WT and KO mice underwent the

behavioral paradigms (Table 6).

Open field

The open field test was performed as describeainAwith an illumination of 100 Lux.

Elevated Plus Maze

The elevated Plus maze (EPM) was performed as idedcin part A with the only
difference that the test was done in darkness aebyvecorded by an infrared video-camera.
In addition to the parameters analyzed in parth&,liehavior of head dipping was subdivided

in protected (from the center or closed arms) anpratected (from the open arms) head
dipping.
Spontaneous Alternation

T-maze. The maze consisted of 3 transparent Plexiglas afrtise same size (34 x 5 cm
and 30 cm high): 2 opposing and 1 central arm ocotedeto build a T. Two sliding doors
controlled the access to the opposing arms (Fig).18lice were tested over 2 days with 1
session per day until they performed 14 trials @m#n had elapsed. The session started by
placing the mouse at the dead end of the centmab#iowing the mouse to freely enter one of
the two opposing arms. Once the mouse entered wneagcess to the opposing arm was
occluded by the sliding door. When the mouse rewito the central arm the next trial was
started by opening the door. The set-up was illatec with dim white light (5 Lux). Data
were analyzed as percentage of alternations ovals.trMoreover, to assess possible
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differences in exploratory behavior, average tieguired to conclude one trial (duration per
trial) was evaluated. The results from the firsd aacond day were combined.

Y-Maze. The maze consisted of 3 symmetrical arrangedwaysyof 30 x 7 cm connected
to build a Y, walled by non transparent Plexigla@ ¢m high) (Fig. 18B). Mice were tested
over 2 days with 1 session per day and maximunmi@@ or 15 min per session. The session
started by placing the mouse in the center of dregggays junction. The mouse was allowed
to move freely within the 3 gangways. An entry waed when the mouse stepped with 4
paws more than 5 cm into one gangway. The set-gilluaninated by 2-3 Lux. As for the T-
maze spontaneous alternation test, percentageéeohations over trials and duration per trial
were analyzed. The results from the first and sécay were combined.

Fig. 18 Spontaneous alternation. (A) T-form. (B) Y-form.

Social preference

The arena used for the open field test (50 x 50 wa$ divided into two identical
compartments by a 40-cm-high wall with a circularsng box (diameter of 15 cm, 30 cm
high) in the middle. The starting box had t

openings to allow access to the ¢t
compartments. A transparent plastic c
(diameter of 9 cm, 11 cm high) was located
one corner of each compartment containi
either one familiar or unfamiliar mouse. Famili
mice were recruited from heterozygous siblin
living in the same cage. In few cases WT or K
siblings had to be taken, this we

counterbalanced between genotypes. UnknowW

) . . Fig. 19 Social preference box.
C57BI/6J mice were taken as unfamiliar mice.
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The cups had holes (diameter of 0.8 cm) at thettobo allowing olfactory exploration

between mice (Fig. 19). Placement of familiar amdamiliar mice was counterbalanced
between the two compartments to avoid any biagaltiee location. The experimental mouse
was placed into the starting box and allowed to enfreely between compartments for 15
min. The set-up was illuminated with 5 Lux. Distanmoved, mean velocity, time spent in
each compartment, and time spent in proximity & thho cups were analyzed with the

software EthoVision.

Novel Object
Mice were placed into a cage (38 x 22 x 15 cm) viidsh

bedding and food and watad libitum After 24 hrs a novel objec
(@7 x7cmand 10 cm high plastic water bottlerfmtents with the§
bottom cut off and with an entrance of 3 x 4 cmome side) was ‘
introduced into the cage. The entrance was fadiegcenter of the
cage (Fig. 20). Behavior was video-recorded for t rafter

introducing the novel object. Following parametessre analyzed
using The Observer: self-grooming, immobility, fegrat the cage,

rearing at the object, digging, climbing at the g of the cage, Fig. 20 Novel object
stretch attend posture (SAP) towards the objeayirsgy at the wall opposite to the object
(within 20 cm at the opposite wall), and time spapproaching the object (forward motion

towards the object).

Urine marking test

The floor of the open field box (see above) wasecest with Whatman filter paper # 4.

Three C57BL/6J female mice were placed in one
corner of the box surrounded by Plexiglas walls (18
x 18 cm and 30 cm high) with holes (diameter of 0.8
cm) allowing visual and olfactory perception but
limited body contact between females and the
experimental male mouse (Fig. 21). Male mice could
freely move for 30 min. Urine spots were counted
under UV light. Distance moved, mean velocity and

time spent in the quadrant containing the female

Fig. 21 Urine marking. Male approaching
females box.

mice were analyzed with EthoVision.
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Resident/Intruder test

The test was performed as described in part A.

Step through passive avoidance test

The test was performed as described in part A,xbat the familiarization protocol was

left out and the illumination of the lit compartntevas 100 Lux.

Pole test

The test was performed as described in part A whth difference that the maximum

duration per trial was 120 s.

Rotarod

The test was performed as described in part A, gxit@at the maximum duration of the

accelerating trials was 5 min.

Tail suspension

The mouse was suspended with the tip of its tainfra shelf. The tail was fixed with
detachable tape. Behavior of the mouse was recdodddmin. In case the mouse was able to
climb its own tail and reach the shelf it was re@d to the hanging position. In the rare
events a mouse was able to free itself and fellrd@ie floor was covered with foam to avoid
injuries) it was suspended again. The set-up wamithated with red light and following
parameters were analyzed with The Observer: movmgyobile, climbing the own talil,

falling.

Analysis of behavioral parameters

Analysis was performed as described in part A. \#kbeption of the Rotarod and T-maze
spontaneous alternation tests, all tests were widearded. The arena of the social preference
test was subdivided into 4 equally sized quadréeash 25 x 25 cm) to obtain information
about time spent in the different quadrants. Funtoge a 15 x 15 cm field around the two
cups was designed to calculate latency to entenpeu of entries and time spent at the cups.
The arena of the urine marking test was virtuallipdsvided into a 30 x 30 cm field around
the females’ chamber and a 20 x 20 cm field inabener opposite to the females to obtain
information about the percentage of time spenhatfémales’ sidgersusthe side opposite to

the females.
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Blood sampling and ELISA

30 min after start of the tail suspension mice veaerificed and trunk blood was collected
in heparinized collection tubes (Sarstedt, NurnreGermany), and centrifuged for 20
minutes at 4°C at 170@. Plasma was collected and stored at —20°C. Plasm&osterone
levels were measured using a commercially availatmeicosterone ELISA kit (IBL,

Hamburg Germany).

Statistics

Data relative to male and female mice were analysgghrately. For each gender the 2-
way ANOVA with Genotype and Treatment as betweetofs was performed, followed by a
Newmann-Keuls post-hoc analysis when appropriaa&ing into account that samples were
not always normally distributed, the Mann-Whitnegttas a non-parametric test was applied
to compare the CONersusthe MS group, thereby putting an emphasis onrigact of the
treatment. To judge whether the mice alternatethenspontaneous alternation tests group
values were compared to the chance level of 50%idiyg the non-parametric Wilcoxon
signed-rank test. Comparison of the proportion afenshowing a particular performance was
tested with Fisher’'s exact probability test. Alstee were performed two-tailed and level of

significance was set at p < 0.05.
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Results

Breeding of mice and maternal separation

Thirty-four females in 18 breeding cages produc2ditters composed of 83 males and 80
female pups. Eleven litters were assigned to thdl@@up and 11 litters underwent maternal
separation (MS). All pups survived the MS procedwithout any apparent detraction as

judged from the general appearance and agility, . 7 Experimental grou}

Table 7 shows the composition of groups arising males females
. . WT CHL1KC WT CHL1KO
after genotyping. Heterozygous animals were &gN 10 6 3 10
MS 9 7 12 9

included in the behavioral tests.

Bodyweight

There was no effect of MS on the body weight ofesar females of neither genotype as
measured regularly from weaning till PD 90 and befsolation and 2 days after the Rotarod.
KO male and female mice were slightly but consiyelghter than their WT littermates
(3-way ANOVA for repeated measures, effect of Ggpet k o4 = 8.21; P < 0.01; £, =
6.54; P < 0.05 for males and females respectivety,22).

2 A 27 B
30
22
28]
264 20+
24 18
=22 3
m A
=201 £ 167
5 =)
2181 g 141
164 § . females
141
Sy 101
104 74/
s
8_ i
6+ 6+
5
g-l-l T T T T T T T CTl T T T T T T T
20 30 40 5 60 70 8 D 20 30 40 50 60 70 8 90
Ae (d) Age (d)

Fig. 22 Maternal separation has no influence on the bodyweight of WT and KO mice. Data are
expressed as meahSEM (A) Bodyweight of WT and CHL1 KO males undatrol situation (CON) an
after maternal separation (MS). (B) Bodyweight df &d CHL1 KO females.

69



Results

Open field

WT and KO male mice increased their locomotion\atgtiin the open field after MS. In
female mice of both genotypes MS led to a latet sfarearing.

Open field males

Two-way ANOVA having Genotype and Treatment as leetwfactors showed an effect of
Treatment on the percentage of time spent movings(® 5.43; P < 0.05) and on total
distance moved (Rs= 5.25; P < 0.05). Mice in the MS group moved manel covered a
longer distance, revealing an increase in motaviacin the OF compared to the CON group
(Fig. 23A,B). When distance moved was analyzed3fatiscrete 5 min intervals all mice
showed a similar pattern of habituation to the GQRwvy ANOVA for repeated measures,
effect of Time: Ess= 18.41; P < 0.001). Activity was high in the fissminutes and declined
till the end of the test. 2-way ANOVA revealed tRAIT males displayed a significantly
higher mean velocity compared to KO malesg.g= 6.67; P < 0.05, effect of Genotype) (Fig.
23C). MS had no effect on the pattern of exploratess accessed by parameters like
percentage of time in the center and mean distemtlee wall (Fig. 23D). 2-way ANOVA
revealed a decreased thigmotaxis in KO mice condper@NT mice as indicated by higher
distance to the wall ghRs= 4.58; P < 0.05; effect of Genotype; Fig. 23D). &tbehavioral
analysis of the first five min was performed, néfetences concerning rearing or grooming

behavior between groups were detected.

Open field females

Two-way ANOVA having Genotype and Treatment as leetwfactors revealed no effect
of MS on locomotion- and thigmotaxis-related partere (Fig. 23E,F). 2-way ANOVA
revealed a significant effect of Treatment on taeericy to start rearing {gs= 5.59; P <
0.05). Mice in the MS group performed the firstrieg later than CON mice (Fig. 23G).
Accordingly, a strong tendency(ks= 3.85; P = 0.06, effect of Treatment) to decrehse
amount of rearing events (on and off wall) was fbum the MS compared to CON group
(Fig. 23H).
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Fig. 23 Performance of WT and KO mice in the open field. The scatter plotsepresent single value
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(H) Number of rearings (on and off wallON: Control group; MS: Maternal separation group;: P

< 0,05 as analyzed with the Mann-Whitney test.
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Elevated Plus Maze

MS increased the locomotion activity in males, igatarly in KO mice compared to CON
KO mice and led to subtle changes in the explonatibfemale mice compared to the CON
group.

EPM males

Two-way ANOVA having Genotype and Treatment as leetwfactors revealed that MS
increased the number of closed arm entries in WITKE® males (F2s= 8.34; P < 0.01; effect
of Treatment). Post-hoc analysis showed a sigmificacrease in the number of closed arm
entries in the KO-MS group compared to KO-CON grd¢Em. 24A). Accordingly, 2-way
ANOVA showed a strong tendency towards increastd transitions after MS (Fs= 3.66;

P = 0.07; effect of Treatment), accompanied bynde¢acy towards decreased % of open arm
entries (fr2s= 3.08; P = 0.09; effect of Treatment; Fig. 24B,8h effect of Treatment was
detected for time spent on opeersusclosed arms and time spent in the center. An etfec
Genotype revealed that KO mice had lower latentesnter the open arm edges 4§ =
6.13; P < 0.05) compared to WT mice, and this ckffiees between genotypes appeared to be
more pronounced in the MS group compared to the @@MNp (Fig. 24D). Mice in the MS
group performed more rearing bouts than mice in @@N group, as indicated by a
significant effect of Treatment (kg = 12.03; P < 0.01). This effect persisted, wheqfiency

of rearing was normalized by the time in closedsa(f s= 4.64; P < 0.05; Fig. 24E). No

effect was detectable for the other parameters/aedl

EPM females

Two-way ANOVA having Genotype and Treatment as leetwfactors showed a tendency
for increased total transitions in the MS group paned to CON group (Rs= 3.23 ; P =
0.08, effect of Treatment; Fig. 24F). Furthermoneeffect of Treatment on the time spent in
the center was detected; 5= 4.53; P < 0.05), indicating reduced time sperthancenter in
the MS group compared to CON mice (Fig. 24G). Thees a tendency towards lower
latencies to enter the open arms in MS group coetpaith CON group (Fss5= 2.91; P =
0.1; effect of Treatment; Fig. 24H). Moreover, gher proportion of mice in the MS group
entered the open arm within the first 5 secondtheftest (CON: 2/18; MS: 9/21: P < 0.05
Fischer’s exact probability test). The percentaigepenversusclosed arm entries or the time
spent on the different arms was not affected bwaffment. Females in the MS group did less
protected head dipping than CON femalegs{F= 6.19; P < 0.05, effect of Treatment). The

amount of head dipping as expressed per minuteritec did not differ between groups.
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Fig. 24 Performance of WT and KO mice in the elevated plus maze. The scatter mits represent sing|
values of WT and KO combined and the median. Thenes display meag SEM. (A)E) male mice

(F)-(H) female mice. (A) Number of CA entries. [B)mber of total transitions. (C) Percentage of OA
entries. (D) Latency to enter an OA edge (E) Nundfeearings per minute in CA.(FRlumber of tota
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CON: Control; MS: Maternal separation; OA: open arnt : P < 0 .05 as analyzed with the Mann-
Whitney test; # : P < 0.05 as analyzed by postdmalysis (Newman-Keuls test) aftem2y ANOVA tha
showed an effect of Treatment.
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Spontaneous alternation

Male KO mice of the MS group showed reduced altegsnarate compared to male KO
mice of the CON group. There was a slight tendeoneyards higher locomotion activity in
males of both genotypes after MS compared to th&l @@les. No major impact of MS on
the alternation rate of WT and KO female mice wasntl. In order to eliminate a possible
influence of the sliding door on the alternatindhééor of the mice, a second spontaneous

alternation test with a Y-Form was performed.

Spontaneous alternation 1 T-Form males

Males in the CON and MS group displayed alternatb@iavior when values were
compared to the chance level of 50% (Wilcoxon gigraak test). When values were assessed
separately for WT and KO, only the KO in the MSugpdailed to reach significant values (P
= 0.23; Fig. 25A). Two-way ANOVA having Genotypedaiireatment as between factors
revealed a slight tendency towards faster tramstafter MS in both genotypes.@g= 2.91;
P = 0.1; effect of Treatment, Fig. 25C).

Spontaneous alternation 2 Y-Form males

Male mice in the CON and MS group displayed altengabehavior when values were
compared to the chance level of 50% (Wilcoxon sigmank test). When values were
calculated separately for WT and KO, only the KQ@hie MS group failed to reach significant
alternation rate, but revealed a tendency (P =;(Fy. 25B). There where no differences

between groups concerning the duration of tramsstio

Spontaneous alternation 1 T-Form females

Three females (1 WT-CON, 1 KO-CON and 1 WT-MS moQudid less than 8 transitions
and thus were excluded from the calculation ofélernation-rate. Females in the CON and
MS group displayed alternation as compared to ttence level of 50% (Wilcoxon signed
rank test). By investigating KO and WT separatelywas found that WT in the CON group
did not show alternation (P = 0.16) and KO after El®wed only a tendency towards
alternation (P = 0.07; Fig. 25D). There was nouefice of maternal separation on the
duration per trial as evaluated with 2-way ANOVA.

Spontaneous alternation 2 Y-Form females
Females in the CON and MS group showed alternatiompared to chance levels of 50%
(Wilcoxon signed rank test). When values were asskseparately for WT and KO all

groups displayed significant alternation. Howevke, alternation rate was significantly lower
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in the MS group compared to the CON group (P <;0Mdnn-Whitney-U test; Fig. 25E). No
differences concerning the duration of transitiaese found.
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Fig. 25 Performance of WT and KO mice in the Spontaneous alternation tests (SA). The scatte
plots represent single values of WT and KO combamedi the median. The columns display mean
SEM. (A)-(C) male mice; (D)+(E) female mice. (A)r¢&mtage of alternation in SA 1férm. (B)
Percentage of alternation in SA 2 Y-form. (C) Digatper trial in SA 1 Trorm. (D) Percentage ¢
alternation in SA 1 T-form. (E) Percentage of alion in SA 2 Yerm. CON: Control group; MS
Maternal separation group##: P < 0.01, as analyzed with the Mann-Whitneyelst. . *, ** *** P <
0.05, 0.01, 0.001, respectively, as comparing \@aléh the chancével of 50% with the Wilcoxc
signed-rank test.
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Results

Social preference

MS resulted in an increase of locomotor activitg @hdecrease of social investigation in
male mice. MS had no major influence on the behamidemale mice of both genotypes in

the social preference test.

Social preference males

Two-way ANOVA having Genotype and Treatment as leetwfactors indicated that mice
in the MS group had higher mean velocities thanenmcthe CON group @hs= 9.43; P <
0.01; effect of Treatment). As indicated by an effef Genotype KO males displayed a lower
mean velocity than WT (ks= 17.64; P < 0.001), but both genotypes increaseil velocity
likewise after MS (ks = 0.03; P = 0.87; no interaction of Genotype X almneent and
revealed by post-hoc analysis Fig. 26A). MS did mmte an effect on total distance moved.
Regarding the parameters related to the investigaif the familiar (F) and unfamiliar (UF)
conspecific mouse, 2 way-ANOVA revealed a tenddogyards less time spent investigating
the cups after MS (s = 3.05; P = 0.091; effect of Treatment Fig. 26B)ere was no effect
of MS on the number of visits to the cups (Fig. 2aflit a decreased time spent at the cup per
visit in the MS group (Fzs= 5.31; P < 0.05; effect of Treatment Fig. 26D)n@parison of the
time mice spent at the UF versus the F cup to Hanae level of 50% revealed that only
males from the MS group spent significantly momaetiat the UF versus F conspecific
(Wilcoxon signed-rank test; Fig. 26E). Furthermanethe CON group a higher proportion of
mice visited the F cup first and in the MS groupigher proportion of mice visited the UF
cup first (P < 0.05; Fisher’s exact probabilitytje3his change was particularly pronounced
in the KO groups (Fig. 26F). There was no effecM8 on the latency to contact the cups
(UF or F). Two-way ANOVA revealed a tendency towsafewer visits at the cups (UF and F)
in KO versus WT males (effect of Genotypexé= 3.86; P = 0.059; Fig. 26C).
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Fig. 26 Performance of WT and KO male mice in the Social preference test. The scatter plot
represent single values of WT and KO combined hadrtedian. The columns display meaS8EM
and percentages for (F). (A) Mearlocity. (B) Percentage of time spent at the c(Pp¥ Number o
visits at the cups. (D) Time spent at a cup peit. ig) Percentage of time spent at the UF .
(calculated from total time at the cups). (F) Pertame of mice visiting the UF cup firsEON:
Control group; MS: Maternal separation group. *, €20.05, as analysed with the Mann-Whitney U-
test.; # : P < 0.05 as analysed by post-hoc analyBiewman-Keuls test) afterwzay ANOVA tha
showed an effect of Treatment. +, ++, +++: P < 0,08.01,0.001, respectively, comparing valt
with the chance-level of 50% with the Wilcoxon sidprank test. x, xxx, P < 0.05, 0.001, respectiv

as analyzed with Fisher’s exact.
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Social preference females

Two-way ANOVA having Genotype and Treatment as leetwfactors revealed no effect
of MS on the mean velocity or total distance mov€@ females had significantly lower
mean velocities compared to WT females s~ 4.49; P < 0.05, effect of Genotype; Fig.
27A). There was no effect of MS on the percentagente spent at the cups or number of
visits to the cups. KO females spent less timdatcups and tended to perform fewer visits
compared to WT females {ks = 4.70; P < 0.05; f35= 3.6; P = 0.07, effect of Genotype Fig.
27B,C). Only the KO CON females spend significamtigre time at the UF cup versus F cup
(P < 0.01 compared to chance level with Wilcoxogned—rank test). The other groups
showed a nearly balanced allocation (Fig. 27D).ré@tveas also no preference for visiting the
UF or F cup first in any of the groups. Furthermatteere was no effect of MS on the

latencies to contact the cups (F or UF).
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Fig. 27 Performance of WT and KO female mice in the social preference test. The scatter plat
represent single values of WT and KO combined hadrtedian. The columns display meaBEM. (A)
Mean velocity. (B) Percentage of time spent at ¢bps. (C) Number of visits at the cups. (
Percentage of time spent at the UF cup (calculdterh total time at the cups). CON: Control grot
MS: Maternal separation group. +, ++: P < 0.05, @Prespectively, comparing values with
chance-level of 50% with the Wilcoxon signed-rasst.t

78



Results

Novel Object

MS did not change the behavior of male mice inrtbreel object test and had only a minor
effect on the females. In general all mice did stodw relevant amounts of interaction with

the new object.

Novel object males

Two-way ANOVA having Genotype and Treatment as leetw factors revealed no
differences between groups concerning latency teepee the object, % of time spent
approaching the object, % of time being opposite dbject, latency contacting the object,
time spent contacting the object, number of reaewgnts, number of stretch attend posture
(SAP), % of time spent self grooming and % of tispent climbing. In general, all mice
showed only very little interaction with the newj@tt. Only 12 out of 32 male mice
contacted the new object and none of the mice edhtitie new object, 2 important parameters

that have been observed regularly in former nolbg@ai tests.

Novel object females

Two-way ANOVA having Genotype and Treatment as leetw factors showed that WT
females from the MS-group decreased the time spegmbsite the object, while KO females
showed similar values in both groups (effect ofititeraction of Genotype x Treatment; sk

= 5.14; P < 0.05 and post-hoc analysis, Fig 28). ffales performed more climbing at the
cage in comparison to KO females regardless ofrdament (E3s= 5.77; P < 0.05; effect of
Genotype). No other investigated parameter uncavsignificant differences. As observed
for the males, also the females of all groups sldoedremely few investigation of the new

object, thus only 3 out of 39 females were directiptacting the object.

70+ ! Fig 28. Time spent opposite the object
females | in the novel object test. The scattemplot

601 °© o  mmmWI  represents single values of WT and KO
i femalescombined and the median. T
4 columns display mean # SEM.
T Percentage of time spent within a 20
area opposite the new object. CC
Control; MS: Maternal separation. #:

I < 0.05 as analysed by postc analysis
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Results

Urine marking

Maternal separation had no major effect on the Wiehaf males of both genotypes in the
urine marking test.

In 3 cases the females boxes came loose and treefenvere freely moving in the open
field box. Therefore the papers with the urine-rsdrbm these males (all 3 KO from the MS
group) had to be excluded from the counting. Analg$ other parameters was performed up
to the time the females got free. Counting of unmerks showed that, despite one WT from
the MS-group which produced 340 spots, males frbm groups performed extremely poor
in this test, producing only 20 spots as overakrage and 2-way ANOVA revealed no
differences between groups. Analysis of the moyatiern revealed that KO males displayed
a lower mean velocity and moved lower distancespaoed to WT males (5= 7.99; P <
0.01 and k5= 4.7; P < 0.05, respectively, effect of Genotypg. 29A). Furthermore KO
males spent less time around the females’ box coedpa WT males (Fs= 5.1; P < 0.05,

effect of Genotype Fig. 29B).
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Fig. 29 Performance of WT and KO malesin the urine marking test. The scatter plots represent single value
WT and KO combined and the median. The columndaglispean+ SEM. (A) Mean velocity. (B) Percentage
time spent at the females box. CON: Control grddf; Maternal separation group.

Resident intruder

Maternal separation had no major effect on the \iehaf males of both genotypes in the
resident intruder test.

When analyzed for their behavior in the residetruiher test, WT and KO in both groups
spent similar amount of time investigating the udgr and showed similar patterns of
habituation. The intruders did also not show dédfdrinvestigation of any of the groups.
There were also no differences detected concerthi@gamount of rearing, time spent self-
grooming or allogrooming, and time spent diggingtie cage. Remarkably none of the
residents attacked the intruder, pointing towamly Jow aggressiveness in this mouse line.
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Step through passive avoidance test

MS had no effect on the performance of male miciénstep through paradigm. Females
of both genotypes in the MS group displayed hidgatemncies to step through on day 1.

Step through passive avoidance test males

Two-way ANOVA having Genotype and Treatment as leetwfactors revealed that KO
mice had higher latencies to step through the dban WT mice on the first day of
acquisition (kF2s= 5.5; P < 0.05; effect of Genotype Fig. 30A). OQnale in the WT-MS
group did not step through (latency 120 s) and masetested the next day. On the second
day, when retention was tested, WT males from @& @roup provided the highest amount
of mice stepping through (WT-CON: 7/10; KO-CON: O T-MS 2/8; KO-MS: 2/7) and a
significant difference between WT and KO of the C@hup was detected (P < 0.05,

Fisher's exact probability test).

Step through passive avoidance test females

Two-way ANOVA having Genotype and Treatment as leetw factors showed that
females in the MS group had higher latencies tp #teough the door than females in the
CON group on the first day of acquisition; 5= 4.86; P < 0.05; effect of Treatment Fig.
30B). Two KO females, one from the CON and one ftbenMS group did not step through
and in one case (1 female from the KO CON grobp)shock did not work correctly, thus
these mice were excluded on day 2. On the secondfdestention all 4 groups provided
similar fractions of mice stepping through (WT-COM8; KO-CON: 4/8; WT-MS 5/12; KO-

MS: 4/8) with similar latencies.
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Fig. 30 Performance of WT and KO mice in the step through. The scatter plots represenhgle values @
WT and KO combined and the median. The columnfaglispean+ SEM. (A) Latency to step through on «
1 males. (B) Latency to step through on day 1 fema&@ON: Control group; MS: Maternal separation gpo
*. P < 0.05, as analyzed with the Mann-Whitneyddtt
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Results

Pole test

KO mice of the MS group tended to have slight, &lbet significant, difficulties to turn at
the vertical pole.

Pole test males

In trial 1 males from the MS group displayed thevést number of mice turning
themselves 180° and climb down the rod head forerfieilg. 31A), although the Fisher’'s
exact probability test did not reveal significanffefences between groups (P = 0.1 and P =
0.3 comparing KO-MS with KO-CON and WT-MS respeeti). Two-way ANOVA
revealed that KO mice started their first attenaptiurn later and hence had higher latencies to
climb down compared to WT mice (k= 13.79; P < 0.01, g= 14.37; P < 0.001 effect of
Genotype for first attempt and latency respectiyvely

Pole test females

No differences in % of mice turning at the rod betw the 4 different groups at any trial
were found. Interestingly, when the level of tumiwas taken into consideration, it was
detected that in the first trial a lower proportiohKO females from the MS group were
turning on the upper levels 1 or 2 and insteadedrat level 3, the one next to the ground
(Fig. 31B), thus exhibiting a similar pattern asetved for the males (P = 0.15 and P = 0.12
comparing KO-MS with KO-CON and WT-MS respectiveRisher’s exact probability test).
There were no differences detected concerning tination to climb down or the latency till
the first turning attempt was made.
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Fig. 31 Performance of WT and KO male and female mice in the pole test. (A) Percentage of male mi
turning 180°. (B) Percentage of female mice turni®@° on level 1 or 2.
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Results

Rotarod

Both genotypes of both genders and in both treatrgeyups performed likewise in the
Rotarod.

Tail suspension

In both genders KO mice spent more time immobile A

90+ males | E\QIOT
under CON situation, whereas no difference between soq © #oo
, S 70- a3 1
genotypes was observed in the MS group. i ;g S’g Dg: i -
9 1 o !
[] |
Tail suspension males £ 4518_ o® Eéﬁ
Two-way ANOVA having Genotype and Treatment.é 30{ ¢
as between factors revealed no effect of MS on time ig:
spent immobile. However, an effect of Genotype o !
CON MS CON | MS
showed that KO males spent more time immobile tha B
90+ females |
WT males (f2s= 6.26; P < 0.05). Post-hoc analysis 8o o #
(=} u D :
revealed a significant difference between KO and WT‘Z’ Zg o i T
5 601 o w
in the CON group (P < 0.05), but not in the MS grou é 50 % “E:
(P = 0.57). Indicating that after MS both genotypesg :g: oo
spent a similar amount of time immobile, gg= 2.83; a 20 .
| ® ‘
P = 0.1 no effect of the interaction between Gepety 18 e 1
x Treatment (Fig. 32A). 1 WT from the CON group CON MS CON  MS
managed to climb its own tail. Fig. 32 Time spent immobile during tail

suspension. The scatter plots represe
single values of WT and KO combir
and the median. The columns disg
Two-way ANOVA having Genotype and Treatme mean # SEM. (A) Percentage of tim
spent immobile males. (B) Percentagt

as between factors revealed that KO females s} time spent immobile females CC

. ) ] Control; MS: Maternal separation. #: P
more time immobile than WT females; = 10.94; P < 0.05 as analyzed by post-hoc #ysis

(Newman-Keuls test) after ay
ANOVA that showed an effect

a significant difference between KO and WT in t Genotpe.

CON group (P < 0.05), but not between KO and WThe MS group (Fig. 32B). Twelve

females climbed the own tail during tail suspens®eme individuals even up to 20 times
during the 6 min. Interestingly 75 % of the WT mioethe CON group and 50 % of the WT

Tail suspension females

< 0.01, effect of Genotype). Post-hoc analysis sty

mice in the MS group performed climbing, but nosiagle KO mouse did, resulting in a
significant difference between WT-CON and KO-CON<®.01) and between WT-MS and
KO-MS (P < 0.05) as analyzed with Fisher's exacbpbility test.
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Results

Corticosterone

MS had no influence on the plasma corticosterowuel lef male and female mice of both
genotypes.

Corticosterone males

Two-way ANOVA having Genotype and Treatment as leetwfactors revealed no effect
of MS on the plasma corticosterone level of KO &@l male mice measured 30 min after
the beginning of the tail suspension test. All fguoups displayed similar concentrations of

plasma corticosterone (Fig. 33A).

Corticosterone females
Two-way ANOVA revealed no effect of MS on the plasoorticosterone level of KO and
WT female mice measured 30 minutes after the bagynof the tail suspension test. All four

groups displayed similar concentrations of plasoréiasterone (Fig. 33B).
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Summary of the results

Table 8 Effect of MS

exploration + anxiety males females
OF time moving (%) T -
OF total distance moved 1 A
OF latency to start rearing < T
OF rearing (n) < )
EPM closed arm entries (n) T <
EPM total transitions (n) M )
EPM open arm entries (%) 1) -
EPM rearing (n) T -
EPM time in center A l
EPM latency to enter open arm © )
NO time opposite object N IWT
cognition
SAT alternation rate KO TWT;IKO
SAY alternation rate (IKO) |
STPAT latency step day 1 < 1
social behavior

SP mean velocity T -
SP time at cups () “
SP time at cup per visit l ©
SP preference for UF i ©

motor function
Pole turning trial 1 (1KO)) ©
Pole turning 1or 2 trial 1 (IKO))  (UKOY)

Table 8 Summary of the effects of Maternal separation (MS).

Only parameters where there was an effect in eitpemder are mentioned-: no alteration; 1, |:
significant alteration (P < 0.05); 1), (|): tendency of alteration (P < 0.1); 10, ((})): tendency o
alteration (P < 0.2). WT behind the arrows indicatthat the Heration was only observed in wildt
mice; KO behind the arrow indicates that the alteva was only observed @HL1 deficient mice. EPN
elevated plus maze; NO: novel object; OF: opendfiS@AT: spontaneous alternation T form; S,
spontaneous alternation Y form; SP: social prefeeerSTPAT: step through passive avoidance test;
urine marking; UF unfamiliar.
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Discussion

Discussion

This study investigated the influence of early maaéseparation (MS) on different aspects
of the behavior of WT and CHL1 deficient mice. TM& paradigm was chosen in order to
apply a stressor at very early stages of postragaelopment. The mouse as an altricial
mammal depends crucially on the maternal careptber it seems reasonable that a regular
disruption of the maternal care may have an infteeon the expression of behavior.
However, as revealed in the literature, behavianal endocrinological alterations induced by
MS in mice are to some extend inconsistent (Millstend Holmes 2007). Based on the
hypothesis that a synergic interaction betweentgepeedisposition and environmental insult
contribute to the development of schizophreniaumans (Tandon et al., 2008) we wondered
whether deficiency in CHL1 may render the CNS marmerable to early adverse stimuli so
that, as a consequence, MS may elicit behaviotatagions in CHL1 deficient mice that are
not, or only to a minor extent, observed in WT mice

In this present study a 3 hrs daily MS paradignmfieD 2 to PD 8 was performed. All
mice survived the MS without apparent influencegyeneral health or appearance. However
MS did influence some aspects of the behavior deraad female mice of both genotypes, as
discussed in the following.

Exploration

In both WT and KO mice, MS enhances locomotion ialenmice and impulsivity in
female mice.

Rodents have an innate curiosity to explore ancdestigate novel environments and
objects. However, confrontation with a new situatman also elicit anxiety-like behavior,
which is, to a certain extend, of adaptive valuspl2ying behavior that can be interpreted as
being cautious or anxious in an unknown situatioerovironment may protect from possible
danger or harm. Thus behavior of mice in the opad,felevated plus maze and novel object
depends crucially on the interplay between theedtovexplore and the level of anxiety. The
present study investigated whether the experieheary maternal separation has an impact
on the exploration and anxiety displayed by CHLITiaient and WT mice in the above
mentioned tests.

Increased thigmotaxis and the avoidance of theralentgion as the presumably most
anxiogenic area can be indicative of increasec sdakiety. MS had no influence on the

pattern of exploration of male mice in the opetdfiéor the amount of thigmotaxis and visits
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to the center were not altered. Thus the resultpgee that MS did not alter the level of
anxiety under these specific aspects. Independetitectreatment, it was found that CHL1
deficient males display less thigmotaxis than WTcemiwhich reproduces the findings
reported by Morellini et al. (2007). In the elevdijglus maze as a classical test for anxiety
behavior in rodents (Belzung and Griebel 2001 )ct@ce between the open and closed arms,
emphasizes the ambivalence of exploring a novetataepted terrain versus being protected
within an enclosed location. Indeed, open arm estand time on the open arm are accepted
measures for the anxiety level of rodents (RodgadsJohnson; 1995). MS had no influence
on the time male mice of both genotypes spent enofen arms, in the center, and on the
latency to enter the open arms. Thus, the resglsidead to the interpretation that MS did
not influence the anxiety level of male mice of ther genotype under these specific
conditions. On the other hand, an effect of MSha open field was found regarding the
locomotion activity, namely MS male mice increasieel time spent moving and accordingly
the distance moved in the arena. There where fereiifces between CHL1 deficient and WT
mice detected, indicating that MS affected KO and@ Mdewise in this parameter. Increased
motion in the arena could point to increased expion, but the amount of rearing, an
ethological marker for novelty induced exploratdsghavior (Crusio, 2001; Lever et al.,
2006), was not affected by the treatment. Thisegihe question, whether the increase in
locomotion was linked to real exploration in terrok gaining information of the new
environment, or whether it represents a generalconiext specific hyperactivity.

As in the open field test, also in the EPM male enshiowed increased locomotion as
indicated by a tendency towards more total tramsstiand a significant increase in closed arm
entries after MS. The number of total transitior€dmmonly used to determine the general
activity, though the number of closed arm entriiere a more accurate measure, since it is
not biased by a decreased number of open arm €duieto an altered anxiety level (Rodgers
and Johnson; 1995). The increased closed arm mei¢ormed by males of both genotypes
after MS are indicative of increased locomotiortetastingly, also the number of rearings
where elevated after MS, even when the number wasated by the time spent in the closed
arms (rearing is commonly performed only when tlmuse is in the closed arms). This could
refer to an increase in exploration after MS, umlik the open field, where the number of
rearing events was not altered. As observed alsdotmmotion in the open field test, MS
separation equally enhanced exploratory behavibotf genotypes in the elevated plus maze
test. The increase in locomotion after MS was tmttore affirmed in the social preference

test, where males of both genotypes increased #am welocity after MS.
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The novel object uses the extensive drive of raglémEexplore an unknown object that is
inserted into a familiar environment, i.e. the hooage. Unfortunately, on the contrary to
what usually observed in WT mice, all male micevebd extremely low investigation and
interaction with the new object. In fact, the bebawirected towards the object was reduced
to an extend not allowing a reasonable comparigtwden groups. As it will be discussed in
detail in the paragraph about WT mice (see belaw)seems that specific behavioral
responses usually observed in the mouse (as tmstigation of a new object in the home
cage) are not expressed in the cohort of mice tigaed in this study, possibly as a
consequence of epigenetic alterations occurretla@rotiginal C57BL/6 mouse line on which
the CHL1 had been backcrossed.

In female mice of both genotypes the MS treatmeut o effect on the locomotor activity
or on the thigmotactic pattern of exploration ie thpen field, as none of the activity related
parameters like time spent moving and velocitythaymotactic measures where altered after
MS. Solely the rearing behavior was affected sublat after MS the first rearing was
performed later, thus after a longer phase of babdn. This is probably indicative of a
delayed response to a novel environment. Moreovendency to decrease the total amount
of rearing was detected. This changes where olbddik@vise in females of both genotypes
and point to an altered exploration after MS. Camtto what observed in the open field test,
in the elevated plus maze the rearing behavioreaiales was not affected by the MS,
whereas the time spent in the center was reducedrparison to the control group. The
center of the EPM is the important area of deciswaking, where risk assessment is
performed usually towards the more anxiogenic utgated open arms. Mice can distinguish
between the open and closed arms and consequextilyedto stay protected or to enter an
open arm. The reduced time in the center after M8ldcthus point towards reduced
exploration and reduced risk assessment. This walstw explain the tendency towards faster
entries on the open arms after MS. In this casda$ter open arm entries would not be a sign
of decreased anxiety, but rather result from arrem®ed impulsivity. Indeed, a high
proportion of females in the MS group entered therarms within the first 5 seconds of the
test, which does not leave much time for thorougtestigation of the open arms and proper
assessment of potential risk. Analogue to the méhesfemales showed nearly no interaction
with the new object, in the NO test, thereby makihgmpossible to evaluate possible
differences (see paragraph about WT mice below).

Summing up the results obtained from the threts tesexploration it can be stated that

MS had no influence on the anxiety level of mald é&amale mice of neither genotype under
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the tested conditions, but lead to an increaseoniation in males and increased impulsivity
in females.

It has been reported that variations in maternak dafluence the development of
behavioral and endocrine responses to stress iradé offspring (Levine et al., 1957,
Francis and Meaney 1999; Francis et al., 1999)a Asnsequence, several studies showed
that disruption of maternal care via separationinarease the anxiety level of rats (McIntosh
et al., 1999; Wigger and Neumann., 1999; Huot et28l01; Champagne and Meaney; 2001;
Holmes et al., 2005), although negative resultetaso been reported (Lehmann and Feldon
2000; Pryce et al., 2001). Concordant with theifigd that MS has an impact on the anxiety
behavior, theories about the underlying mechanibange been postulated, which can be
summarized as follows: MS at early postnatal stadgsives the pups of the otherwise
regularly administered maternal care and therelbgudas stress at stages when the
hypothalamus - pituitary gland - adrenal (HPA) axise main system processing stress
responses, is thought to be hypoactive. In the raes®f the mother the glucocorticoid
feedback inhibition of HPA activity of the pups ieduced, leading to a greater HPA
response, which, as a consequence, enhances phanseeness of the HPA axis when
confronted to stressors in adulthood. This greasponsiveness of the HPA axis can in turn
result in increased anxiety-related behavior (vans@t al., 1998; Francis and Meaney 1999).
An influence of MS on the HPA axis has also beestdbed for mice (Schmidt et al., 2004).
And also an increase in anxiety related behavibraade, but not female mice after MS in the
open field and EPM have been reported (Romeo e2@D3). However, an elaborate study
performed by Millstein and Holmes (2007), where thgpact of MS on the anxiety-like
behavior of five different mouse strains was iniggged, led the authors to the conclusion
that MS cannot be used as a robust model for isgrganxiety in mice because it produced
no clear alterations in the anxiety-related paramsedf any of the strains tested. This outcome
is in accordance with the results obtained in grssent study and can be extended to the
CHL1 deficient mice. Interestingly, Millstein andohines (2007) also observed an increase in
closed arm entries in the EPM after MS in the C5/BBlstrain. The mice used in this present
study also have a C57BL/6J background and, as texpdmy Millstein and Holmes (2007),
increased the entries into the closed arm of thiel Ben subjected to MS. In the present
study, the MS-induced enhanced locomotion in theMiERas confirmed by enhanced
locomotion in the open field and social preferetests, strongly suggesting that MS robustly
induces hyperactivity in male mice of the C57BL#8&&in. Whereas, in female mice the main

effect of MS seems to be a form of more impulsiveliginhibited behavior when confronted
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with a new, challenging situation. This is revealsdthe reduced time in the center of the
EPM and the faster entries to the open arms. Regpthe question weather the CHL1 mice

are more vulnerable to the disturbance of MS it loarstated that in the open field, elevated
plus maze and novel object test the CHL1 deficieite displayed the same alterations to a
similar extend as observed in WT mice, thus repecthe hypothesis that the lack of CHL1

predisposes to the effects of MS.

Memory

MS separation decreased working memory performaotesale KO mice whereas one-
trial learning and long-term memory were unaffected

Exposure to early stressful adverse life events menrease the vulnerability towards the
development of neuropsychological disorders. knewn that mental illnesses also influence
cognitive abilities (Lewis and Liebermann, 2000%spEcially deficits in working memory
have been described as one of the core symptorsshafophrenia (Forbes et al., 2008). In
this present study was tested whether maternalragpa has an influence on cognitive
abilities of WT and CHL1 deficient mice, namely \wmg memory in the spontaneous
alternation test and one-trial learning and longntenemory in the step-through passive
avoidance test.

Rodents tend to visit places they have not expltefdre, therefore it is to be expected,
that mice alternately visit the arms of the T- a&fithazes in the spontaneous alternation test.
In order to alternate, the mouse should remembevhich arm it has just been. Therefore,
this test is meant to address working memory &sli{Gerlai, 2001). During performance of
the T-form of the test it occurred that some mideexe distracted by opening and closing of
the doors, thus the behavior could have been biagéhis variable, a point also discussed by
Gerlai (2001). We, thus, decided to perform alsgpantaneous alternation test with a Y-
maze, similar to the T-maze but with no doors. Arialg the performance of male mice it
was found that only CHL1 deficient males from th& igroup failed to reach the criteria for
significant alternation, and instead performed ahaced number of re-entries into the just
visited arm in the T- and Y-mazes, although it ttabe underlined, that in the Y-maze CHL1
deficient males showed a tendency for alternafidre performance of the females in the T
maze is somehow puzzling. Although alike the matles,CHL1 deficient females from the
MS group failed to reach significant alternatiofsoathe WT females from the CON group
did not alternate. Possibly, female mice were digtd to a greater extend by the sliding

doors than males. Thus the performance of the fesnabs supposedly strongly biased and
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does not allow for a conclusion about working memailities. Congruent with this idea,

female mice alternated in the Y maze. Here femditem all four groups displayed

alternation, although the MS reduced the alternatite significantly in females of both

genotypes. This suggests that MS had a slightlyedsing effect on the performance of
females, suggesting a slight reduction in workirgqmry due to MS.

The step through passive avoidance task is a andetarning task that has been suggested
to require hippocampus function and that can bdieppo test long-term (e.g., 24 hours)
memory consolidation and retrieval. In this testhause should associate an unconditioned
stimulus (one foot shock) with the act of steppiragn a dark starting box into a brightly lit
adjacent compartment. When placed into the darkpastment 24 hours after conditioning, a
mouse that avoids stepping into the lit compartn®estipposed to have learnt the association
and to consolidate and recall this information rafielong-term interval (McGaugh, 1966).
There was no effect of MS on the performance ofenmalce in the step through passive
avoidance test, although under control situatidmgher proportion of WT males entered the
dark compartment during the recall trial than KOesaAlso the memory performance of the
females was not influenced by the MS as indicatediimilar results for all groups. However
it is interesting that during the conditioning tran day one WT and KO females of the MS
group displayed significant higher latencies tgpstgo the dark compartment than control
WT and KO females. This holds true for both genesypColorado et al., (2006) used the time
spent in the light, versus dark compartment as asore for impulsivity after MS in rats.
Since bright light is supposed to be an anxiogstimulus for nocturnal animals, more time
in the light compartment was interpreted as anceudrr of increased impulsivity. Therefore
the longer time in the bright chamber displayedféayale mice after MS may add on the
finding of increased impulsivity as already cond&ddfrom the results of the tests of
exploration (see above). Taken together the resuligest that after MS CHL1 deficient male
mice showed impairment in the spontaneous altenmgiaradigm. For female mice a minor
reduction of working memory in both genotypes whsevved after MS. Long term memory,
as evaluated with the passive avoidance test, seebesunaffected by the MS.

It is known that stress can have an impact on c¢gniabilities (Arnsten, 1998).
Combining this with the proposed hyper activatidrihe HPA-axis due to MS as described
by Francis and Meaney (1999) (see above), leatteetassumption that MS can also have an
influence on the cognitive abilities and hence oenmary functions of the separated pups.
Still there are only very few studies that focustbe impact of MS on cognitive abilities of

rodents. It has been described that early MS is ledds to cognitive impairments in the
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Morris water maze and novel object recognitionstggtisa et al., 2007). Fabricius et al.,
(2008) investigated the impact of a 24 hour-longtemaal separation at PD 9 on the
performance of mice in the Barnes maze and foumthalolearning during acquisition, but
increased perseverance in the reversal phase.

Our data suggest a decline in working memory dud® specifically in male CHL1
deficient mice, what would be first evidence thater this specific postnatal condition the
lack of CHL1 renders male mice more vulnerable tolwahe negative effects of MS on
working memory functions. However, this impairmeras only striking in the T maze, since
in the Y maze CHLL1 deficient males displayed a &gy for alternation after MS. Two
hypotheses can be proposed to explain the factlhlgberformance of CHL1 deficient mice
was impaired in the T-maze and almost normal intheaze. The Y-maze was performed,
with the intent to reduced possible anxiogenic slinmtrinsic in the T-maze, namely the
constant intervention of the experimenter while mgvthe sliding doors. Therefore the
reduced performance of CHL1 deficient males inTheaze may indeed be related to altered
exploratory behavior and not to impaired working nmoey of CHL1 deficient mice.
Alternatively, it is possible, that the Y-maze iaser to accomplish for mice, since the
intervals between single entries are much shon@n for the T-maze, making the test less
demanding in terms of memory performance. Morecwgmssible habit of mice to constantly
turn to one side (e.g., always turning left) woldéhd to high frequency of alternations
without requiring that mice remember which arm thead just visited, thus, mice could
alternate in the Y-maze also with an impaired wagkmemory. Since working memory
impairments are typically observed in schizophrgratents (Lewis and Liebermann, 2000;
Manoach, 2003, Forbes et al., 2008), further dedaginalysis of the extent and quality of the
possible working memory deficits of maternally segpad CHL1 deficient mice by means of

different tests and paradigms will be of paramaomortance.

Social behavior

MS decreased the motivation to investigate sotialudi in both WT and KO mice.

In the wildlife, depending on population densityicenlive in social groups of several male
and female individuals that share a common teyrif@ronson, 1979). Successful group
organization and defense of the habitat dependsatiyi on proper interaction with other
conspecifics and on the expression of territorighdyviors (Bronson, 1979). It was
investigated whether the experience of early matesaparation has an influence on social

interactions of male and female mice in the sopraference test. Furthermore a possible
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influence of MS on the expression of typical temi&l behaviors of male mice was
investigated by performing the urine marking argldent intruder tests.

After MS male mice tended to spend less time ingashg the cups containing a familiar
or unfamiliar conspecific than males from the cohgroup. Moreover a significant decrease
in time spent at the cup per visit revealed thegrd!S males went as often to the cups, but
discontinued the investigations faster than males fthe control group. This holds true for
males of both genotypes, although the effect semse more pronounced in the CHL1
deficient compared to WT mice. The decreased tipgntsat the cups per visit could reflect
less interest in the conspecific mice or, congrweittt results obtained by other tests, result
from increased impulsivity and hyperactivity inddcby MS. MS tended to increase the
preference for the unfamiliar mouse. This was oéélé not only by the prolonged time spent
at the unfamiliar versus the familiar cup in the BiSup, but also by the fact that MS mice
first approached the unfamiliar mice while CON migst approached the familiar mice as
expected for untreated wild type mice (Morellini &t, 2007). This effect of MS was
particular evident in CHL1 deficient mice since &0 mice of the CON group first
approached the familiar mice, whereas all KO mitehe MS group first approached the
unfamiliar mice. Usually, mice tend to first appebdamiliar individuals and then direct their
attention to the unfamiliar subjects and finallyosh more interest (i.e., enhanced
investigation) towards unfamiliar versus familiaicen(Morellini et al., 2007). The increased
preference for and the first visit of the unfamiléter MS could again hint towards decreased
inhibition and increased impulsivity. In this coxtevisiting the unfamiliar mice before the
familiar ones could have the same underlying caasethe fast entries on the open arms in
the EPM (see above), namely enhanced impulsivitlycdeatreased risk assessment.

No effects of MS were detected in the urine marking resident intruder tests, suggesting
that MS had no influences on the expression oitéeial behavior of male mice. However it
Is important to mention, that males in all fourgps (including WT-CON mice) showed very
little territorial behavior: None of the males attad the intruder and amount of urine
marking was extremely low, much lower than whatestpd from male mice of a similar
genetic background (Morellini et al., 2007). Thagonclusive statement on the impact of MS
on this behavior is not possible. This problemetbgr with the possibly already increased
basal anxiety level of the mice is discussed inghagraph about the behavior of WT mice.
For the females no influence of MS on the behainothe social preference test could be

detected for either genotype.
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Taken together, male mice of both genotypes showedlight decrease of social
investigation and a slightly changed preference tfog unfamiliar versus the familiar
conspecific after MS in the social preference tB&t.influence of MS on the expression of
territorial behaviors of males or on the socialgstigations of females could be detected.

The majority of studies using MS as an early advdreatment focus on anxiety and
depression like behavior and there is paucity géstigations about the influence on social
behaviors. Nonetheless, this is an important issnee early life stress is supposed to be a
risk factor for altered adult emotionality includinmpaired social behavior, enhanced
aggression and violence (Dodge et al., 1990). Eumntbre HPA-axis abnormalities that may
result from early life stress have been assocmidtdchanges in male aggression and reduced
social interactions in rats (Haller et al., 2004¢cordingly it has been reported that MS leads
to increased offensive play-fighting and consedyeat increased adult male aggression in
rats (Veenema et al., 2006; Veenema and NeumaB8).20ontradictory to the rat Veneema
et al., (2007)) did not observe increased aggreassss after MS in the mouse. Venerosi et al.,
(2003) observed an enhanced aggressive profileatdé mice after MS. Unfortunately, the
lack of aggressive interactions displayed by thetrad WT mice in this present study does
not allow the detection of a reduced expressioneadfitorial behavior induced by CHL1
ablation and or MS. Only the results obtained fribra social preference point towards a
possible decrease in social interactions after M@®ale mice of both genotypes, although the
behavior of shorter time at the cups per visit dalso be a consequence of hyperactivity and

enhanced impulsivity as already observed in thts tefsexploration.

Motor function

MS impairs coordination in KO mice.

The pole test and Rotarod were performed in om@heck for motor function and motor
abilities of the mice. There was no effect of MStbe performance of male and female mice
of both genotypes in the Rotarod. All mice perfodnegually well and moreover showed the
same improvement over trials. Thus motor functiod enotor learning does not seem to be
influenced by MS. Also analysis of the results frthra pole test did not reveal any significant
differences between groups. However, although #ropmance of all mice on trials 2 and 3
was similar, it is striking that after MS only veigw CHL1 deficient males where able to turn
180° in trial 1, in contrast to CHL1 deficient malen the CON group or to WT males.
Moreover although nearly all females in all foungps managed to turn 180° on the first

trial, a smaller proportion of CHL1 deficient feraalafter MS managed to turn on the upper
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levels of the rod, but slide down sideways untgythmanaged to turn. This observation
suggests that MS causes a slight impairment in &oerdination specifically in CHL1
deficient mice. Apparently there are no reportsuabibe influence of MS on the motor
behavior of mice or rats up to date and the redtts the present study also suggest that
there is no influence of the treatment on the maiaction as tested in the Rotarod test. On
the other had, it should be underlined that the pet challenges the coordination skills of
mice since they are asked to performed a threerdiioeal rotation of the body using fine
coordinated movements of the four limbs to whicltcenare not familiar in their standard
housing conditions. Especially the first trial reg@s a quick perception and analysis of the
situation, a high motivation to climb down, a logwél of anxiety and fine motor skill (Freitag
et al., 2003). Thus, it is not surprising that atenampairment is detected in the pole but not
Rotarod test which, contrary to the pole test, meguthat mice use motor skills similar to
those used during ambulation. Regarding the impaitrof CHL1 deficient mice of the MS
group, one may speculate that after MS CHL1 deficimice are delayed in reacting
appropriate to the novel situation, leading to arpo performance in the first trial of the pole

test.

Tail suspension and corticosterone

MS did not affect learnt-helplessness in the tas$pension test, though it tended to
decrease the genotype-dependent differences olsereentrol mice.

Stressful events at early stages are thought ttribate to the development of anxiety
disorders and depression (de Wilde et al., 1992nH¢ al., 2008). In the present study it was
tested whether MS has an influence on depresstenbiehavior of CHL1 deficient and WT
mice in the tail suspension test. Since antideprassreduce the time mice spend immobile
while being suspended at the tail, this parameteised to assess depressive like behavior in
rodents (Cryan et al., 2005).

No effect of MS on the time spent immobile coulddstected in male mice, although in
the control group CHL1 deficient mice spent sigrafit more time immobile in comparison
to WT mice and this difference between CHL1 defitiand WT male mice tended to be
attenuated in the MS group. Interestingly, similesults are obtained for the females. In the
control group CHL1 deficient female mice spent m@ree immobile than WT females,
whereas this difference tended to be diminishetienMS group. Taken together there was no
clear effect of MS on the behavior of mice in thg $suspension test, although the diminished
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differences between CHL1 deficient and WT micerdfl& point towards a possible effect of
MS on the two genotypes in this paradigm.

Anxiety and depression like behavior belong torttast extensive studied effects of MS in
rats and mice. This arises from the observed inflaeof adverse early experiences on the
development on anxiety and mood disorders in hunfdiesn et al., 2004) and the aim to
model this situation in rodents. Although the mi@inor seems to be increased depression like
behavior after MS, the results are not consiststust studies have conducted the forced
swim test (FST) where, analogue to the tail suspanthe time spent immobile is interpreted
as a sign of despair and hence depressions likaviiehWigger and Neumann (1999) report
no changes in the time rats spent immobile in t8& BRfter MS, whereas other studies report
increased immobility after MS (Aisa et al., 200&elLat al., 2007). In another study increased
immobility was found only after additional chronstress (Marais et al., 2008). In mice,
MacQueen et al., (2003) found increased immobdiftgr MS on a second trial in the FST
and Macri and Laviola (2004) found increased imrigbafter a single 24 hrs separation
paradigm. In the comparative study from MillsteildaHolmes (2007), none of 5 different
mouse strains displayed alterations in the FST 8. Also this present study did not reveal
a clear effect of MS on the behavior in the taifgension test. Only the convergence of
behavior between CHL1 deficient and WT male andalenmice after MS may point towards
a slight effect that may be diverse in the two dggpes.

Stress-induced plasma corticosterone was not affdny MS.

Activation of the HPA axis ultimately results incsetion of plasma corticosterone, the
main glucocorticoid of rodents. Corticosterone axtsnetabolism, the cardiovascular system
and the nervous system and thereby mediates theqgbbyical responses to acute stress (for
review see Lightman, 2008). Since MS has been teghdo affect the activity of the HPA
axis, we tested whether MS has an influence orpthgma corticosterone concentration 30
minutes after exposure to a stressor, namely thestwgpension test. After the onset of
acoustic stress C57BL/6J mice show an increaséasfra corticosterone after 15 minutes, an
elevated level after 30 minutes and a return t@lbees after 60 minutes (Parfitt et al., 2004).
Thus, 30 minutes was considered as a significane tto test for a possibly altered
corticosterone secretion due to MS.

CHL1 deficient and WT males in both treatment goupvealed similar levels of
corticosterone, thus MS had no effect on the plasoréicosterone level of male mice as
measured 30 minutes after onset of the acute etréiss., tail suspension). Also for female

mice no differences in plasma corticosterone weetealed. Females displayed higher
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corticosterone concentrations than males, which c®ncordance with the literature (Wigger
and Neumann 1999; Desbonnet et al., 2008).

Measurement of corticosterone after MS is freqyeaticomplished, but the results are
inconsistent and sometimes contradictory, which icapart be attributed to differences in
methodology (reviewed by Lehmann and Feldon 2000 ts, higher levels of corticosterone
after acute stress in maternal separated pupssvaesudled or control treated rats have been
found (Meaney et al., 1994; Liu et al., 1997; Frarmt al., 2002). The same has been reported
for mice by Parfitt et al. (2004): handling pups fitb minutes daily resulted in a blunted
corticosterone response to stress, whereas MS shimeed elevated corticosterone response
compared to non handled mice. In a sequel studgdh®ee authors stated that the effects on
corticosterone secretion are not as robust asiligithought since MS during the last 3 hrs of
the light phase resulted in blunted stress indummeticosterone concentration (Parfitt et al.,
2007). Taken together, effects of maternal separatin corticosterone level seem to be
diverse and strongly influenced by methodologiaffetences like frequency, duration and
time of separation, type of stress experiencedr gaaneasurement, age and gender of the
animals and on the point of time the blood samategaken. In this present study MS did not
have an impact on the plasma corticosterone coratemt. Of course a possible influence
may have been missed due to the wrong choice dirtteeinterval after the stressor. Thus, it
cannot be excluded that MS leads to a prolonged ld&#Aation, which would lead to the
same corticosterone secretion at the peak of aicthyebut a slower decrease that would lead
to higher corticosterone concentrations in MS afsme.g., 60 min after the stressor. For
instance, Parfitt et al., (2004) found significatgvated corticosterone concentration only 60
minutes after the onset of acoustic stress in makeseparated versus control mice. It is also
possible, that mice displayed an increased bastatasterone level that has been masked by

the extreme activation of corticosterone due tosthess of tail suspension.

Remarks on the behavior of WT mice

A problem occurring in this study was the alterethdwvior displayed by WT mice of the
control group in several tests when compared teratbhorts of wild type animals previously
tested in our laboratory (Freitag et al.,, 2003; iBiewiede et al., 2005; Morellini and
Schachner, 2006; Morellini et al., 2007). For ins&in the novel object test all mice showed
nearly no interaction with the novel object thatswaserted into the home cage. Furthermore
in the urine marking test males performed extreniglie urine marks in response to the

females and moreover did not exhibit any aggressitezaction with a male intruder. These
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behavioral responses strongly deviate from the \Wehausually observed in laboratory
animals of the genetic background used in thisystuthich is commonly a mix between the
129 and C57BL/6 strains, with a marked predominafche C57BL/6 genetic background
(Freitag et al., 2003; Morellini and Schachner, @0Borellini et al., 2007). Indeed, it is
common practice to backcross genetic engineerednmhumice with a defined inbred mouse
strain in order to gain a uniform genetic backgercept for the gene of interest. Mice used
in this study had six backcrosses to C57BI/6J ritie€ where derived from a breeding facility
at the UKE. Interestingly the behavior of adult 8R7J mice from this animal facility has
changed for several parameters over the last yaaea compared to mice of the same strain
and origin tested in the years 2000 to 2002. Chamgdoehavior started to appear in 2005-
2006, one year after this strain has been staotéx thoused in individually ventilated cages
(IVC), whereas mice had been previously housedomrmal open cages. Behavioral changes
observed include: reduced distance moved and gearithe open field, reduced time spent
on open arms and number of total transitions in ¢levated plus maze and enhanced
emergence latency in the free choice open fieldaddition, the expression of two typical
territorial behaviors, aggressive behavior in thsident intruder and urine marking almost
disappeared in this strain. Moreover, male micewshow levels of interest and even
avoidance towards unfamiliar female mice when tegte the Reeperbahn test (Fabio
Morellini, personal communication). It is possiltleat the IVC racks which prevent air
exchange between different cages and quickly renoongoing air also deprive the mice of
olfactory and external acoustic stimuli and therebguce their behavioral repertoire. It has
been shown that rat mothers deprived of the pugst perform less licking of the pups, a
maternal behavior that seems to be essential fonalodevelopment (Moore and Power
1992; Lenz and Sengelaub 2006). Moreover, femabs phat received reduced maternal care
will themselves display reduced maternal behavrtheir pups (Francis et al., 1999;
Champagne and Meaney, 2001). Therefore the dejarivaf odor could be an epigenetic
disturbance that is transmissible from one ger@mat the next and consequently may have
had also an effect on the behavior of the pupssitiy&ted in this study. This could even mean
that the pups used in this study have been expmseedduced maternal care already under
standard control conditions when compared to therfral” amount of maternal care
expressed by C67BL/6 mice housed in normal caghs. fact that commonly observed
adaptive behavioral responses disappeared in then sif reference C57BL/6 is of great
impact since it may have masked possible effectth@fVS as well as possible differences

between WT and CHL1 deficient mice. If the micesalty display basically a high anxiety
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level and reduced social behavior as a trait ehéurteduction may have been impossible.
This was for instance the case of territorial bébrawhich had been described to be reduced
in CHL1 KO mice compared to WT littermates in a adlrom 2005 with 3 backcrosses into
C57BL/6 (Morellini et al., 2007): the difference svéhen reduced but still significant in a
study performed in 2006, due to a decreased expres$ territorial behavior by WT mice
(Fang Kuang, personal communication). Finally, iterial behavior almost completely
disappeared in male WT mice in the present studyctwhvas performed on the next
generation compared to the study in 2006, so tbatifierence could be detected between

WT and KO mice of the control group.

Remarks on the statistics

In this study a total of 71 mice were tested inesalvbehavioral paradigms. Regarding the
expenditure of time for the different tests and tight time schedule, handling of a much
larger amount of mice by one experimenter withire gmoject would be getting difficult.
However, since mice were assigned to 8 differemugs according to their genotype,
treatment and gender, resulting sample sizes dse bmtween 6 and 12 mice per group.
Sample sizes below 10 are suboptimal for apprapgtdtistical analysis of behavior though,
since statistical tests are less powerful and moianges, although present, will not be
detected. In this present study several examplasbeafound where the behavior of the
distinct groups consistently differed in terms oéan group values but only tendency (P
values between 0.05 and 0.1) for a significant ctffould be detected. For instance the
selective impairment of CHL1 deficient mice afterSMn the pole test becomes only
significant if males and females are pooled togetels if sample size is increased, whereas
only a tendency can be detected when males andderaee analyzed separately. However
general grouping of the genders cannot be usedctease the N, since in many parameters
behavior of males and females differed. Consequeaiio observed tendencies should be
taken into consideration, when looking for possilbifuences of MS in this study, but to
prove differences, replications of the experimeithwan increased sample size will indeed be

absolutely necessary.

Concluding remarks

This study was based on the hypothesis that CHIitielet mice may be more vulnerable
towards postnatal environmental perturbations coethao WT mice. The hypothesis was
based on the fact that CHL1 has been related iaglfirenia in humans (Sakurai et al., 2002;
Chen et al., 2005) and CHL1 deficient mice showamtes behavioral alterations reminiscent
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of schizophrenic symptoms (Braff et al., 2001; tehrev et al., 2004). Since schizophrenia is
supposed to result from the interaction betweeregerpredisposition and environmental
insult during perinatal development (Tandon et 2008), we tested the effect of maternal
separation on CHL1 deficient mice and their Welithates.

The main effect of maternal separation was a stadalaction of hyperactivity in male
mice and a more impulsive or disinhibited behaviorfemale mice of both genotypes.
Anxiety like behavior and depression like behawbWT and CHL1 deficient mice remained
largely unaffected by the treatment. However, tlussible decline in working memory
performance of male CHL1 deficient mice in the dporous alternation test is interesting
but remains to be validated and further investat€his result could provide first
preliminary evidence that indeed CHL1 deficient eninay be affected to a greater extend by
adverse environmental factors and as a consequesa, with alterations that can also be
observed in schizophrenic patients.

In the context of the effects of maternal sepanatin the development of mouse behavior
in general, we conclude that early daily matermgdasation of 3 hours is not sufficient to
induce severe, pathological behavioral alteration&T and also not in CHL1 deficient mice.
Mice appear to be able to compensate to a grean@xor the adverse influences of maternal
separation, thus a more severe interference oilcagiph of additional stress seems to be
necessary to elicit greater disturbances. Neverssematernal separation stably induced
hyperactivity in male mice and increased impulddedavior in female mice. In the wildlife,
these features could turn out to be maladaptivesesihey constrain the animal from proper
investigation of the environment and may lead tdisadvantageous exposure to possible

danger.
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General Discussion

General Discussion

In this study two approaches are presented to iigads the influence of a certain
molecule on the behavior of mice. In the first paehavioral phenotyping of a tenascin-R
deficient mouse has been performed. The outcomeated that ablation of tenascin-R
influences exploratory behavior, anxiety, and mgerformance of mice. In the second part
the effect of maternal separation on CHL1 deficiemte and their wildtype littermates was
investigated. The results show an influence ofetiidy manipulation on the behavior of adult
mice of both genotypes.

There is ample evidence that environmental factoase profound effect on the
development of behavior. For example intrauteriositpon, nutrition in utero, stress during
pregnancy, maternal attention, endocrine factarsiak status, housing conditions, isolation,
training history and local environmental effecéssé been shown to influence the outcome of
behavior (Mcllwain et al., 2001; Meaney, 2001; Baoman, 2002; Ryan and Vandenbergh,
2002; Wahlsten et al., 2003; Lathe, 2004). Alsdhe two present studies environmental
factors played a crucial role for the expressiobetiavior. Thus it was shown that the anxiety
level of tenascin-R deficient mice was more strgngfluenced by environmental factors as
compared to wild-type littermates. This indicatkattthe lack of tenascin-R does not only
have a proximate effect on the behavior of mice.rédwer it seems that the lack of
tenascin-R renders mice to be more influenceabléhbyenvironment. In the second study
was demonstrated that environment, namely duriegetirly postnatal period, influences the
behavioral responses of WT and CHL1 deficient nmcadulthood.

The mouse is a highly adaptive animal displayingreat plasticity in the expression of
behavior that is not only determined by genetiag, dilso shaped by environmental factors.
This may also be the reason for the great sucdets® @pecies mice that is found all around
the world and in a great diversity of habitats asfed out by Silver (1995). Finally although
the diverse influences of environment complicatdaweral analysis, it also holds the
positive feature that the outcome of behavior issutely dependent on the genetics and that

behavioral maladaptions can eventually be infludmuesitively by environmental alterations.
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Abbreviations

Abbreviations

CA closed arm

CHL1 close homologue of L1
CNS central nervous system
CON control group

d days

DM distance moved

ECM extracellular matrix

ELISA enzyme linked immunosorbent assay
EPM elevated plus maze

F familiar

FCOF free choice open field

FST forced swim test

HET heterozygous

HPA hypothalamic-pituitary-adrenal
ITI inter-trial interval

v interval

kD kilo Dalton

KO knockout

LTD long-term depression

LTP long-term potentiation

m months

MDW mean distance to wall

MS maternal separation

OA open arm

OF open field

PD postnatal day

PN perineuronal net

PNS peripheral nervous system
rpm rounds per minute

SAP stretch attend posture
SEM standard error of the mean
TDM total distance moved

TN tenascin

UF unfamiliar

w weeks

WT wildtype
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