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1 INTRODUCTION

1.1 Cell Adhesion Molecules

Cell migration, cell adhesion, neurite outgrowtkom fasciculation and synapse
stabilization are crucial events for the constarctof the unique brain architecture.
They are a requirement for proper cell-cell intéoacand synaptic plasticity associated
with learning and memory. Disturbances in thesecgsees lead to severe human
developmental diseases. A prominent group of médscmediating those processes are
cell adhesion molecules (CAMS).

Cell adhesion molecules are divided into three migmilies: the integrins, the
cadherins and the immunoglobulin superfamily (Fegdy. Those CAMs which are
most importantly involved in brain development amdnction belong to the
immunoglobulin (Ig) superfamily which is characted by the presence of at least one
Ig like-domain, enabling them to mediate cell advresn a calcium independent
manner. The Ig superfamily falls into three subgsodepending on the number of Ig-
like domains, the presence and number of fibrond&N) Il repeats and the mode of
attachment to the cell membrane (Cunningham 1998k neural cell adhesion
molecule (NCAM), L1 and the close homologue of LAH(1) are members of

subgroup 2 containing Ig-like domains and FN Ipeats.
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CAMS

N N

Integrins Cadherins

I mmunoglobulin

Family
Subgroup 1 Subgroup 3
only Ig-like S_“bg“’“p _2 Ig-like domains +
domains lg-like domains + different domains
FN domains
NCAM L1 CHL1

Figure 1. The family tree of the cell adhesion molecules (GAMHL1, L1 and NCAM.

1.2 Structure and functional properties of Ig-CAMs

1.2.1 NCAM

NCAM was the first member of the Ig-like cell adimes molecules to be
described (Brackenbury et al. 1977). It consistivef Ig-like domains and two FN type
[l repeats in the extracellular region (Cunninghatral. 1987). Three major isoforms
were found: two isoforms of 140 kD and 180 kD asm$membrane molecules with a
short cytoplasmic and a long cytoplasmic domaispeetively. The third form of 120
kD has no cytoplasmic domain and is attached to ¢k# membrane via a
glycophosphatidyl inositol linkage (Owens et al.8IR All isoforms can mediate

homophilic binding, but heterophilic binding has@been described (Cole et al. 1989).
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NCAM is the only cell adhesion molecule known teorgaa large amount of negatively
charged sugar polysialic acid (PSA) influencing kineetics of NCAM (Hoffman and
Edelman 1983) and enhancing axonal growth (Rutstraand Landmesser 1996).

1.2.2 L1 family

L1 family members have been found in different gggcfrom intervertebrates
to mammals. In vertebrates, the L1 family consistsfour members: L1, CHL1,
neurofascin and NgCAM related cell adhesion moke¢NirCAM). They have a similar
structure consisting of six Ig-like domains, fow five FN type Il repeats, a
transmembrane stretch and a highly conserved @dopt tail. The L1 family members
are potent promoters of neurite outgrowth and aqgressed relatively late during
development. These proteins are prominently exptessy neurons, although some
family members are also present on glial cells fBirt al. 1988; Collinson et al. 1998;
Holm et al. 1996). Several L1 family members carekpressed simultaneously in one
set of neuronal cell types, whereas in other ssbskieurons only a particular L1

family member is expressed.

1.2.211L1

L1, the first L1 family member discovered, contass Ig-like domains, five
fibronectin type Ill-repeats, a transmembrane clretind a highly conserved
cytoplasmic tail. It binds homophilically as wel$ deterophilically to other Ig cell
adhesion molecules (Grumet and Sakurai 1996), rim&¢Montgomery et al. 1996) and
receptor tyrosine phosphatases (Friedlander é08K). L1 is present in the central and
peripheral nervous system (CNS and PNS) but is edgoessed in some non-neural
tissues. L1 is functionally important in diverseopesses like elongation and
fasciculation of axons, neuronal survival, migratiof neurons and synaptic plasticity
(Lagenaur and Lemmon 1987; Fischer et al. 1986n@hal. 1999; Lindner et al. 1983;
Lathi et al. 1994).

1.2.2.2 CHL1-the close homologue of L1

CHL1 was discovered when a lambda gtl 1 expredgioary for cONA clones

was screened with L1 polyclonal antibodies (Tackale1987) with the aim to find
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cDNA clones containing L1. One of the isolated e®rcontained a partial cDNA
sequence with 34% homology to L1. Subsequently lalédngth cDNA clone was
isolated encoding a novel protein of 1209 amindswiith a calculated molecular mass
of approximately 135 kD (Holm et al. 1996). Thiswnenolecule was named close
homologue of L1 (CHL1).

Expression of CHL1 seems to be restricted to tmeaus system (Hillenbrand et
al. 1999; Holm et al. 1996). The first expressidnC#iL1 in mice and rats can be
detected at embryonic day 13. Until postnatal d&yCHL1 levels increase and then
start declining subsequently to low levels in thatune brain except for areas of high
plasticity like the hippocampus where it is expessthroughout adulthood (Hillenbrand
et al. 1999). While the expression patterns of bd &@HL1 overlap considerably there
is one striking difference in that CHL1 transcrigtsn but L1 transcripts can not be
found in astrocytes and oligodendrocyte precursals (Hillenbrand et al. 1999).
Furthermore, CHL1 is expressed by non-myelinatingv&nn cells and some neurons
in the PNS (Hillenbrand et al. 1999).

CHL1 consists of the same structural elements @aother members of the L1
family, it shares 60% amino acid identity with Li the extracellular region and 40%
identity in the cytoplasmic domain. The functionaloperties have not been as
intensively investigated as those of L1. In vittoadses have shown that CHL1 is able to
promote neurite elongation and neurite survivalgiClet al. 1999). Recent findings
suggest an important role of CHL1 in lesioned nasvbssue since CHL1 is strikingly
upregulated in Schwann cells and sensory neurdesradrve crush injury (Zhang et al.
2000). Adult neurons of the central nervous syséeenalso able to up-regulate CHL1
expression after a lesion provided their axonsregnow in a permissive environment
like that of a peripheral nerve graft (Chaisuksetral. 2000a; Chaisuksunt et al. 2000b).

1.3 CAM knockout mice-their connection to human dis eases

1.3.1 NCAM

Several hallmarks of schizophrenia have been enecethin NCAM deficient
mice: increased size of lateral brain ventricleso{d/ et al. 1998), defects in the
structure of the hippocampus (Tomasiewicz et é3)9impaired sensory motor gating

manifested by reduced prepulse inhibition (PPlaodustic startle response (Wood et
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al. 1998) and deficits in hippocampus/amygdala dédeet learning and Long Term
Potentiation (LTP) (Cremer et al. 1994). In patacuhe hippocampal mossy fibers
produce ectopic synapses due to a failure in refimgdéSeki and Rutishauser 1998).
Furthermore, NCAM-/- mice are more aggressive amdoais than wild types (Storck
et al. 1997).
When brains of schizophrenic patients were analyeggdrding NCAM not only

a reduction in polysialylated NCAM in the hippocamp(required for proper axon
guidance) was observed (Barbeau et al. 1995) bst® a@n increased NCAM
concentration in the cerebrospinal fluid (CSF) ¥@asd in patients with schizophrenia

compared to healthy individuals (Poltorak et ab3)9

1.3.2 L1

L1 deficient mice have been generated in two laboes by homologous
recombination (Cohen et al. 1997; Dahme et al. 19806th lines have a similar
phenotype: abnormally large ventricles, an undeztiged corticospinal tract (CST),
malformations of subsets of cortical dendriteseduced size of the corpus callosum, an
abnormal association of axons with nonmyelinatinghv&ann cells, poor spatial
learning (Fransen et al. 1998) and a reduced setystb touch and pain. Not only does
L1 contribute to LTP (Luthl et al. 1994) but thertpebation of L1 by specific
antibodies also leads to alteration in learning @ednory (Scholey et al. 1995).

Mutations in the human L1 gene, which is locatedl@nX chromosome, cause
a syndrome currently known as L1 disease (Welled &értner 2001). Clinical
manifestations range from mild symptoms to seveysfuhctions such as corpus
callosum hypoplasia, retardation, adducted thumipastic paraplegia and
hydrocephalus (Fransen et al. 1995). The estimat@dence of this syndrome ranges
from one in 25000 to one in 60000 male births.

1.3.3 CHL1

In order to gain further insight into the functiohCHL1, a CHL1 null mutant
mouse was generated by disruption of the ribosobmadiing site, the translation
initiation codon and the amino terminus includihg signal sequence (Montag-Sallaz
et al. 2002). The gross morphology of most bramiams like thalamus, cerebellum,

main fiber tracts and retina in these mice do nib¢rdfrom wild type mice. Up to now
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only a few morphological abnormalities have beetected in CHL1 deficient mice.

The hippocampus is likely to be affected especidilly mossy fibers which show path
finding errors within the CA3 (Cornu Ammon) region, that a few thin bundles or
single mossy fibers project through the pyramiddl ayer of CA3, instead of being

organized in clearly seperated supra-and infrapigrainbundles.

The olfactory bulb also seems to be affected swif&ctory neurons in the CHL1

deficient mouse establish contacts with more tha@ glomerulus, a condition never
observed in wild type mice. Additionally, some agan the mutant abnormally pass
through the glomerular layer and form contacts mittihe external plexiform layer

(Montag-Sallaz et al. 2002).

A striking finding in the CHL1 mutant mouse is @rsficant up-regulation of
NCAM 180 in the olfactory bulb, the cortex, the pggampus and the amygdala which
are brain regions with high levels of CHL1 expressin the adult wild type mouse
characterized by a high degree of synaptic plagttbroughout life (Montag-Sallaz et
al. 2002). These findings demonstrate similar agrthgps overlapping functions of both
moleculesn vivo. Thus, the enhanced expression of NCAM in the CHiutant mouse
might be indicative for compensatory functions o€AM in the CHL1 deficient
mouse.

CHL1 deficient mice do not differ from control wikype animals with respect
to general behavior, neurological reflexes, andgagnfunctions (Montag-Sallaz et al.
2002). They are viable and fertile and have a nbiifgaspan. Significant differences
between mutants and wild type animals have beeeredd in the open field paradigm.
The mutants spend more time in the central areaghwimay indicate a reduction of
anxiety or a different exploratory behavior. Thesetvation that CHL1 deficient mice
have shown significant differences in the Morrig@vanaze as compared to littermates
with respect to the path swum parallel to the walll increased swim path tortuosity,
absolute spin, and the time spent in the centedrqné further supports the different
exploratory behavior (Montag-Sallaz et al. 2002)orNs water maze is the most
popular task in behavioral neuroscience assesgagat learning and memory in its
most basic form.

Considering the fact that CHL1 apparently is a ndavelopmentally relevant
molecule, on one side, and that schizophrenianisusodevelopmental disorder, on the
other side, a group of Japanese scientists stutiedinkage of CHL1 to psychotic
diseases (Sakurai et al. 2002). The coding regidheoCHL1 gene (Cell adhesion L1
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like (CALL) in humans), located on human chromosoB8p26, was screened for
mutations in schizophrenic patients. A missenseymoiphism (Leul7Phe) was
identified which subsequently lead to further exaation of the association between
the Leul7Phe polymorphism and schizophrenia. It feasd that the frequency of
leucin at amino acid 17 was significantly highempatients with schizophrenia. Leu 17
is located in the hydrophobic core region of a aigmeptide. Some mutations in the
hydrophobic core region of signal sequences hawn reported to have a direct
correlation with defective protein synthesis anthpkogical status. The results of this
study suggest that the CHL1 protein might be ingdlin the etiology of schizophrenia.
A case-control association study of CHL1 and sqgttizenia done in the Chinese
population confirms the positive association (Cheal. 2005).

This conclusion gained further support from a régamome scan meta-analysis done
by a large consortium of geneticists which ideatfithe 3p region to be implicated in
schizophrenia (Lewis et al. 2003). Another findifigking the CHL1 gene with
pathophysiological mechanisms relevant to schizaphris that prepulse inhibition
(PPI) of the acoustic startle response in CHL1 mugaimals is disrupted (Irintchev et
al. 2004a). PPI of the acoustic startle responsenieasure of the ability of the CNS to
gate the flow of sensorimotor information. Distunbas in these gating processes are
characteristically present in major psychiatricoditers including schizophrenia (Braff
et al. 2001; Swerdlow et al. 2001).

The 3p region has also been considered as reléwacdgnitive functions and
intelligence since mental retardation is a comnematire in patients with 3p-and ring
chromosome 3-syndromes with breakpoints at 3p26d33p26.1 (Wilson et al. 1982;
Asai et al. 1992). CHL1 maps to chromosome 3p26d B therefore a likely
candidate. This possibility has recently been itigaged in 14 patients with mental
retardation (Frints et al. 2003). CHL1 haploinsti#fincy has been found in one of the

patients clearly showing the relation of CHL1 t@uoiion.

1.4 Schizophrenia

1.4.1 Epidemiology

Schizophrenia is one of the most important pubkalth problems that our
society is confronted with. Around 1% of the popigia is affected worldwide. The

disease has been known for centuries. It afflidftetaic backgrounds, socioeconomic
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classes and nationalities which indicates, thatizephrenia is not a disease of
civilization. Since affected patients very ofter aot able to manage the life they led
before the onset of the disease they require palbtstance from governmental social
security systems. This makes schizophrenia ondeftén most expensive disorders
worldwide. The costs to society are counted inidnB of dollars. Schizophrenia is
usually first diagnosed between the second and tlecades occuring more frequently

and severely in men than in women (Black and Arekred 999).

1.4.2 Etiology-the “two hit hypothesis”

It is currently believed that schizophrenia is aumoeevelopmental disease
resulting from abnormal early brain development/andnpaired postnatal maturation
of the brain (Bayer et al. 1999; Lewis and Levit02; McGrath et al. 2003). The
complex and varying symptoms of the disease inditaat an interplay of multiple
factors rather than one single factor triggers tlmess. Both genetic and epigenetic
factors have been identified and a hypothesis, “tiwe hit hypothesis”, has been
proposed explaining the origins of the disease tbleast two subsequent etiological
“hits”, a genetic predisposition and an epigenfstator.

1) Genetic predispositiofffirst hit): The fact that schizophrenia is heritable is
well established (Gottesman Il 1991). The diseasdd to run in families. Its frequency
is around tenfold higher in siblings and twin saslhave shown a concordance rate of
approximately 48% in monozygotic twins and 17% imydotic twins (Figure 2). The
efforts to identify specific genes related to aceibility to the disease have been,
however, unsuccessful up to now. Earlier linkagelisis have provided evidence for
many loci on different chromosomes suggesting thattiple gene loci might be
involved (Basset 1991; Cloninger 1997; Karayiorgmd Gogos 1997; Kendler and
Diehl 1993; Murphy 1996). More recent studies, inickh more powerful methods of
genetic analyses have been employed, have alstegi@hconclusive results (Harrison
and Owen 2003).

2) Epigenetic factor (second hitA plethora of epidemiological findings has
linked schizophrenia to environmental factors (Vealkt al. 2004). Among these are
obstetric complications (Geddes and Lawrie 1995NbItet al. 1996), maternal stress
(Myhrman et al. 1996; van Os and Selten 1998), inghrg (Lewis et al. 1992),
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maternal dietary insufficiency (Susser et al. 1996aternal viral infection (Wright et
al. 1993) and stress during puberty (Walker e2@0D4).

To put it in a nutshell one could assume that aamugjene or rather multiple genes
form the foundation of the disease acting as & tiits These genes are involved in key
events during neurodevelopment and brain maturadiwh gene deficiency is either
transmitted via the germ-line or arises from a $@oeous somatic mutation early
during development. The genesis of schizophreniaywelier, also requires an

environmental factor. During fetal or postnatal elepment a second hit leads to a
dysfunction considered to be primarily related ymaptic properties (Frankle et al.
2003). The disease does not begin immediately #feethits” but has a delayed onset,
starting sometimes twenty years later. The reasonshis “maturational” delay are

completely unknown.

General population

B 12.5% First cousins
3rd d
Pt Uncles / Aunts
relatives
Nephews / Nieces
o 25% Grandchildren
2nd degree
relatives Half siblings
Parents
B s0% Siblings
1st degree P
relatives

Fraternal twins _ 17%

0w | deniat ovins I <+ ¢
| i |

0 1 20 0 30 50
Genes shared Relationship to Risk of developing schizophrenia
person with

schizophrenia

Figure 2: Schizophrenia is hereditary. The graph shows thatdisease’s incidence increases with
increasing degree of genetic similarity among nedat From: Gottesman I.I (1991) Schizophrenia

Genesis: The Origins of Madness. W.H. Freeman, Newk Y
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1.4.3 Clinical manifestation

The course of schizophrenia is characterized bgoeleis of acute psychotic
symptoms followed by phases of remission when sgmptlike reduced drive and
affect as well as disturbed cognitive functionsvaik (Bayer et al. 1999b)The
definition of the phenotype in schizophrenia istigatarly difficult because patients
with this illness suffer from such a diversity ghgptoms that the phenotype is defined
by criterion-based diagnostic schemes. DSM IV (Dagic and Statistical Manual of
Mental Disorders) or ICD 10 (International Classafion of iseases) take a purely
descriptive approach and define schizophrenia an lisis of clinical signs and
symptoms.

The symptoms of schizophrenia are classified irr f8are Symptom Clusters
(Figure 3):(1) positive symptoms like halucinations, delusions, disorganized speech
and catatonia in which normal functions are disirand exaggerate@) negative
symptoms like affective flattening, alogia (decrease in tfieency of ideas and
language), avolition (decrease in the ability titiate and pursue goal directed activity)
and anhedonia (decrease in the ability to seelanditexperience pleasurable activities)
which are charaterized by a diminuition or abseoicenental functions(3) cognitive
symptoms like reduced attention and memory deficits, #&dmood symptoms like
depression, suicidality and hopelessness. Togdiese symptoms lead to social and
occupational dysfunction affecting work, interperab relationships and self-care
(Marder 1999).
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(1) Positive symptoms (2) Negative symptoms
Delusions Affective flattening
Hallucinations Alogia

Disorganized speech

~

Social/occupational

dysfunction
(3) Cognitive symptoms (4) Mood symptoms
Attention Dysphoria
Memory Suicidality

Hopelessness

Figure 3: Schizophrenia is characterized by a variety of spmg categorized in 4 clusters: positive,

negative , cognitive and mood symptoms. Combiney kbad to social and occupational dysfunction.

1.4.4 Therapy

The current treatment of schizophrenia consists dofg medication and
psychotherapy (Walker et al. 2004). The pharmadoébgtreatment, despite the
introduction of new drugs over the last years, &aasumber of insufficiencies among
which inefficiency in a substantial proportion betpatients and serious adverse effects
are the most troublesome. For antipsychotic medicaheuroleptic drugs are used. The
“typical” or *“first-generation” neuroleptic drugsfirst introduced in the 1950s
(chlorpromazine, haloperidol), block dopamine traission (binding to B receptors)
at all sites within the brain where dopamine isduas a transmitter. This includes
mesolimbic, mesocortical, nigrostriatal and tubefindibular projections. Blockade in
the nigrostriatal pathway results in drug inducedSE (extrapyramidal signs and
symptoms) that partly resemble Parkinson's disedbe. EPSS include increased
muscle tone, a fixed facial expression and a stbogleuffling gait. To counteract the
neuroleptic induced EPSS, it became routine tocpites antiparkinsonian medications
in addition (Whitehorn and Kopala 2002). The “atgdi or “second generation”
antipsychotic agents (e.g. clozapine) have a maiecsve effect on dopamine
transmission (binding to fp and thus produce relatively few EPSS at the usual

therapeutic doses. Supportive psychotherapy, useddition to drug treatment, is not
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psychoanalytically orientated but is supposed tee ghe patient an insight into his

disease.

1.4.5 Morphological findings in schizophrenic patie nts

Although it is generally accepted that schizophadsiassociated with structural
brain abnormalities, no aberration has been folnad is specific for the disease or
present in all patients (Walker et al. 2004). Stilimerous computer tomographies
(CT), magnetic resonance imaging (MRI) and postemrstudies have identified brain
changes that are consistently observed in manemgati(Roberts and Bruton 1990;
Knable 1999; Powers 1999; Falkai et al. 2001; MtiGed al. 2003; Walker et al. 2004)
such as enlarged ventricles (ventriculomegaliajuced cortical thickness (frontal and
temporal lobes), reduced size of the hippocampusalorormalities of inhibitory

interneurons (e.g. in the prefrontal cortex).

1.5 3p-syndrome

1.5.1 Etiology

The 3p-syndrome results from a deletion of a teaingegment of the short arm
of one chromosome 3. Since the clinical manifestais variable the disorder is thought
to be a contiguous gene syndrome with an undefimedber of genes contributing to
the phenotype. Patients with the most extensivetidels have a more severe phenotype
(Drumheller et al. 1996).

1.5.2 Clinical manifestation

The clinical manifestation of the 3p-syndrome isryvéneterogenous. The
syndrome includes low birth weight, growth failurejental and psychomotor
retardation, microcephaly, triangular face, syngphblepharoptosis, hypertelorism,
broad and flat nose, long philtrum, down turned thpualeft palate, micrognathia, low-

set and malformed ears, finger abnormalities anafndss. Renal anomalies,
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gastrointestinal anomalies and congenital heagalgimay also be present (Drumheller
et al. 1996).
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2 RATIONALE AND AIMS OF THE STUDY

Insufficient knowledge with regard to the cause prmfression of schizophrenia as
well as the heterogeneity of the clinical symptdmase made it difficult to develop a
coherent framework suitable for animal modellingafbtte et al. 2001). It should be
emphasized that it seems impossible to fully repceda disorder which affects the
highest cognitive functions of a human being iressl cognitively developed animal.
Thus, an animal model for schizophrenia is not sgpd to serve as the equivalent of
the human disorder but should be suitable to tpstific causative or mechanistic
hypotheses regarding schizophrenia, as well asmegication.

The existing knowledge of the behavior, sensorimgading and the brain structure
of CHL1 deficient mice provided sufficient evidentceconsider it of potential value for
neuropsychiatric research. An important step towéndther evaluation of the potential
of this putative model appeared to be a more @etaihalysis of the brain structure in
the mutant mouse. The following questions wereesthis

- Does the CHL1 deficiency cause developmental gaosgemical abnormalities
such as changes of the total brain mass and voloram, ventricles, neocortical
thickness and size of the hippocampus?

- Are there genotype-related alterations in the sfa@ajor neuronal and glial cell
populations in areas typically affected in patiesith schizophrenia such as the
cortex and hippocampus?

- Is there an evidence for abnormalities in nuclevaing dopaminergic
innervation of the forebrain?

To answer these questions precisely, a quantitafstereological) approach
appeared most suitable. Such an approach is basedmmunohistochemical
visualization of defined cell types such as towlinonal population, subpopulations of
interneurons, astrocytes, oligodendrocytes andagier and stereological estimation of
cell densities and volumes of structures and has becently established in the Institute
(Irintchev et al. 2004).

A final issue which was addressed while designhig study was the selection of
the age at which the animals had to be investiga&&eguming that abnormal postnatal
dynamics might be present, and considering the ralatoistory of schizophrenia

(“maturational” delayed onset at adolescence oly eatulthood, progression in mid-
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adulthood), animals at the ages of 2, 6 and 12 Insonwere selected for this

investigation.
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3 MATERIALS AND METHODS

3.1 Animals

A total of 51 wild-type (CHL1+/+) mice and CHL1-deent (CHL1-/-)
littermates (1290la-C57BL/6J genetic backgroundntet al. 1996) were used at ages
of 2, 6 and 12 months (Table 1). At these agesitimals are in their late adolescence
(2 months), early and mid-adulthood (6 and 12 mentéspectively). The animals were
bred in the SPF (specific pathogen-free) utilitytred Univeritatsklinikum Hamburg and
delivered to the Institute at the day of sacrifidéh.animals used appeared healthy upon
arrival and no structural or behavioral abnormeditiere noticed. The genotype of the
mutant mice had been determined in advance by pyB®e chain reaction (PCR) assay
as described previously (Kary Mullis 1983). All dtements of the animals were

performed in accordance to the German law for ptmte of experimental animals.

CHL1+/+ CHL1+/+ CHL1-/- CHL1-/-
female male female male
2
4 6 6 6
months
6
3 7 6 4
months
12
2 3 0 4
months

Table 1. Number of animals of different age, genotype antge used in this study.

3.2 Preparation of tissue for sectioning

Mice were weighed and anesthesized with 16% whiglté/olume) solution of
sodium pentobarbital (Narcoren, Merial, Hallbergmasul g* body weight, i.p.). After
surgical tolerance was achieved, the animals weaasctardially perfused with
physiologic saline for 60 seconds followed by fixatconsisting of 4% formaldehyde
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and 0.1% CagGlin 0.1M cacodylate buffer, pH 7.3 for 15 minutés@m temperature

(RT). Cacodylate buffer supplemented with calciumsvselected for use in order to
ensure optimal tissue fixation including presemwatof highly soluble antigens like

S100. Following perfusion the brains were leftsitu for 2 hours at RT to reduce
fixation artifacts. Subsequently they were dissgectet without the olfactory bulbs and
post-fixed overnight (18-22 hours) at 4°C in thenfaldehyde solution used for
perfusion. Tissue was then immersed into 15% secswmdution in 0.1M cacodylate

buffer, pH 7.3, at 4°C for two days.

Fixed and cryoprotected (sucrose-infiltrated) ksaiwere carefully examined
under a stereomicroscope and hair, rests of durernoa other tissue debri were
removed with fine tweezers. Following this, theibsawere placed in a mouse brain
matrix (World Precision Instruments, Berlin) ane tbaudal end was cut at a defined
level (1 mm from the most caudal slot of the matrbhen brain mass and volume were
measured (see 3.4.1 and 3.4.2). Finally, the bras® frozen by insertion into 2-
methyl-butane (isopentane) which had been precome®0°C in the cryostat for 2

minutes. The brains were stored in liquid nitrogetil sectioned.

3.3 Preparation of cryostat sections

For sectioning the caudal pole of each brain wasclagd to a cryostat specimen
holder using a drop of distilled water placed qurexfrozen layer of Tissue Tek (Sakura
Finetek Europe, Zoeterwoude, The Netherlands). vimgral surface of the brain was
oriented to face the cryostat knife edge and seodnal sections were cut in a cryostat
Leica CM3050 (Leica Instruments, Nuf3loch, GermaBgctions of 50pum thickness for
morphometric analysis were prepared from some §rdime rest were sectioned at
25um for immunohistochemistry. Sections were ct#liécon SuperFrost Plus glass
slides (Roth, Karlsruhe, Germany). Since stereoblganalyses require extensive
sectioning of the structures studied and use afespaerial sections (Howard and Reed
1998), sampling was always done in a standard sequén the end 4 sections that
were 250 or 500um apart from each other (for 25 &0gm thick sections,

respectively) were present on each slide (Figure 4)
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Figure 4. Standardized sequence of collecting sections (25pmmglass slides. Staining of slides from
one row (e.g. 1, 11, etc.) with a given antibodge(below) gives the opportunity to evaluate a cell

population using randomly spaced samples from i Isteucture of interest.

3.4 Analysis of gross anatomical variables

3.4.1 Brain volume

The brain volume was determined by measurementoafme displacement

using a 5 ml measuring cylinder (Roth) prefillediwdml sucrose/cacodylate solution.

3.4.2 Brain weight

Brains were blotted with filter paper to remove es< liquid from the surface
and the brain mass was measured using a fine dstdiglie (BP61, Sartorius, Géttingen,

Germany).
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3.4.3 Ventricles

3.4.3.1 Cresyl Violet-Luxol Fast Blue Staining

Morphometric analysis of the third and the latelahkin ventricles was
performed using 50um or 25um thick sections stawigtdl cresyl violet and Luxol Fast
Blue (Kluver-Barrera procedure optimized for crygissections, Geisler et al. 2002).
Cresyl violet is a Nissl stain, Luxol Fast Blue idehtes myelin (Figure 5). Sections
were dehydrated in an ascending series of ethai@8h,( 95% and 100%, 2 minutes
each) and stained in 0.1% w/v Luxol Fast Blue (Sigrbeisenhofen, Germany)
solution in 95% ethanol containing 0.05% v/v aceiied overnight at 37°C. The next
day they were washed in 95% ethanol for 3 minutes; in distilled water. These and
all following procedures were performed at room penature. The differentiation was
initiated by immersing the sections in 0.05% w/u@aus lithium carbonate solution for
3 minutes followed by differentiation in 70% alcdhumtil gray and white matter were
clearly distinguishable (several minutes). Theedidvere rinsed in distilled water and
examined under the microscope. If the differendiativas incomplete, the last step was
repeated. After washing the slides in distilled evatnce again, they were stained in
0.5% wl/v cresyl violet acetate (Sigma, Deisenhof@ermany) solution in 0.1 M
acetate buffer, pH 4.0, for 20 minutes followedvigshing in distilled water and 70%
ethanol (1-2 minutes each). The differentiation @ase in cresyl violet differentiator
(90ml 95% ethanol, 10ml chloroform, 3 drops gla@ektic acid) for 1-2 seconds. The
slides were then immersed in 95% ethanol and atesethanol for 2 minutes each and
finally cleared in Roticlear (Roth, Karlsruhe, Gemy). The differentiation was
checked under the microscope to ensure that ontyenand Nissl substance were
stained and the differentiation was repeated, dessary. Finally the sections were

mounted under coverslips with Entellan neu (MeR&mstadt, Germany).
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CAl Corpus Callosum

Deniate Gyru

Figure 5: An example of a cresyl violet—Luxol Fast Blue stainof the hippocampus of a 6-month-old
CHL1+/+ mouse. Note the clear delineation of magmions such as , e.g. CA1-4 region, Dentate Gyrus,

Fibria hippocampi and Corpus Callosum.

3.4.3.2 Cavalieri method

This method of volume estimation is named after ltiadan mathematician
Bonaventura Cavalieri (1598-1647), a student ofl&alBeing very straightforward to
apply it is the most commonly used stereologicathmé for the estimation of a
reference volume (Howard and Reed 1998). Accordmghe Cavalieri method, an
unbiased estimate of the volume, V, of a structfrenterest may be obtained by
sectioning it from end to end with a series of egstic sections a constant distance ,T,
apart and measuring the area, A, of the transeotugh the object on each section,

whereby:

estV=T(A1+A+Az+.......... +An)

The volume of the lateral and third ventricles ofsyl violet/Luxol Fast Blue stained

spaced-serial sections with T=500um or T=250um massured. The area of each
ventricle transect was measured with an Axioskoproscope (Zeiss, objective 10x)
equipped with a motorized stage and a Neuroluciofware-controlled computer

system (MicroBrightField, USA).

3.4.4 Cortical Thickness

To determine the average cortical thickness incihgulate and motor cortical

areas, 25um sections cut 3 to 4 mm caudally tortiséral pole stained with bis-



MATERIALS AND METHODS 26

benzomide (see 3.5.2) to visualize nuclei were uskd nuclear staining allowed clear
distinction of the agranular motor and the grangansory cortex (M and S and C,
respectively, in Figure 6). The area of each calttield (excluding layer I, see 3.5.3)
and the length of its surface boundary were medsdnectly under the Axioskop
microscope using the Neurolucida software (MicrgBtField, USA). The mean
cortical thickness was calculated by dividing tmeaaby the length of the superficial

boundary.

Figure 6: Low magnification view of a coronal brain sectigorh a CHL1+/+ mouse stained with bis-
benzimide to visualize nuclei. Nuclear densitiesl damination allow precise determination of the

boundaries of different cortical areas. S=sensorteg, M= motor cortex, C= cingulate cortex.

3.4.5 Hippocampus

The areas of the whole hippocampal formation, efgfirramidal cell layer (CA1-
3) and of the granular cell layer in the dentateugywere measured bilaterally in every
animal in three coronal sections with nuclear stgrusing the Neurolucida system.
The criterion for the selection of the mid-sectiwas similarity in appearance to that of
section (bregma—2,10 mm) shown in the mouse brttas af Sidman et al.. The other
two sections were 250um apart from the mid-secto, rostral to it, one caudal. The

average of three values per animals and area wastagalculate group mean values.
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3.5 Stereological analysis of immunohistochemically defined
cell types
3.5.1 Antibodies
Antibody Abbreviation Clone Producer Dilution
anti anti PV mouse Sigma, 1:1000
Parvalbumin monoclonal, Deisenhofen, 9.8ug/ml
clone: Parv Germany Ig
19
anti neuron anti NeuN mouse Sigma, 1:1000
specific monoclonal, Deisenhofen, lpg/ml
nuclear clone: A60 Germany Ig
antigen
anti cyclic anti CNP mouse Sigma 1:1000
nucleotide monoclonal, Deisenhofen, 7.5ug/ml
phosphatase clone: 11- Germany Ig
5B
anti S100 anti S100 rabbit DakoCytomation, 1:500
polyclonal, Hamburg, Oug/ml
purified 1gG Germany Ig
fraction
anti tyrosine anti TH rabbit Chemicon, 1:750
hydroxylase polyclonal, Hofheim, 0.1pg/ml
affinity Germany Ig
purified
anti reelin anti reelin mouse Chemicon, 1:500
monoclonal, Hofheim, 2ug/mi
clone: G10 Germany Ig
anti Iba-1 anti Iba-1 rabbit Wako Chemicals, 1:1500
polyclonal, Neuss, 0.3pg/ml
affinity Germany Ig
purified

Table 2. Comercially available antibodies that were usedpimal dilutions for this study. Shown are

the abbreviation, the clone, the producer and tlnéiah that was used.
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The antibodies used in this study recognize smec#il-marker antigens known to be
expressed in defined cell populations in brainargithat were studied here (Irintchev
et al. 2004a):

-NeuN (neuron-specific nuclear antigen) is a protein mifnown function shown to be
present in all neurons in the adult brain with ¢éixeeption of a few cell types which are
not found in the cerebral cortex and hippocampusugh (Purkinje, mitral and
photoreceptor cells, Wolf et al. 1996).

-PV (parvalbumin) is a low molecular weight calcium-himgy protein expressed in a
major subpopulation of GABAergic neurons in thecartex and hippocampus.

-Redlin identifies inhibitory interneurons (bitufted, hoontal and Martinotti cells)
which do not express PV (Pesold et al. 1999).

-S-100 is a low molecular weight calcium-binding protexpressed in astrocytes.
-CNPase (27,3 -cyclic nucleotide 3"-phosphodiesterase)riseazyme only present in
cells which are able to synthesize myelin, i.egadiendrocytes and Schwann cells.
-lbal is a macrophage/microglia-specific calcium-bindipgptein involved in the
activation of quiescent microglial cells (Imai alkdhsaka 2002).

-TH (tyrosine hydroxylase) is the rate-limiting enzynre the synthesis of the

catecholamine neurotransmitters (dopamine, epimegheind norepinephrine).

3.5.2 Immunohistochemical stainings

Immunohistochemical stainings were performed asrde=d by Irintchev et al.
2004b. The immunocytochemistry was done on 250k thections. Sections, stored at
-20°C, were air-dried for 30 minutes at 37°C. A Mrsodium citrate solution (pH 9.0,
adjusted with 0.1M NaOH) was prepared in a jar ametheated to 80°C in a water bath.
The sections were incubated at 80°C for 30 minafesx which the jar was taken out
and left to cool down at room temperature. After shides had cooled down blocking of
unspecific binding sites was performed. The sestiomere incubated at room
temperature for one hour in PBS containing 0.2% Wion X-100 (Fluka, Buchs,
Germany), 0.02 w/v sodium azide (Merck, Darmst&krmany) and 5% v/v normal
goat serum (NGS) (Jackson Immuno Research Lab@stobianova, Hamburg,
Germany). After one hour the blocking solution waspired and the slides were

incubated with the primary antibody diluted in PB8ntaining 0.5% w/v lamda-
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carrageenan and 0.02% w/v sodium azide in PBSslithes were incubated for 3 days
at 4°C in a well closed staining jar. Followingghihe sections were washed 3 times in
PBS (15 minutes each) before an appropriate (abbit or anti-mouse) secondary
antibody was applied. The sections were incubaiéd tive secondary antibody diluted
(1:200) in PBS-carrageenan at RT for 2 hours. @aétrabbit or goat anti mouse 1gG
conjugated with Cy3 (Jackson Immuno Research Laboes, Dianova, Hamburg,
Germany) was used. After a subsequent wash in P8Bnuclei were stained for 10
minutes at room temperature with bis-benzimide tsmiu(Hoechst 33258 dye, 5ug/mi
in PBS, Sigma, Deisenhofen, Germany). Finally tleetisns were washed again,
mounted with Fluoromount G (Southern Biotechnold®gsociates, Biozol, Eching,

Germany) and stored in the dark at 4°C.

3.5.3 Stereological analysis

The optical disector method was chosen for quamgtanalysis because of its
efficiancy (Howard and Reed 1998), an importantguaisite when aiming to quantify
numerical densities of a variety of cell types igigen brain region (Irintchev et al.
2004a). The method consists of direct counting lgécts in relatively thick sections
(e.g. 25-50um) under the microscope using a thireertsional counting frame
(“counting brick” of Howard and Reed, here simpdferred to as disector) to “probe”
the tissue at random. The base of the frame (dilmensn the x/y plane) is defined by
the size of the squares formed by a grid projedted the visual field of the
microscope. The height of the disector is a portbithe section thickness defined by
two focus planes in the z axis at a distance ofnx (Control of this parameter is
achieved by the use of mechanic or electronic @svineasuring the movement of the
microscope stage in the z axis. Objects (e.g.)calithin each disector are counted
according to stereological rules: those entirelyhimi the disector as well as those
touching or being disected by the “acceptance”, mitthe “forbidden” planes of the
frame are counted.

The cell counts were performed on an Axioskop nsicope equipped with a
motorized stage and Neurolucida software controlledbmputer system
(MicroBrightField, Colchester, USA). Sections cutdistances between 3 and 4mm
caudally to the rostral pole of the forebrain (wheollection of the sections began, see

3.3) were observed under low-power magnificatiod Xlobjective) with a 365/420nm
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excitation/emission filter set (01, Zeiss, blueuflescence). The nuclear staining
allowed clear distinction of the motor and the seportex (M and S, respectively, in
Figure 6) as well as the subdivisions of the higmopus. For the identification of the
substantia nigra pars compacta, an immunohistodastiaining was used.

The viewed area was randomized by setting a refer@oint at an arbitrary
place resulting in an overlay of the visible fiddg a grid with lines spaced 30um
(substantia nigra) or 60um (all other areas stydiedoth axes. The contours of the
area of interest were outlined with the cursor. thermotor and cingulate cortex, layer |
was excluded from all measurements because paitsmefre sometimes lost together
with pieces of pia mater during cutting. Squarethiwvithe marked area at distances of
60um for the substantia nigra and 120um for therogitructures were labeled with a
symbol starting from the uppermost left side of fieéd. A disector depth of 10um was
chosen since antibody penetration was sufficiergrtable clear recognition of stained
objects within a depth of at least 15um. The sastiovere viewed with the 40x
magnification objective and 546/590nm excitationksion filter set (15, Zeiss, red
flourescence). The marked meander was scannedllamédrked frames were viewed
consecutively. Immunolabeled cell profiles that eventirely within the counting frame
at any focus level, as well as those attachingrtiniercrossed by the forbidden or
acceptance lines were marked with a symbol. Therepgated switching between the
red and blue filter sets and changing the focuseléhe nuclei of the labeled cells were
identfied. All nuclei that were in focus beyond aagd space (depth 0-2um from the
section surface), i.e. lying within 2 and 12um betbe top of the section, were counted
except for those at the “look-up” level (2um) anatlts intercrossed by or touching the

forbidden lines. Four sections were evaluateddmitdly per animal and staining.

3.5.4 Photographic documentation

Photographic documentation was made on an Axioghaticroscope equipped
with a digital camera AxioCam HRC and AxioVisionfteeare (Zeiss) at highest
resolution (2300x2030pixel, RGB). The images waxxressed using AdobePhotoshop
6.0 software (Adobe Systems Inc., San Jose, Cai#pr
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3.5.5 Statistical analysis

Statistical analysis was restricted to simple camspas of mean values of age-
matched groups, i.e. littermates, using the twedidtest for independent groups. A
more comprehensive analysis allowing multiple congoas between groups of
different age and genotype appeared unsuitableubecaf the risk to compare
genetically variable (non-littermate) groups sefetaby several generations in the
breeding line. By two or more measurements perrpater and animal, the mean was
used as a representative value. Thus, for all cosgpe the degree of freedom was

determined by the number of animals. The acceptesl bf significance was 5%.
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4 RESULTS

4.1 Morphometric analysis of gross-anatomical varia bles

4.1.1 Brain mass, volume and specific weight

The brain mass of 2-month-old CHL1-/- animals dat differ from that of
CHL1+/+ age matched animals (Figure 7). In oldeimats, however, a significant
difference was present: the average brain masslamgsr by 8% and 10% in mutant
animals as compared to wild-type control mice anl 12 months of age, respectively
(Figure 7).

Brain mass

Figure 7. Brain mass of CHL1+/+ (black

600 —n bars) and CHL1-/- animals (grey bars) studied
N at the age of 2, 6 and 12 months. Shown are

400 | i mean values + standard deviation (SD). The
o numbers in the bars indicate the number of
8 animals per group for which this parameter
200 1 could be evaluated. Asterisks indicate
significant differences as compared to the

0 7 6 5 age-matched group (two-sided t test for

2 months 6 months 12 months

independent groups, p < 0.05).

The brain volume of CHL1+/+ animals did not difi@gnificantly from that of
CHL1-/- mice at all three ages studied (Figure B)is finding does not necessarily
stand in contrast to the observation for brain nfaste similar tendencies for the older
age groups). Rather, it reflects a larger expertaiagror (lower precision of volume as
compared to weight measurements, note larger,iveldb mean values, standard
deviations in Figure 8 in comparison to Figure gufeng in failure to detect small
differences (below 10%).

Accordingly, the calculated specific weight (mass pnit volume) did not differ

between the groups (Figure 9).
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Brain volume

Figure 8: Brain volume of CHL1+/+ (black

_—Ch bars) and CHL1-/- animals (grey bars)
600 1 studied at the age of 2, 6 and 12 months.
Shown are mean values + SD. The numbers
o 400 A in the bars indicate the number of animals
£ per group for which this parameter could be
200 1 evaluated. No significant differences
between age-matched groups were found (t
0 7 6 5 test).
2 months 6 months 12 months
Specfic weight Figure 9: Specific weight of CHL1+/+
- — (black bars) and CHL1-/- animals (grey bars)
studied at the age of 2, 6 and 12 months.
Shown are mean values + SD. The numbers
- e in the bars indicate the number of animals
® per group for which this parameter could be
0.5 1 evaluated. No significant differences
between age-matched groups were found (t
0.0 7 6 5 test).
2 months 6 months 12 months

4.1.2 Ventricular volume

Pure observation of spaced-serial sections staiitbdcresyl violet—Luxol Fast
Blue already pointed out that brain ventriclesgflat and third) are larger in CHL1-/-
mice compared to CHL1+/+ animals at all ages studide differences, however, did
not appear to be very large. Estimates of the taatricular volume using the Cavalieri
method on the other hand revealed considerableieeioimegalia in mutant animals in
all age groups (Figure 10 and Figure 11). The mmeeof the mean lateral and third
ventricular volume in mutants compared to wild typiee at 2 and 6 months of age was
within the range of 72%-110%. The difference atidhths was very large (350-625%
increase) but since only 2 brains from CHL1+/+ memeuld be analyzed and these
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appeared to have unusually small ventricles (FigOrand Figure 11), this might not be

representative. For the size of the lateral velesi¢Figure 10) the total bilateral volume

is given. We also studied the ventricular asymmeéetrycomparing the volume of the

left and right lateral ventricle in individual anats (data not shown). No genotype-

specific differences were found.

Volume of lateral ventricles

N CHLI1+/+

* 3 CHL1-/-
10 4
8 1 *
*
™ 4
= 6
1S
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2 4
4
0 6 6
2 months 6 months 12 months
Volume of the third ventricle
BN CHL1+/+
0 CHL1-/-
1,5 1
*
*
cr)E 1,0 .

0,5 1

4
0,0 L 6

2 months 6 months 12 months

Figure 10: Bilateral volume of lateral brain
ventricles in CHL1+/+ (black bars) and
CHL1-/- animals (grey bars) studied at the
age of 2, 6 and 12 months. Shown are mean
values + SD. The numbers in the bars
indicate the number of animals per group for
which this parameter could be evaluated.
Asterisks indicate significant differences as

compared to the age-matched group (t test).

Figure 11: Volume of the third brain

ventricle in CHL1+/+ (black bars) and

CHL1-/- animals (grey bars) studied at the
age of 2, 6 and 12 months. Shown are mean
values + SD. The numbers in the bars
indicate the number of animals per group for
which this parameter could be evaluated.
Asterisks indicate significant differences as

compared to the age-matched group (t test).

4.1.3 Cortical thickness of motor and cingulate are  a

The normalized cortical thickness, calculated asrétio of the cortical segment

area (excluding layer 1) to the length of the sctefgmeningeal) boundary of the

segment, was similar in the two genotype groupalages studied, both in the motor
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cortex (Figure 12) and the cingulate cortical gifeigure 13). This finding is important

with regard to the interpretation of differences@ll densities (see 4.3).

Motor cortex: Normalized cortical thickness

Figure 12: Normalized thickness of the
EEm CHL1+/+

500 4 m—CHL1/- motor cortex in CHL1+/+ (black bars) and

CHL1-/- animals (grey bars) studied at the

600 1 age of 2, 6 and 12 months. Shown are mean
c values + SD. The numbers in the bars
= 400 - - .
indicate the number of animals per group for
200 | which this parameter could be evaluated. No
significant differences between age-matched
0 B 8 6 groups were found (t test).
2 months 6 months 12 months
Cingulate cortex: Normalized cortical thickness Figure 13: Normalized thickness of the
CHL1+/+ ; ;
400 4 i cingulate cortex in CHL1+/+ (black bars) and
CHL1-/- animals (grey bars) studied at the
300 - age of 2, 6 and 12 months. Shown are mean
values + SD. The numbers in the bars indicate
£
3 200 A

the number of animals per group for which

this parameter could be evaluated. No
100 -
significant differences between age-matched

5 6 6 groups were found (t test).
2 months 6 months 12 months

4.1.4 Volume of the Hippocampus

The estimation of the total volume of the hippocampormation and its
subdivisions using the Cavalieri method was notsids because parts of sections
containing the ventral hippocampus and the tempoipital cortex were lost while
cutting in the cryostat. As an alternative, thessrsectional area of the structures was
measured in three spaced-serial sections (250umt) dgam the dorsal hippocampus
cut at defined levels (see Materials and method®. values of the three sections were
averaged to reduce errors due to the inevitableugh small, deviations from the

“perfect” plane of cutting and rostro-caudal distanfrom bregma. Since spacing
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between the evaluated sections was equal andvediatlarge (250um), the area
estimates are proportional to the volume of a §igpmt portion of the dorsal
hippocampus.

All measurements were performed bilaterally anduatad separately for the left
and right hippocampus. Since the results for thealed the right hippocampus and the
degree of asymmetry were similar with respect taofge-related differences, for
clarity and brevity the averaged bilateral values@esented here.

The total area of the hippocampus (Figure 14) hadtea of the granular layer of
the dentate gyrus (Figure 15) were similar in ak-matched groups indicating a
normal size of these structures in mutant animble area of the pyramidal layer
(CA1-3 areas), however, was significantly largel8%) in CHL1-/- animals as
compared to CHL1+/+ animals at 2 and 6 months ef @igure 16) The difference
between the mean values of the two groups studietR? anonths of age was not
statistically significant but the same tendencynseeyounger animals was present (p <
0.08,t test, note small number of animals studied peugjroThe same results were
obtained when the area of the pyramidal layer vaamalized to the total hippocampal

area (Figure 17).

Figure 14: Total cross-sectional area of the
Hippocampus: Total cross-sectional area hippocampus in coronal brain sections of
31 — CHL1+/+ (black bars) and CHL1-/- animals
(grey bars) studied at the age of 2, 6 and 12
months. Shown are averaged bilateral mean
values + SD. The numbers in the bars indicate
the number of animals per group for which this
11 parameter could be evaluated. No significant

differences between age-matched groups were

6 6 4 found (t test).
2 months 6 months 12 months
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the age-matched grouptést).change.

Figure 15: Cross-sectional area of the
granular layer in the dentate gyrus in
coronal brain sections of CHL1+/+ (black
bars) and CHL1-/- animals (grey bars)
studied at the age of 2, 6 and 12 months.
Shown are averaged bilateral mean values
+ SD. The numbers in the bars indicate
the number of animals per group for
which this parameter could be evaluated.
No significant differences between age-

matched groups were found (t-test).

Figure 16: Cross-sectional area of the
pyramidal cell layer in coronal brain
sections of CHL1+/+ (black bars) and
CHL1-/- animals (grey bars) studied at the
age of 2, 6 and 12 months. Shown are
averaged bilateral mean values + SD. The
numbers in the bars indicate the number of
animals per group for which this parameter
could be evaluated. Asterisks indicate sig-
nificant differences as compared to the age-
matched groupt ¢est).

Figure 17: Cross-sectional area of the pyra-
midal cell layer as a fraction of the total
hippocampal area in coronal brain sections of
CHL1+/+ (black bars) and CHL1-/- animals
(grey bars) studied at the age of 2, 6 and 12
months. Shown are averaged bilateral mean
values + SD. The numbers in the bars indicate
the number of animals per group for which this
parameter could be evaluated. Asterisks

indicate significant differences as compared to
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4.2 Immunohistochemical markers, quality of stainin g and

gualitative observations in CHL1+/+ and CHL1-/- ani mals

For each particular antigen, all sections werensthin the same primary and secondary
antibody solutions kept in staining jars and staéd in order to enable repeated long-
term usage (Sofroniew and Schrell 1988ntchev et al. 2004a)The previously
documented reproducibility of this staining techuggwas also apparent in this study:
the quality of staining remained constant for alkdines of slides processed over a
period of several months, an important prerequigitequantitative studies on a large
number of animals. No qualitative differences bemw€HL1+/+ and CHL1-/- animals
were noticed in the staining patterns for the detkéantigens. Examples of the stainings

are shown in Figure 18.

Figure 18: Examples of immunohisto-
chemical stainings in sections of
CHL1-/- (A,C,EF) and CHL1+/+
(B,D) animals. A: NeuN+ cells in the
cingulate cortex of a 12-month-old
animal; B: PV+ interneurons in the
motor cortex of a 6-month-old mouse;
C: reelin+ interneurons, hilus of the
hippocampus of a 2-month-old animal;
D: S-100+ astrocytes, motor cortex of
a 2-month-old animal; E: CNPase+
cell bodies (arrows), motor cortex of a
6-month-old animal; F: TH+ neurons
in the substantia nigra of a 6-month-
C old animal. Scale bar in A indicates
100 um for A,.B and F, 50 um for C
and D, and 25 pm for E.

CNPase
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4.3 Stereological analysis of the motor cortex

4.3.1 General observations

Pure observation of cresyl violet-Luxol Fast Bluairsed sections revealed an
apparently normal structure of the motor cortexhwtite typical arrangement of cells in
six layers. Also with regard to distribution patterof immunocytochemically identified
cells (see 4.3.3-4.3.7) no differences between GHLAnd CHL1+/+ animals were

detected.

4.3.2 Total cell density

The nuclear staining was used to estimate the noateensity (i.e. number per
unit volume) of all cells as a reference value ¢ative of global alterations in the motor
cortex. While no difference between 2-month-old GHI+ and CHL1-/- animals was
found, the total cell density in the cortex of Glat2-month-old mutant animals was
significantly lower compared to age-matched contanimals (-11%, Figure 19)
indicating age-dependehanges in the total cell population in the CHLTicent
motor cortex. With respect to these differences itnportant to note that the cortical
thickness was similar in wild-type and mutant arigra all ages studied. Therefore, the
differences in the estimates of the total cell dgn®flect differences in the absolute

number of cells in a cortical column (cell numbader unit of cortical surface).

Motor cortex: Total cell density Figure 19: Numerical density of the total cell

W CHL1+/+ population, identified by nuclear staining, in
400 A 3 CHL1-/-

the motor cortex of CHL1+/+ (black bars) and

300 1 * CHL1-/- animals (grey bars) studied at the age
‘”.’E * of 2, 6 and 12 months. Shown are mean values
coi 200 1 + SD. The number of animals studied per

group is indicated at the base of each bar.

1001 Asterisks indicate significant differences as

6 6 6 compared to the age-matched groutest).

2 months 6 months 12 months
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4.3.3 Total neuronal population

In contrast to the age-related and genotype-spedifnamics in the total cell
population, the density of all neurons (NeuN-pwgsitiin the motor cortex of CHL1+/+

and CHL1-/- mice was similar at all ages studied{Fe 20).

Figure 20: Numerical density of the total
Motor cortex: Density of NeuN™ cells . .
neuronal population in the motor cortex of
i CHL1+/+ (black bars) and CHL1-/- animals
(grey bars) studied at the age of 2, 6 and 12
100 1 months. Shown are mean values + SD. The

number of animals studied per group is

103 mm'3

indicated at the base of each bar. No
50 4
significant differences between age-matched

groups were found (est).

6 6 6
2 months 6 months 12 months

4.3.4 Parvalbumin-positive interneurons

A large (+35%) and statistically significant difégrce was found in the number
of PV-positive interneurons in mutant animals corepgao wild-type control animals at

the age of 2 months (Figure 21). The densitiedl iolder groups were similar.

Motor cortex: Density of PV cells Figure 21: Numerical density of PV-positive
14 - - CHL1+/+ interneurons in the motor cortex of CHL1+/+
3 CHL1-/-
19 | * (black bars) and CHL1-/- animals (grey bars)

10 | studied at the age of 2, 6 and 12 months.

Shown are mean values + SD. The number of

animals studied per group is indicated at the

103 mm_3

base of each bar. Asterisks indicate significant
differences as compared to the age-matched

5 6 5 group ( test).

2 months 6 months 12 months
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4.3.5 Reelin-positive interneurons

Lower numbers of reelin-positive cells were found CHL1-/- animals
compared to CHL1+/+ mice at all ages studied (-2Bigyre 22).

Figure 22: Numerical density of reelin-
positive interneurons in the motor cortex of
CHL1+/+ (black bars) and CHL1-/- animals

. .+
Motor cortex: Density of reelin” cells

N CHLI1+/+

15 1 = CHLLE (grey bars) studied at the age of 2, 6 and 12
months. Shown are mean values + SD. The

104 T * number of animals studied per group is
* indicated at the base of each bar. Asterisks

103 mm_3

indicate significant differences as compared to
the age-matched grouptést).

6 6 6
2 months 6 months 12 months

4.3.6 Astrocytes and oligodendrocytes

The estimation of numerical densities of S-1004pasiastrocytes (Figure 23)
and CNPase-positive oligodendrocytes (Figure 24¢aked no significant differences
between mutant and wild-type control animals at ame indicating that CHL1
deficiency does not have an impact on these géHltgpes. Furthermore, the normal
numbers of astrocytes in CHL1-/- animals at 2, @8 48 months of age suggest an

absence of neurodegenerative processes associdteabtwogliosis.

Motor cortex: Density of $-100" cells

Figure 23: Numerical density of S-100-
N CHL1+/+ . )
= CHLL-- positive astrocytes in the motor cortex of

20 4 CHL1+/+ (black bars) and CHL1-/- animals
(grey bars) studied at the age of 2, 6 and 12

15
months. Shown are mean values + SD. The

103 mm'3

10 1 number of animals studied per group is
indicated at the base of each bar. No

significant differences between age-matched

0 2 6 6 groups were found est).

2 months 6 months 12 months
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Motor cortex: Density of CNPase® cells

. CHL1+/+

25 1 T CHL1--
20 1
™
IE 15 4
€
™
S 10 4
5 4
0 6 6 6
2 months 6 months 12 months
4.3.7 Microglia

Figure 24: Numerical density of CNPase-
positive oligodendrocytes in the motor cortex
of CHL1+/+ (black bars) and CHL1-/-
animals (grey bars) studied at the age of 2, 6
and 12 months. Shown are mean values + SD.
The number of animals studied per group is
indicated at the base of each bar. No
significant differences between age-matched

groups were found (est).

Ibal, a recently discovered protein, is involvedhia activation of microglia and

thus expressed in quiescent cells (Imai and Koh&&K®). Following activation, the

protein expression is enhanced and maintainedgatlbvel in active cells. This allows

reliable identification of both resting and acte@tmicroglial cells.

The results of the quantitative analysis of Iba%Hdee cells revealed a largely

increased number of microglial cells in 2-month-QHL1-/- animals as compared to

control animals (+45%) (Figure 25). No differendetween the matched groups were

present at 6 and 12 months of age.

Motor cortex: Density of lba1* cells

E— CHL1+/+
15 1 = CHL1--

10 ~

1l

103 mm_3

2 months 6 months 12 months

Figure 25: Numerical density of Ibal-positive
microglial cells in the motor cortex of
CHL1+/+ (black bars) and CHL1-/- animals
(grey bars) studied at the age of 2, 6 and 12
months. Shown are mean values + SD. The
number of animals studied per group is
indicated at the base of each bar. Asterisks
indicate significant differences as compared to
the age-matched grouptést).
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The abnormally high number of microglial cells irn®nth-old CHL1-/-
animals was surprising with regard to the normahber of astrocytes in the same
animals (see 4.3.6). It appeared that either nalicail death and reactive microgliosis
without astroglial activation have occured or ttie high number of microglial cells is
not related to neuronal cell death. To resolveidsge, the morphology and distribution
of Ibal-positive cells were analyzed in section-ohonth-old CHL1-/- and CHL1+/+
animals (Figure 26). The morphology of microglialls changes after activation
(reactive microglia): the size of the cell bodyeidarged and the slender cell processes
become thicker, shorter and can even disappear letehypin phagocytic microglia
(Streit et al. 1999). While resting microglial celire evenly distributed throughout the
tissue mostly as single cells, activated cells faggregates in areas of cell death. Both
signs of activation of single Ibal positive cellsdaclusters were seen in CHL1-/- as
well as in CHL+/+ animals but in both phenotypesstéh phenomena were extremely
rare: occasionally a few “events” could be detecifethe whole coronal section,
containing thousands of microglial cell profilesasvmost carefully scanned at 40x
magnification. These observations suggest that ies®ll death does not occur in

CHL1-/- animals at 2 months of age.

B

Figure 26: Ibal+ microglial cells in the stratum radiatum b&tCA1 hippocampal field of a CHL1+/+

mouse (A) and a CHL1-/- animal (B). Arrow in B igdies a cluster of microglial cells. Scale bar in A

indicates 100um for both panels.
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4.4 Stereological analysis of the cingulate cortex

The cell populations analyzed in the motor corteidM2) were also studied in the

adjacent cingulate areas designated as Cgl-Cgaklfraand Paxinos 1997). The

results are shown in Figure 27, Figure 28, Fig@eRigure 30, Figure 31 and Figure

32. In contrast to the motor area, no significarfitetences between CHL1-/- and

CHL1+/+ animals were found for any cell type at amye studied. These results

indicate that functionally different cortical reg®may be affected in a different way by

the constitutive absence of CHL1. With respect his thotion one finding in the

cingulate cortex should be pointed out: the nundfeeelin-positive interneurons was,

though not significantly, consistently higher inethmutants at all ages (17-19%

increase, see Figure 30 and compare with the teficeelin interneurons in the motor

cortex at of mutants at all ages, Figure 22).

Cingulate cortex: Total cell density
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Figure 27: Numerical density of the total cell
population, identified by nuclear staining, in
the cingulate cortex of CHL1+/+ (black bars)
and CHL1-/- animals (grey bars) studied at the
age of 2, 6 and 12 months. Shown are mean
values + SD. The number of animals studied
per group is indicated at the base of each bar.
No significant differences between age-

matched groups were founttést).

Figure 28: Numerical density of the total

neuronal population in the cingulate cortex of
CHL1+/+ (black bars) and CHL1-/- animals

(grey bars) studied at the age of 2, 6 and 12
months. Shown are mean values + SD. The
number of animals studied per group is
indicated at the base of each bar. No
significant differences between age-matched

groups were found t( test).
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Figure 29: Numerical density of PV-positive
interneurons in the cingulate cortex of
CHL1+/+ (black bars) and CHL1-/- animals
(grey bars) studied at the age of 2, 6 and 12
months. Shown are mean values + SD. The
number of animals studied per group is
indicated at the base of each bar. No
significant differences between age-matched

groups were found (est).

Figure 30: Numerical density of reelin-

positive interneurons in the cingulate cortex of
CHL1+/+ (black bars) and CHL1-/- animals

(grey bars) studied at the age of 2, 6 and 12
months. Shown are mean values + SD. The
number of animals studied per group is
indicated at the base of each bar. No
significant differences between age-matched

groups were found (est).

Figure 31: Numerical density of S-100-

positive astrocytes in the cingulate cortex of
CHL1+/+ (black bars) and CHL1-/- animals

(grey bars) studied at the age of 2, 6 and 12
months. Shown are mean values + SD. The
number of animals studied per group is
indicated at the base of each bar. No
significant differences between age-matched

groups were found (est).
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Cingulate cortex: Density of Ibal " cells Figure 32: Numerical density of Ibal-positive
- CHL1+/+ microglial cells in the cingulate cortex of
[ CHL1-/-

CHL1+/+ (black bars) and CHL1-/- animals
(grey bars) studied at the age of 2, 6 and 12

10 4

months. Shown are mean values + SD. The

number of animals studied per group is

103 mm_3

indicated at the base of each bar. No
significant differences between age-matched

groups were found (est).
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4.5 Stereological analysis of the hippocampus

The hippocampus was not analyzed as thoroughljeasdrtical areas. Evaluated
were three cell types, PV-and reelin-positive ingerrons and microglia, for which
differences were found in the motor cortex. An agleted dynamics similar to the
motor cortex was found for PV-and Ibal-positivelseln CHL1-/- animals, PV
interneurons, normal in number at 2 months, dedliteabout 80% of the values of
CHL1+/+ mice at 6 and 12 months of age (Figure 3Bg density of microgial cells in
CHL1-/- animals was abnormally high at 2 monthsagk (+38% versus CHL1+/+
animals), but normal at 6 and 12 months (Figure 3B CHL1 deficiency did not
appear to affect the reelin interneurons in thegdgampus (Figure 34), compare with
the deficit at all ages in the motor cortex, (F@@e). These findings indicate again that

the mutation affects the brain in a region-specifanner (see also 4.4).
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Hippocampus: Density of Pv? cells

N CHL1+/+
3 CHL1--
4 4
*
*
3 4
@
£
£
or)o 2
-
1 4
5
0 6 5
2 months 6 months 12 months
Hippocampus: Density of Reln” cells
B CHL1++
3 CHL1--
10 A
8 4
@
£
E 6
2]
o
-
4 4
2 4
6
0 6 6
2 months 6 months 12 months
Hippocampus: Density of Ibal® cells
B CHL1++
= CHL1--
*
10 -
8 4
g
£
E 6
™
o
-
4
2 4
6
0 6 5
2 months 6 months 12 months

Figure 33: Numerical density of PV-positive
interneurons in the hippocampus of CHL1+/+
(black bars) and CHL1-/- animals (grey bars)
studied at the age of 2, 6 and 12 months.
Shown are mean values + SD. The number of
animals studied per group is indicated at the
base of each bar. Asterisks indicate significant
differences as compared to the age-matched

group ( tes)

Figure 34: Numerical density of reelin-

positive interneurons in the hippocampus of
CHL1+/+ (black bars) and CHL1-/- animals

(grey bars) studied at the age of 2, 6 and 12
months. Shown are mean values + SD. The
number of animals studied per group is
indicated at the base of each bar. No
significant differences between age-matched

groups were found fest).

Figure 35: Numerical density of Ibal-positive
microglial cells in the hippocampus of
CHL1+/+ (black bars) and CHL1-/- animals
(grey bars) studied at the age of 2, 6 and 12
months. Shown are mean values + SD. The
number of animals studied per group is
indicated at the base of each bar. Asterisks
indicate significant differences as compared to

the age-matched grouptést).
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4.6 Stereological analysis of the substantia nigra

To get an insight into the structural integrity e dopaminergic system, the
density of TH-positive neurons was evaluated in gbbstantia nigra pars compacta.
These neurons are dopaminergic and project priynaitthe striatum. Like for other
neuronal cell types, also in the substantia nigrage-related loss of cells (around 25%)

was found in CHL1-/- animals between the age afi@ @ months (Figure 36).

Substantia nigra: Density of TH' cells ) ] ) »
Figure 36: Numerical density of TH-positive

50 4 EE CHL1+/+ X . .
= CHL1/- neurons in the substantia nigra of CHL1+/+

01 (black bars) and CHL1-/- animals (grey bars)
studied at the age of 2, 6 and 12 months.

301 x Shown are mean values + SD. The number of

103 mm3

20 | animals studied per group is indicated at the

base of each bar. Asterisks indicate significant

e differences as compared to the age-matched

0 6 6 2 group ¢ test).
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5 DISCUSSION

The results of this study show that deficient egpi@n of the cell recognition
molecule CHL1 in the mouse causes a range of alaiies in different brain regions.
Apart from discrete gross structural malformatiosgbpopulations of inhibitory cells
and dopaminergic neurons are affected in an agerdigmt and brain region-specific

manner.

2 months 6 months 12 months
Gross anatomical variables

Brain Mass

Lateral ventricular volume

Third ventricular volume

> > >
> > > >
- » —»

Area of CA pyramidal cell layer
Stereological analysis (M otor

Total cell density

|
<«
<«

PV-density
Reelin-density

Ibal-density

> <« >
4_
4_

Stereological analysis (Cingulate

Total cell density = = =
PV-density = = =
Reelin-density = = =
Ibal-density = = =
Stereological analysis

(Hippocampus)

PV-density = * *
Reelin-density = = =
Ibal-density f = =
Stereological analysis (Substantia

TH-density = $ $
Table 3: Summary of differences found comparing CHL1-/- andLC+/+ mice in different brain

regions and at different ages. Arrows indicate ificantly lower | or highert values in mutant animals

as compared to control animals, = indicates thexetis no significant difference.
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5.1 Morphological aberrations in the CHL1 deficient mouse

An overview of the most important results of thisidy is given in Table 3. Not
included in this table are variables for which riffedences between the mutant and the
wild-type animals were found in any region and ay age studied (brain volume,
cortical thickness, cross-sectional areas of thpdgtampus and the granule cell layer of
the dentate gyrus, densities of NéuSNPaséand S-100cells).

5.1.1 Gross morphological variables

Previous qualitative evaluations of major brainioeg have not revealed any
severe abnormalities in the CHL1 deficient mouseiftdg-Sallaz et al. 2002). The
differences between CHL1-/- and CHL1+/+ animalscdbsgd in the study of Montag-
Sallaz and co-workers are rather subtle and incladger ventricles and aberrant
projections of hippocampal granule cells and oddbry neurons. In agreement with
these results we found no differences between rmaad wild-type animals in the
thickness of the cerebral cortex (motor and cinguéaea), the cross-sectional area of
the hippocampus and the dentate gyrus. Small diffegs were found in the total brain
mass and the cross-sectional area of the pyrancelallayer in the hippocampus
(around 10% higher values in CHL1-/- animals as garad to CHL1+/+ mice). The
most robust aberration in the brains of CHL1 defitianimals is the enormously
increased ventricular volume by a factor of two andre as compared to wild-type
animals at different ages (see Table 3 and 4.1.2).

The genotype-specific differences in the ventricdelume and the area of the
pyramidal cell layer of the hippocampus were foandll three ages studied (Table 3,
4.1.2 and 4.1.4). This was not the case for thenbreass which was found not to be
increased in 2-month-old mutants compared to wiftetmice but increased by some
10% between 2 and 6 months of age in CHL1-/- arsnaal compared to CHL1+/+
littermates (Table 3 and 4.1.1). This finding iSraportance since it indicates abnormal
postnatal dynamics of a global structural brainalde. Moreover, recent studies have
shown that the brain of mutant animals is even Em#han that of control wild-type
animals at the age of one month (-10%, Irintchet, published). Thus, it appears that
the CHL1-/- mutation causes a deficiency in thealtobrain mass during
embryonic/early postnatal development which is ‘fowenpensated” during later

postnatal stages.
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5.1.2 Stereological data

The comprehensive stereological analysis of a waé cell types provides a
large and novel data set with regard to the cellglamposition of different brain
regions in wild-type animals. These data are ofeganinterest since such information,
derived from simultaneous analysis of major cellety in the CNS, cannot be found in
the literature. The only exception is a recent gtod the cerebral cortex of tenascin-C
deficient and non-deficient mice performed in caipdratory (Irintchev et al. 2004a).
The present results on various numerical densitiethe motor cortex of wild-type
animals are in good accordance with the resulte@previous investigation indicating
the reproducibility of this quantitative approaddeyond producing data of general
interest, we could identify a number of genotypeesiic differences in cell densities

which require special attention (see 5.1.2.2).

5.1.2.1 Cell populations unaffected by the mutation in the CHL1 gene

The numerical densities of NetiNeurons, S-100astrocytes and CNPdse
oligodendrocytes were studied in the motor and waig cortex and no differences
between CHL1-/- and CHL1+/+ animals were found.sTdould be interpreted as a hint
that CHL1 expression in neurons and astrocytesjedisas oligodendrocyte precursors
during development, and in many brain regions disong adulthood (Hillenbrand et
al. 1999), is dispensable for the formation andmtesiance of these major cellular
populations. A conclusion like this appears, howgsaperficial. In this study we have
evaluated a single variable with regard to thedkilae populations namely the cell
number. Other aspects such as functional cell ptege neuronal connectivity,
dendritic tree morphologies and dendritic spinesttess, which might be substantially
altered as a result of the gene mutation, wereaddtessed in this study. In fact, the
finding of reduced numbers of inhibitory neuronsg§able 3 and 5.1.2.2) is a hint that
CHLL1 is essential for the maintenance of particuauronal subpopulations and the
finding is consistent with results showing that AHhromotes neuronal survival (Chen
et al. 1999). Furthermore, a recent study hasiiieshia role for CHL1 in area-specific
migration and dendrite guidance of pyramidal nesrom CHL1 knockout mice
pyramidal neurons in layer V of the visual cortere aleeply displaced and have
inverted polarity, while neurons in the somatosensortex develop misoriented apical
dendrites (Demyanenko et al. 2004).
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5.1.2.2 Cell populations affected by the mutationi  nthe CHL1 gene

The PV interneurons were more numerous in the motor xarfe2-month-old
CHL1-/- mice (+35%) as compared to CHL1+/+ littetesawhile the numbers were
similar in both genotypes at older ages (Table @ 4:/3.4). In the hippocampus, the
numbers of PV cells were similar in mutant and wild-type animatsthe age of two
months but significantly lower (-20%) in CHL1-/- oai at 6 and 12 months of age
(Table 3 and 4.5). Thus, both in the motor corted the hippocampus there is an age-
related decline in the numbers of Pwterneurons in CHL1-/- mice as opposed to
CHL1+/+ animals. This finding is further supportieg results of a recent study on the
hippocampus of 1-month-old CHL1 deficient mice ihieh a surplus of about 90%
PV cells has been found compared to non-deficientrabanimals (Nikonenko AG,
Sun M, lIrintchev A, Dityatev A, Schachner M, unpsbed observations). In the
cingulate cortex no age-related decline was obseree the contrary there was a
tendency for higher numbers of P¥ells in mutant animals (~15%) at 6 and 12 months
of age (Table 3 and 4.4.). These findings indi¢ag the loss of PVinterneurons is a
phenomenon affecting specific regions of the breather than being a “global”
phenomenon in the CHL1 deficient brain.

The PV interneurons comprise a major proportion of GAB#fiercells in the
hippocampus and cerebral cortex (Fukuda and Ko28K®; Galarreta and Hestrin
2002; Freund 2003). These inhibitory neurons areplesl by both chemical and
electrical synapses and form an inhibitory netwetiich operates at high-frequency
discharge rates. This network has a strong impaabeuronal excitability and, thus,
regulates basic physiological properties such asclepnization and oscillatory
activities in the hippocampus and in the cortexer€fore, changes in the PV
interneuron-mediated inhibition have profound efeon hippocampal and cortical
function and have been implicated in schizophréseg 5.3.2.2).

Alterations in the numbers of reelin-immunoreactiméerneurons in specific
brain regions have, in addition to P\¢ells, also been observed in schizophrenic
patients (see 5.3.2.2). Our study revealed a $igmif reduction of this cell type in
CHL1-/- animals (-20%) as compared to CHL1+/+ angma the motor cortex at all
ages studied (Table 3 and 4.3.5). In contrast éontlotor cortex, no differences were
found in the hippocampus and a tendency for highwnbers in mutant animals was
found in the cingulate cortex at all ages studiab(e 3, 4.4 and 4.5). Therefore, for

this cell type gene defect-related alterations aféected specific brain regions.
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Total cell density also appeared to be affectecaimegion-and age-related
manner: a decline was found in the motor cortexvbeh 2 and 6 months in mutant
animals while no differences between CHL1-/- andLCH+ mice were found in the
cingulate cortex (Table 3, 4.3.2 and 4.4). Thesdiffigs indicate, in conjunction with
the changes seen for other cell types, that themuairtex is a “target” of abnormal
postnatal dynamics of cell populations while thegcilate cortex appears to be spared.

Abnormally high numbers of Ibal positive microglie¢lls were found in 2-
month-old CHL1-/- animals in the motor cortex andhe hippocampus, but not in the
cingulate cortex (Table 3, 4.3.7, 4.5, 4.4). Ataslédges the numbers in the CHL1-/-
mice were similar to those in CHL1+/+ animals ihtahin regions.

Thus, the changes in the microglial population masstrelated to the loss of
inhibitory interneurons: larger numbers of Ibalipes cells were present in affected
areas and at an age (2 months) at whicH B&uronal numbers were still normal
(hippocampus) or higher than normal (motor coreee Table 3). Despite increased
microglial cell density in CHL1 mutant animals ab@nths of age (Table 3, 4.3.7, 4.5,
4.4), no apparent morphological signs of microgiell activation or massive cell death
were observed. This is in accordance with the atesehastrogliosis (normal number of
S100 positive neurons in mutants as compared o type littermates) but raises the
question of what the reason for the high numbemafroglial cells is. A plausible
explanation would be that this is a moderate reaathicrogliosis caused by death of
inhibitory neurons which only account for a mingogportion of all neurons, occurring
at a slow rate over an extended time-period. Anoitgiguing possibility is that the
phenomenon is related to an abnormal turn-overabynapses, a speculation based
on the known function of microglial cells in synapslimination in motor nuclei after

peripheral nerve injury (“synaptic stripping”, Morand Graeber 2004).

5.2 Insufficiencies of current animal models of sch izophrenia

So far, studies on animals have had little impacthe diagnosis and treatment of
schizophrenia as opposed to hypertension or digimetelels, for example (Kilts 2001).

This clearly indicates that more relevant modeks argently needed to increase the
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perspective for a better understanding of the diseapathophysiology and for a rather
causal treatment of the illness.

The modern view of neuroscience is that clinicadlievant psychiatric conditions
have a primary dysfunction of neuronal systemshairtorigin (Cowan et al. 2000).
Since disruption in neuronal circuitries and fuaos can affect both human and animal
behavior in a similar way the use of animal modeisuld allow to manipulate
candidate causal factors and invasively explore twnsequences of such
manipulations. These are investigative stratedmed are highly limited in humans.
There are several reasons for the lack of suitablenal models of which the most
fundamental is the caveat of faithfully reproducimlgat is generally perceived to be a
cognitive disorder in less cognitively developedhaals. Furthermore, heterogeneity in
clinical symptoms, varying course of the disordad anultiple potential causative
factors represent significant obstacles to thetifieation and establishment of suitable

animal models (Marcotte et al. 2001).

5.2.1 The neurodevelopmental theory

The neurodevelopmental theory of schizophreniaybatsts that the pathogenic
condition that leads to schizophrenia developshenmiddle stage of intrauterine life,
long before the onset of symptoms (Weinberger 198@mage before this time would
affect neurogenesis and thus lead to severe staliend cellular cortical abnormalities,
which are not observed in schizophrenia (Hardin@2)9 CHL1 expression is first
detectable in the mouse brain at embryonic day Bi8mwaxonal outgrowth in the CNS
starts (Hillenbrand et al. 1999). A lack of CHL1 wid therefore be able to produce a
pathogenic condition in the middle of intrauteridée potentially leading to
schizophrenia. It has been assumed that defettsain development lead to abnormal
neural connectivity between the temporo-limbic &odtal cortices (Wood et al. 1998).

Developmental abnormalities in schizophrenic pasiddecome evident early in
life, long before the clinical manifestation of tesease. Observations on children at a
high risk to develop schizophrenia, i.e. with aifpes family history, have shown that
those children who later develop the disease haueofogical and motor deficits from
infancy on, which continue through school age addlescence (Niemi et al. 2003).

Lower IQ, attention deficits and poorer school andial adjustment are typically found
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in children who will develop schizophrenia compatedontrols which proves that the
pathology must be present before the actual orisstngptoms.

The disorder itself with psychotic symptoms typligahppears after puberty which
suggests that puberty is a critical maturationalggeduring which a predisposition
might, but does not necessarily need to evolve ihéodisease (Walker et al. 2004).
Overproduction and elimination of synapses, reaspamd function is the mechanism
by which the brain fine-tunes itself in order tohewe its adult topography. The
overproduction phase is thought to maximize thermftion-carrying capacity of the
immature brain. With the onset of puberty synamfticiancy is streamlined in a
regionally specific manner (Andersen 2003; Feind&¥82; Walker EF 1994).
Developmental abnormalities and an onset after iyilseem to militate in favor of the
neurodevelopmental theory with aarly insultand a delayed manifestation, suggesting
an interactive process between deficit and devedompm

The importance of genetic factors in the etiolofgahizophrenia is nowadays beyond
doubt and the neurodevelopmental theory has bedelywiaccepted. Schizophrenia
seems to involve the interaction of a large nundfegenes and it is thus unlikely to be
faithfully modeled in its entirety by the approaoh animal models. Furthermore,
environmental factors might play an important rdecording to the widely accepted
“two-hit hypothesis” (Bayer et al. 1999b, Walkeragt2004), the mutant gene or rather
multiple mutant genes form the basis for the diseé$irst hit”). During fetal
development an environmental factor (“second H&§ds to a dysfunction of chronic
molecular processes by modulating the mutant gefumation. Studies of cesarean
delivery or anoxia in rats have shown increasedadopergic hyper-responsiveness to
psychostimulants (EI Khodor and Boska 1998) andksstr(Boska et al. 1998)
significantly depending on the genetic backgrouhthe animal (Berger et al. 2000).
Only both hits together trigger the disease pro¢Bsyer et al. 1999b). We postulate
that a mutation in the CHL1 gene leads to a dysfonén brain development being the

first hit in the pathogenesis of schizophrenia.

5.2.2 Current animal models

Historically animal models have predominantly fosthson alterations of transmitter

systems and lesions of defined areas. Up to ndwastonly been possible to enlighten
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certain aspects of the disease without any sigmficontribution to the understanding

of the etiology of schizophrenia.

5.2.2.1 Pharmacological and lesion models

Pharmacological models of schizophrenia are basedhe understanding of
alterations in various neurotransmitter systems Bést known model is the dopamine
model which is based on the idea that a hyper&gtod mesolimbic dopaminergic
neurons produces the positive symptoms (Seeman) }9Bife a hypodopaminergic
state of mesocortical dopaminergic neurons is me@ao be the basis of negative
symptoms (Dworkin and Opler 1992). In the animaldelothe administration of
amphetamine and related psychostimulants reliabigutates behavioral alterations
such as hyperlocomotion and stereotypy (Kokkinafsl Anisman 1980) and can be
attenuated by treatment with antipsychotics. Psapuhhibition (PPI), which is a
measure of sensorimotor gating is impaired afteniai$tration of a dopamine agonist
mimicing the PPI deficits observed in schizophrefiiakkinidis and Anisman 1980).
Pharmacological models like the Dopmine model mithesymptoms of schizophrenia
but do not give the answer to underlying mecharbignwvhich the dopamine activity is
altered. There are also models regarding othesrndters such as GABA, serotonin or
glutamate following the same principle.

The next step designing an animal model for schizmpa was the development
of a number of targeted lesion models. They typicalvolve exitotoxic agents which
destroy neuronal tissue through stimulation of &xory glutamate release or by acting
as direct glutamate receptor agonists. Regionshwdie supposed to be involved in the
etiology of schizophrenia like the prefrontal cartéhe hippocampus and the thalamus
received a great deal of experimental attentiorsidres in these regions result in an
enduring hyper-responsiveness to stress (Jaskial.£990), transient increases in
locomotor exploration and amphetamine induced stgpg (Braun et al. 1993).

The principal advantage of neonatal lesion modethe ability to demonstrate a
delayed onset of symptoms testing the neurodevedamhtheories of schizophrenia,
the drawback of all experimentally induced lesioodeils is that they reflect far greater
damage than what is seen in the brains of schieophpatients. Rats with neonatal
excitotoxic lesions of the ventral hippocampus sbdwlelayed (post-puberal) onset of

increased hyperlocomotion (Lipska et al. 1993)ucedl PPl (Swerdlow et al. 1990),
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haloperidol-induced catalepsy and enhanced aponmaphduced stereotypies (Lipska
and Weinberger 1993).

It is now clear that the pharmacological and lesaoimal models have reached
the limit of their predictive and explanatory cailiibs (Marcotte et al. 2001). More
promising appear neurodevelopmental animal modeishich epigenetic factors such
as neonatal stress or post-weaning social isolatierused to induce schizophrenia-like
behaviors (Van den Buuse et al. 2003). In such defdowever, the role of genetic

predisposition can not be studied.

5.2.2.2 Genetic models

Over the last years, genetic studies in humans itkveified a number of genes
as schizophrenia susceptibility factors when mudtgt¢éarrison and Owen 2003). The
identified genes display functions that fit withetheurodevelopmental hypothesis for
schizophrenia. Among these genes is Disrupted-ini®phrenia 1 (DISC1) which is
prominently expressed in the developing nervousesysand has been found to be
mutated in schizophrenic patients (Austin et al020Ma et al. 2002; Morris et al.
2003). Other candidate genes are neuregulin 1a(8&tebn et al. 2002), a gene involved
in various developmental steps, including migratainoligodendrocytes and myelin
formation; dysbindin (Straub et al. 2002), a coited-containing protein binding to
dystrobrevins and present at high expression leugl$iippocampal mossy fiber
terminals, G72 (Chumakov et al. 2002), associatitd B-aminoacid oxydase and the
regulator of G-protein signaling 4 (RGS4) (Mirniesal. 2001). Etiologically relevant
might also be the catechol-O-methyltransferase denet al. 1996) located in the
velocardiofacial syndrome region on chromosome 22dlhe extracellular matrix
glycoprotein reelin has also been implicated inizgbhrenic symptoms, since it is
down-regulated in schizophrenic patients (Tissid &offinet 2003). Finally, disease
susceptibility has been recently associated wigieretic variation in the 8p21.3 gene,
PPP3CC, encoding the calcineurin gamma subunit@ et al. 2003).

Mice deficient in neuregulin 1 are available andrehashown some schizophrenic
symptoms, such as prepulse inhibition impairmengsi§tant to the atypical

antipsychotic drug clozapine) and hyperactivityogelpine-sensitive, Stefansson et al.
2002). Catechol-O-methyltransferase-deficient ndisplay increased anxiety and more

aggressive behavior but no impairment of prepuiggbition (Gogos et al. 1998).
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Heterozygous reelin-deficient mice have a number abhormalities resembling
symptoms present in schizophrenia (Tissir and @Geffi2003). However, complete
absence of reelin causes severe brain malformatiah the death of homozygous

animals which bears little similarity to schizophiae

5.3 Potential value of the CHL1 deficient mouse

5.3.1 General evaluation

Several features of the CHL1 deficient mouse att@#tention with regard to its
usefulness in neuropsychiatric research. Structatarrations are found in these
animals, as shown by previous work (Montag-Sallaale 2002) and in this study,
indicating the usefulness with regard to the dgwalental etiology of schizophrenia.
These aberrations are, importantly, not severe amaltions but rather discrete
abnormalities as are those observed in schizophrpaiients (Falkai et al. 2001).
Among the structural defects observed in the CHeficégent mouse are defects in the
connectivity of hippocampal and olfactory circwesi (Montag-Sallaz et al. 2002).
Schizophrenia is most likely a disease of abnogyahptic connectivities and functions
(Frankle et al. 2003). And, as shown in this studythe CHL1-/- mouse there is an
abnormal postnatal dynamics in distinct cell popofes which fits to the
developmental delay in the natural history of tieedse. Furthermore, a sensorimotor
gating deficiency, assumed to be the pathophysicdébdpasis of the human disease, is
present in these animals as indicated by disruptegulse inhibition (Irintchev et al.
2004a). Moreover, the behavior of the animals feedint from that of non-deficient
littermates (Montag-Sallaz et al. 2002), as shdaa@dxpected for a model of psychosis.
There are deficiencies in the structure and functibinhibitory synapses in CHL1-/-
animals (Nikonenko et al. 2004) and GABAergic traission is apparently affected in
patients (Reynolds et al. 2001; Lewis et al. 2004 finally, there is evidence that the
CALL (CHL1) gene in humans might be a susceptipilgene for schizophrenia
(Sakurai et al. 2002, Chen et al. 2005). All thésztures make the CHL1 deficient

mouse most attractive for neuropsychiatric research
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5.3.2 Similarities of structural aberrations in CHL 1-/- mice and
findings in schizophrenic patients

Over decades schizophrenia has been considerezladfianctional” psychosis
mainly because neuropathologists failed to identifgrphological alterations in the
CNS of schizophrenic patients as reviewed in aiclarby Roberts and Bruton (1990)
entitled “Notes from the graveyard: neuropatholagyl schizophrenia”. Over the last
years things have changed primarily due to theofisew non-invasive techniques such
as computed tomography (CT) and structural magmesonance imaging (MRI), as
well as to more systematic and sophisticated aealgsg post-mortem brain samples
from patients. Ventricular enlargement, dilatatiof cortical sulci, gray matter
reduction and dysplasia in the limbic system aee liest documented morphological

alterations in schizophrenics (Bogerts 1999)

5.3.2.1 Ventricles

Out of 47 well designed studies 79% find a latexahtricular enlargement in
schizophrenic patients (McCarley et al. 1999). Tl ventricle has also been affected
in more than 60% of the studies (McCarley et a@)9Ventricular dilatation has been
proposed to be a good predictor of long-term thewsip success and of disease
outcome (Lieberman et al. 1992). The enlargemeas admt seem to be progressive in
schizophrenic patients (Bogerts 1999). Although é&xact cause of the changes in
ventricular volume in schizophrenia remains unclaad ventriculomegalia is not
specific for psychoses, this feature is the neutapagical hallmark of the disease.
Ventricular enlargement is also present in the CiAL@nouse (Montag-Sallaz et al.
2002, 4.1.2). Our quantitative analysis showed féergince of about a factor of 2
between CHL1-/- and CHL1+/+ animals which appear®d large. Compared to the
total brain volume (about 400 mirsee 4.1.1), however, the difference (about £mm
see 4.1.2) is small (< 1% of the total brain voliume contrast, L1 deficient mice on
the same C57BL/6J genetic background develop sewdeocephalus (Rolf et al.
2001).
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5.3.2.2 Motor Cortex and Cingulate Cortex

Along with the enlargement of ventricles, gray matteduction, especially in
the dorsolateral prefrontal and temporal cortexns of the most consistent findings in
schizophrenic patients (Sullivan et al. 1998). @nalysis of the cortical thickness,
however, did not reveal differences between mudaiinals and wild-type littermates
(see 4.1.3).

A variety of studies suggest that GABA interneurans the cortex are
prominently affected (Reynolds et al. 2001; Lewisle 2004). The GABAergic system
has been implicated in the pathophysiology of smbtizenia for decades, especially
with regard to its influence on the dopaminergisteyn. A lot of data argue for a defect
in the GABAergic system of the frontal cortex: redd amounts of mMRNA and protein
for the 67kDa isoform of glutamate decarboxylasé&G;), a GABA synthesizing
enzyme (Akbarian et al. 1995; Volk et al. 2000) @aralleled by lower GABA
concentrations (Kutay et al. 1989), less releasé ABA (Sherman et al. 1991), lower
levels of GAT1 mRNA (Volk et al. 2001) and up-regiibn of GABA, sites (Dean et
al. 1999).

GABAergic interneurons can be divided into sevesabgroups based on
morphological characteristics and expression ofedht calcium binding proteins
(Conde et al. 1994, Freund 2003). Chandelier neuama wide basket neurons express
parvalbumin whereas double bouquet neurons exprakstinin (Lund and Lewis
1993). It can be presumed that chandelier neuraes tle ones which might
predominantly be involved in the pathophysiologysotizophrenia. The axon terminals
of chandelier neurons form synapses exclusivelyh viite axon initial segment of
pyramidal neurons which is located very close dite of action potential generation.
Chandelier neurons therefore have a strong inflee@mcthe regulation of the excitatory
output of pyramidal neurons playing a crucial nolevorking memory which is altered
in schizophrenia. In addition, parvalbumin-contagni neurons get input from
dopaminergic axons and thalamocortical projecti@esack et al. 1998), two systems
projecting to the PFC, which is a structure essaéritr the working memory and
apparently highly implicated in schizophrenia.

Last, but not least, does the density of parvalbypaisitive chandelier neurons
change substantially during puberty, the age otbpo$ schizophrenia. A quantitative
analysis of Brocca area 10 (PFC) revealed a dexmfagarvalbumin-positive neurons

in schizophrenic patients compared to normal césitro
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Consequently, we used the maker parvalbumin in rotde analyze the
GABAergic system in two cortical areas. The analysi the motor cortex revealed
abnormally high numbers of PV+ cells in 2-month-@#iL1-/- animals compared to
CHL1+/+ mice which declined to normal levels in @danimals. Such an age-related
decline was not detected in the cingulate cortdes€ findings bear similarities with
schizophrenia in two respects: in the first pldbe, alterations are region-specific, and,
secondly, age-related.

Reelin is a glycoprotein which is produced by G#alzius cells and secreted
into the ECM (D Arcangelo et al. 1995). It playsrcial role in neuronal migration,
neuronal positioning and cerebral cortex laminat®eelin is also involved in plasticity
in the adult brain. The reeler mutant in mice (Redeficient mouse) does not show a
normal pattern of cell migration throughout theedwal and cerebellar cortices. The
“inside-out” arrangement seen in wild-type micénigerted to an “outside-in” pattern in
the reeler mouse. Reelin expression has been ftubd down-regulated in the PFC,
temporal cortex, hippocampus, caudate nucleus, @rdbellum of schizophrenic
patient’s brains (Benes et al. 1996a). Our findingke motor cortex correlate with the
findings in patients: at all ages the numbers efime interneurons were significantly
lower in CHL1-/- animals as compared to CHL1+/telimates (see Table 3and 4.3.5).
And here again region-specific differences werentbuln comparison to the motor
cortex, there was no reduction of reelin+ cellgh@ cingulate cortex in mutant animals.
Rather there was a tendency for higher numberd Hirae ages studied (Table 3 and
4.4.)

The increased density of Ibal positive cells at éhtins of age in the motor
cortex of mutant animals deserves also attentidn kespect to findings in patients with
schizophrenia. In some cases, increased numbengaiglial cells have been observed
(Bayer et al. 1999a; Radewicz et al. 2000), sintitathe motor cortex of the CHL1-/-
mouse at a young age (see 4.3.7) Mostly, howevierpgliosis is not observed and this
was the finding in the CHL1 mutant mouse at oldggsa Therefore, an increase in the
number of microglial cells may commonly occur iresiic brain regions at younger
ages of the patients but the phenomenon has notdremuntered since typically older

patients are studied.
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5.3.2.3 Hippocampus

The hippocampus is part of the limbic system wh&lessential, among other
functions, for the suppression of irrelevant infatran that reach the cortex along the
afferent pathways. The hippocampus is essentialctomparing past and present
incoming sensory data and evaluating these datarwtional relevance (Mesulam
1986). Most of the studies regarding the limbicteysof schizophrenic patients show
subtle structural defects such as volume loss, @mds and cytoarchitectural
abnormalities but the type and extend of the lingyistem pathology in schizophrenia
varies (Harrison 2004). In contrast to degeneraligeases, limbic tissue volumes, cell
numbers and size differ by some 10-20% betweenzsphrenics and controls
including a considerable overlap between patientd a&ontrols. Structural and
functional disturbances in the limbic system magdldo a dissociation of higher
cognitive processes from elementary emotional nsodktesponse (Bogerts 1999).

Montag-Sallaz et al. (2002) studied the structuréne hippocampus in CHL1
deficient mice and found an altered configuratidrthe mossy fiber tract. The strict
organization of the projections into two distincinlles, a suprapyramidal and a
infrapyramidal one, is lost in the CHL1 mutant mewsd fibers project through the
CA3 pyramidal layer forming a network between thendiies. In this study, another
subtle abnormality, a larger cross-sectional afghe pyramidal cell layer in CHL1-/-
compared to CHL1+/+ animals, was found (see 4.I'A& difference was present but
small at all ages studied (about 10%). A simildfedénce in the volume of the CAl
pyramidal cell layer has recently been observedne-month-old CHL1 deficient
animals compared to wild-type control animals (Mi&oko et al. 2004). And,
importantly, in that study the number of pyramidalls in the mutant animals was
found to be increased proportionally to the incegassize of the structure. Therefore, it
can be concluded that the CHL1 deficiency leads tdiscrete abnormality in the
development of the pyramidal cell layer of the lnippmpus. The increase in the
volume of the pyramidal layer might appear too $ntal be of any substantial
significance at first glance. The physiological sequences however are unpredictable,
especially with regard to the possibility that thiserration could be accompanied or
related to other abnormalities such as abnormsiliire the dendritic trees of the
pyramidal cells.

In the hippocampus of the CHL1 deficient mouse \s® abserved an age-

related decline in the number of PV+ interneuromsretating with a transient
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microgliosis. In schizophrenia, there is also emm®e for deficits in GABA uptake
(Reynolds et al. 1990) with increased (possibly gensatory) GABA receptor binding
(Benes et al. 1996a).

5.3.2.4 Substantia nigra and ventral tegmental area

A hypodopaminergic state of mesocortical dopamiregamission paralleled by a
hyperdopaminergic state of mesolimbic dopaminestrassion has been suggested to
be relevant to the pathophysiology of schizophréBelmaier et al. 2002). Therefore,
we analyzed the dopaminergic system. The ventginésmtal area (VTA) is the
neuronal source of the mesolimbic dopaminergicwywayhand has been proposed to be
related to psychotic symptoms and information pset®y dysfunction in schizophrenia
(O'Donell and Grace 1998). A hyperactivity of mésdlic dopaminergic neurons is
suggested to produce the positive symptoms of gphiznia (Seeman 1987) and a
hypodopaminergic state of mesocortical dopaminengiarons is proposed to be the
basis of negative symptoms (Dworkin and Opler 1992)

Regarding the proposed pathophysiological relevaridhe mesotelencephalic
dopaminergic system in schizophrenia and its ptessiik with cortical alterations, we
investigated whether there is evidence that theorstriatal dopaminergic system is
altered in CHL1 deficient mice by evaluating themmuical density of tyrosine
hydroxylase positive cells in the substantia nigk&® found no difference between the
genotypes at two months of age but a significashicgon in the number of TH positive
neurons in the substantia nigra of older CHL1 defit mice (see 4.6). This suggests
that TH+ neurons are lost with age in the mutamhals which would certainly have an
impact on the behavior of these animals. Numberdopaminergic cells have yet not

been estimated in samples from patients.

5.3.2.5 Age dependency

We know that first signs of the disease processafigady present in young
children who will later on develop schizophreniat e disease specific symptoms
only evolve after puberty. Therefore pathologidaamges in the patient’s brains must
occur between childhood and adulthood. In our stwéycould show age-dependent

alterations of gross anatomical parameters and ncahe densities of
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immunohistochemically identified cell populatiomsG@HL1 deficient mice. Mice at 2, 6
and 12 months of age were studied, ages that catoip@ared to young adulthood,
adulthood and old age in humans, respectively.data suggest that dynamic processes
occur between young adulthood, adulthood and okl iagCHL1-/- mice a finding

consistent with the clinical time course of schizamia.
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5.4 Conclusion

The present study has identified structural abiematin the CHL1 deficient
mouse which are strongly reminiscent of abnorneaitihat have been identified in
brains of patients with schizophrenia. Moreovere timvestigation of animals at
different ages revealed a striking postnatal dyrcamihis dynamics correlates with the
developmental delay in the clinical manifestatidrine human disease. These features,
in conjunction with other known behavioral and pgbiagical abnormalities, make the
CHL1 mutant mouse a most promising model for futoemiropsychiatric research.
Ultimately an animal model of schizophrenia mayphtel expand our knowledge of this
poorly understood disorder, which strikes at theyveore of what it means to be
human. A better understanding of the disease wgiukelus new therapeutic approaches
which will deal with the actual cause of the diseés defective protein synthesis for
example) instead of dealing with the consequendgsfinction in the dopaminergic
system) as we do today. Having found the poteigadetic cause (“first hit”) of the
disease we will continue to search for a “secortl lsing CHL1 deficient mice.
Inducing maternal viral infections or anoxia durirgrth will be one way of
approaching this target. Finally knowing the fiastd second hit which give rise to the
disease a screening test could be developed hdipipgevent a second hit in already

susceptible individuals carrying a genetic muationlike CHL1.
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6 SUMMARY

Schizophrenia is one of the most devastating desestsiking mankind at the high
frequency of about 1%. Its etiology is poorly urgleod and it is generally believed
that animal models resembling the disease in peaticfeatures might be helpful.
Although several models have been proposed, thetalslity is restricted. More
promising might be a newly generated mouse defidierihe expression of the cell
adhesion molecule_lase lomologue of L1 (CHL1). CHL1 belongs to the
immunoglobulin superfamily of cell adhesion molexsul It is implicated in neuronal
migration, neurite outgrowth and fasciculation, ayse formation and plasticity.
Existing evidence indicates that mutations in teeeggencoding CHL1 may cause brain
malformations and dysfunctions in both humans aiw nfFurthermore, genetic linkage
studies have identified the CHL1 gene as a putasusceptibility factor for
schizophrenia and prepulse inhibition (PPI) of atioustartle has been found to be
disrupted in CHL1 mutant mice which is a measurehef ability to gate the flow of
sensorimotor information, and disturbances chariaetemajor psychiatric disorders
including schizophrenia.

This study was designed to further characterizeGhit1 mutant mouse with
respect to morphological abnormalities in the brstimictures known to be affected in
schizophrenic patients. Morphometric as well asresiegical analyses of
immunohistochemically identified major cell typase(rons, neuronal subpopulations,
astrocytes, oligodendrocytes and microglia) werfopmed. Areas studied included the
motor and cingulate cortex, the cerebral ventridles hippocampus and the substantia
nigra. CHL1 deficient (CHL1-/-) and non-deficief€EKL1+/+) mice at 2, 6 and 12
months of age were investigated, ages that carolmpared to adolescence, and early
and mid-adulthood in humans, respectively.

Abnormal features identified in CHL1-/- animals all ages studied were
ventriculomegalia (enlarged ventricles) and hippogal dysplasia with respect to the
size of the CA region (enlarged as compared torobanimals). The motor cortex of
the mutant animals was deficient in reelin-expragsnhibitory neurons at all ages.
More interestingly, consistent with the maturatiodalay thought to be a feature of
schizophrenia, an age-related decline of PV+ aallsety in the hippocampus and motor
cortex was found to occur between 2 and 6 monthsagd without changes in

hippocampal cross-sectional area and cortical tigsk. A similar reduction was seen
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for the total cell density in the motor cortex ahabaminergic cells in the substantia
nigra. Surprisingly, also a small but significagiearelated increase in brain mass was
found in the CHL1-/- mice. In contrast to the hippmpus and motor cortex, no
significant differences were observed in the ciatpilcortex for any parameter studied
indicating that CHL1 deficiency differentially affes specific brain regions. Finally,
densities of microglial cells (Ib&), commonly related to neurodegenerative processes,
were increased in the also otherwise affected nsgid two months of age in the

CHL1-/- animals and these differences disappedrettiar ages.

In conclusion, the CHL1 mutation, in addition toussng gross structural
abnormalities, affects inhibitory interneurons dnel dopaminergic system in a region-
specific and age-related way that strikingly cates with abnormalities observed in
schizophrenic patients. This evidence identifies @HL1 deficient mouse as a new

valuable model for neuropsychiatric research.
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8 ABBREVIATIONS

Ab

C

CA
CaCb
CALL
CAM
CAT
cDNA
Cgl, Cg2
CHL1
CHL1-/-
CHL1+/+
cm

cn?

cm’
CNPase
CNS
CRASH

CSF
CST
CT

Cy3

D2 receptor
DA
DSM IV
ECM
e.g.
EPSS
est.

FN

g
GABA
GAD
GAT1
gt

HR studies
ICD10
le.

g

ip

IQ

kD

ko

I

LTP

M

M

Antibodies

Cingulate cortex

Cornu ammon

Calcium chloride

Cell adhesion L1 like

Cell Adhesion Molecule

Computer assisted tomography
Complementary desoxyribonucleic acid
Cingulum 1, Cingulum 2

Close homologue of L1

CHL1 deficient

CHL1 non deficient

centimetres

Square centimetres

Cubic centimetres
2°,3"-Cyclic Nucleotide 3"-Phosphodiestera
Central nervous system

Corpus callosum hypoplasia, retardation,

thumbs, spastic paraplegia and hydrocephalus
Cerebro spinal fluid

Cortico spinal tract

Computed tomography

indocarbocyanin, red fluorescence dye
Dopamine 2 receptor

Dopamine

Diagnostic and statistical manual of méwuligorders

Extracellular matrix
example given
Extrapyramidal signs and symptoms
estimated
Fibronectin
gramm
Gamma amino butyric acid
Glutamate decarboxylase
GABA transporter 1
genotype
High risk studies
International classification of diseasés 1
id est (that is)
Immunoglobulin
intraperitoneal
Intelligence quotient
kilodalton
knockout
litre
Long term potentiation
Motor cortex
molar

adl
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m metre

mm milimetre (Metre x 1)

ml mililitre (Litre x 10%)

mo months

MRI Magnetic resonance imaging

MRNA messenger ribonucleic acid

M1-M2 Motor cortex 1, Motor cortex 2

NaOH Sodium hydroxide solution

NaN; Sodium azide

NCAM Neural cell adhesion molecule

NCAM-/- NCAM deficient

NCAM+/+ NCAM non deficient

NGS Normal goat serum

NeuN Neuron specific nuclear antigen

NgCAM Neuron-g¢jal Cell Adhesion Molecule

NGS Normal Goat Serum

nm nanometres

NrCAM NgCAM related Cell Adhesion Molecule

PBS Phosphate Buffered Saline

PCR Polymerase Chain Reaction

PFC PreFrontal Cortex

pH p(otential) of H(ydrogen), the logarithm of the ipFocal
of hydrogen-ion concentration in gram atoms pee lit

PNS Peripheral nervous system

PPI Prepulse inhibition

PSA Poly sialic acid

PV Parvalbumin

RT Room temperature

S Sensory cortex

SD Standard deviation

SPF Specific pathogen-free

TH Tyrosine hydroxylase

T Section thickness

Vv Volume

VH Ventral hippocampus

VTA Ventral tegmental area

viv volume per volume

wit wildtype

wiv weight per volume

ZMNH Zentrum fur Molekulare Neurobiologie Hamgur

% Percent

3D Three dimensional

W Micro (10°%)

°C Grad Celsius



ACKNOWLEDGEMENT/DANKSAGUNG 79

9 ACKNOWLEDGEMENT/DANKSAGUNG

Die Arbeit wurde am Institut fir Biosynthese nearabtrukturen am Zentrum fur
molekulare Neurobiologie Hamburg (ZMNH) angefertiBei Frau Prof. Dr. Melitta

Schachner als Doktormutter und Direktorin des fatti mochte ich mich fur die

Uberlassung des interessanten Themas, fur dietBetking des Arbeitsplatzes und fur
die stete Hilfs-und Diskussionsbereitschaft herzbedanken.

Mein ganz besonderer Dank gilt Herrn Dr. Andrentithev. Als mein Betreuer scheute
er keine Arbeit und Mihe, mich in das Gebiet deufdbiologie einzufiihren und mir
die Kunst des Perfundierens, der Immunhistochemi der stereologischen Analyse
naher zu bringen. Sowohl wahrend des experimentdleschnitts als auch wéahrend
des Schreibens genoss ich hervorragende Betreuuff@chlicher und menschlicher
Hinsicht.

Frau Emanuela Szpotowicz danke ich herzlich fur Uimerstitzung beim Schneiden

und Farben des Mausgewebes.

Sehr herzlich mdchte ich Herrn Dr. Ingo Lukas Sclwaeh und Frau Julia Feldner fir
die Hilfestellung und Diskussionbereitschaft walretes experimentellen Abschnitts

der Arbeit und fur das kritische und produktive Kturlesen danken.

Mein weiterer Dank gilt Frau Dr. Iryna Leshchyndia ihren Anteil an Organisation
und Kontrolle der CHL1 knockout Mauslinie und da®rétstellen von CHL1

defizienten Mausen.

Finanziell wurde ich wéhrend des experimentellenlsTeneiner Arbeit durch ein
Stipendium der Deutschen Forschungsgemeinschaft Rahmen eines

Graduiertenkollegs unterstitzt, woftr ich mich bddan méochte.

Nicht zuletzt bedanke ich mich bei meinen ElternrrAeMaximilian und Frau Rita
Thilo und bei meinem Bruder Stefan Thilo. Als imssierte, unterstitzende, geduldige
und verstandnisvolle Begleiter trugen sie wahreadgiesamten Zeit wesentlich und in

vielerlei Hinsicht zum Gelingen dieser Arbeit bei.



CURRICULUM VITAE 80

10 CURRICULUM VITAE

Personal Data

Family Name Thilo

First Name Barbara Elisabeth
Date of Birth 18.04.1978

Place of Birth Bonn, Germany
Nationality German
Confession Roman Catholic
Education

1984-1988  Paul-Gerhardt-Grundschule, Bonn, Germany
1988-1997  Kardinal-Frings-Gymnasium, Bonn, Germany

1995 Clayesmore School, Dorset, Great Britain

Sept. 1997
Feb. 1998 “Au-pair” position in Cleveland, OH, UAS.

1998-2001 Regular student of medicine,
Rheinische Friedrich-Wilhelms-Universitat, Bonn,r@any

2001-2002  Regular student of medicine
Universidad de Valencia, Spain

2002-2003  Doctoral candidate under supervision mff. FDr. Melitta Schachner,
Zentrum fur Molekulare Neurobiologie, Hamburgrellow of the
“Deutsche Forschungsgemeinschaft” (German Resé&arghdation)

since 2003  Regular student of medicine
Universitat Hamburg, Germany

Oct. 2004-
Feb.2005 Massachusetts General Hospital, Departroeriteurology, Harvard
Medical School, Boston, MA, USA



EIDESSTATTLICHE VERSICHERUNG 81

11 EIDESSTATTLICHE VERSICHERUNG

Ich versichere ausdricklich, dass ich die Arbelbsténdig und ohne fremde Hilfe
verfasst, andere als die von mir angegebenen Quetlid Hilfsmittel nicht benutzt und
die aus den benutzten Werken wortlich oder intthitentnommenen Stellen einzeln
nach Ausgabe (Auflage und Jahr des Erscheinens)d Bad Seite des benutzten
Werkes kenntlich gemacht habe.

Ferner versichere ich, dass ich die Dissertatishdyinicht einem Fachvertreter an einer
anderen Hochschule zur Uberpriifung vorgelegt odeh mnderweitig um Zulassung

zur Promotion beworben habe.

Barbara Elisabeth Thilo



