The cell adhesion molecule
coxsackie virus and adenovirus receptor (CAR)
modulates intracellular Ca** concentration
and CI" conductance

In cultivated mouse cortical neurons.

Inaugural-Dissertation
to obtain the academic degree
Doctor rerum naturalium (Dr. rer. nat)
submitted to the Department of Biology, Chemistry and Pharmacy
of the Freie Universitét Berlin

by

Jadwiga Schreiber
from Krakow

2009



The present thesis was prepared between August 2006 and October 2009 at Max Delbriick
Centrum for Molecular Medicine at the Department of Developmental Neurobiology
under the supervision of Prof. Dr. Fritz G. Rathjen.

1. Reviewer: Prof. Dr. Fritz G. Rathjen

2. Reviewer: Prof. Dr. Rosemarie Grantyn

Date of defence: 27.11.2009



IO 191 oo [0 Tox { o] [P OO PRPEURTRR PP 7
1.1 The cell adhesion molecule coxsackie virus and adenovirus receptor (CAR) and its

FUNCHION TN CEIIS ..ot srbe e snne e 7
1.1.1 The development of neuronal networks and cell adhesion molecules.................... 7
1.1.2 Coxsackie virus and adenovirus receptor (CAR) .......couivireiiireriiies e 8
1.1.3 The expression of CAR in different tiSSUES ..........coovvvreiiiriiiiie e 11
1.1.4 The cellular function OF CAR ......cooiiiiiie e 12
1.1.5 Known interaction partners 0f CAR.........cooiiiiiiiie e 13
1.1.6 What is interesting aboUt CAR?........ooi it 14

1.2 Neuronal cell membrane ProPerties .........ueeieereiriireriiieeeieee e ee e 15

1.2.1 Unequal ion distribution across the membrane and the resting membrane

POTENTIAL ...t ettt et e e e e b e e e e erbe e e enre e 15
1.2.2 Electrical circuit as a model of the neuronal cell membrane.............ccccccoeeieees 16
1.2.3 Nernst equation and Goldman equation .............cceevieeiier e e 18
1.2.4 Current flow across the membrane............cocueeiiiie i 20
1.2.4.1 Leak channels and background conductance at RMP ............cccceiiiiiiiiniinnnns 21
1.2.4.2 Gated channels and active current flow through the cell membrane ................. 22
1.2.5 GaAP JUNCTIONS ....eeiiiiii ittt ettt et et ne e snn e e enbe e e snne e 24
1.2.6 Calcium homEOSLaSIS IN NEUIONS .......ceeiieieiiieeeitiieeeeeeeeee e e ee s seee e srbe e snieee s 26
1.2.6.1 Ca?*-activated CUTeNtS iN NEUFONS ...........ccoveieeeeeeeeee st es e ese e 28
1.2.6.2 Cell adhesion molecules and Ca?*-signaling.............cccovvveeoeeeeereeeereeresenneas 29

1.3 AIM OT L8 STUAY......eeiiiii i 29
2. Materials and MEthOUS ..........ooiiiiiiii e e 31
2.1 MALETIAIS ... et et a e anae e 31
2.0 ANIMAIS ..t ar e enne s 31
2.1.2 CeITINES ..ottt ettt et e e e et e er e nnne s 31
2.1.3 ANLIDOGIES ...ttt enres 31
N O e 0] (= | ST RPPR 32
2.2 MEENOUS ...ttt ettt ee e e e e et e nae e 33
2.2.1 CeIl CUIUIE ..t e sr e nnees 33
2.2.1.1 Primary chick Cell CURUIe .........cuviiiiie e 33
2.2.1.2 Primary mouse cell culture E15 ..o 34



2.2.1.3 Primary mouse cell culture E10.5 ..o 35

2.2.2 Genotyping of CAR mice by PCR and DNA electrophoresis............cccccevvvennnnen. 36
2.2.3 SDS-PAGE and Western DIOt..........cuoeeiiiiiie e 37
2.2.4 IMMUNOCYLOCNEIMISTIY .....eiiiiii ettt en e enees 39
2.2.5 EleCtrophySIolOgy ... ..cooiiiiiiiii et 40
2.2.5.1 BaSIC PriNCIPIE ....eeeiiiiii it 40
2.2.5.2 Circuit in the whole-cell patch-clamp configuration............ccccccvvieiiiennnnen. 42
2.2.5.3 Electrophysiology in cell CURtUre...........ccviiiiiiii e 43
2.2.5.4 Equations and voltage protocols used in eXperiments..........ccccceevvvveeiveennnnee. 44
2.2.5.5 Double patCh-Clamp.........coo i s 49
2.2.5.6 Reversal potential (Erev) and Nernst equation ............cccceeeviieeiniieesieensene 50
2.2.5.7 Solutions, modulators and bIOCKErS...........cooiiiiiiiiriie e 51
2.2.6 CalCIUM IMAGING +.eiivtiee ittt ettt ettt e st e e e e nbe e e s e e e snbeaeennes 57
2.2.6.1 Fluorometric [Ca®]i MEaSUrEMENLS...........cc.vveveiveeeeeeeeeeeseeseees s s 57
2.2.6.2 Ca?* imaging in cell culture and data analysis..............cccceeevueeereeeereeresenenens 58
2.2.7 DYE SPIEAGING ....vveeieiiee it ettt ettt ettt et ee et et a et ee e e e e et e anbe e annees 59
2.2.8 Quantification of cell aggregates and neurite oUtgrowth ...........ccccceeviieniiiennnnen. 59
2.2.9 SEALISTICS ...ttt ettt ettt et s e s e et e e nbe e e et e nn e enne s 60
Bt RESUIES ..ttt b e bt et e enae e e anre e 61
3.1 Expression of CAR on neurons and HeLa Cells ..........ccoooiioiiiiiiii 61
3.2 Analysis of the function of CAR by patch-clamp recordings .........ccccocevviiiiieniinnns 63
3.3 MEMDIANE FESISTANCE ... .eeeiieie ettt ettt te et ee e e ee et e et e s s tae e snbeeesneeee s 63
3.3.1 The Ry, in CAR-deficient neurons IS iNCreased..........ccuevveeeieerenieeenieeen e 63
3.3.2 The Ry, in fiber knob (Ad2) treated neurons is reduced...........ccccveevviivveeciiieneens 66
3.3.3 The Ry, in anti-CAR ABs (Rb80) treated neurons is increased ...........ccccovevveennee. 68
3.3.4 The Ry, in D1 and D2 treated neurons is not changed............ccccoiveeiiieniieen e, 70
3.3.5 Investigations on the Ry, in CAR-deficient and Ad2 treated neurons................... 71
3.4 Characterization of voltage-gated ion channels in CAR-deficient neurons and Ad2
TrEALEA CEIIS... e e 71
3.4.1 Na" and K" voltage-gated channels in CAR-deficient neurons.............cc.eceeeee. 71
3.4.2 Na" and K" voltage-gated channels in Ad2 treated NEUroNS.............c.cccevveveeeenne 75
3.4.3 Voltage-gated Ca?* channels in CAR-deficient NeUrons.............ococeveeeeeeeeeeneen. 78
3.4.4 Voltage-gated Ca®* channels in Ad2 treated NEUIONS.............cc.ovvveeeeeeseeeeeeseen. 81



3.5 Non-voltage gated ion channels and other transport proteins in CAR-deficient

neurons and Ad2 treated CellS............ooi i 83
3.5.1 Role of gap junctions in CAR mediated differences in Ry ...cooovvveeiiiiiiieiiiiinnns 84
3.5.2 Neurotransmitter-gated reCEPIOIS. ......uuiiiiieeiiie e e 92

3.5.2.1 Neurotransmitter-gated iI0NOtrOPIC FECEPLOIS ....evvvverrieieeiiie e 92
3.5.3 NA' /K -ATPASE PUMP w..oveveeereeieeee ettt et ee ettt ee sttt er e sns 93
3.5.4 Hyperpolarization-activated cyclic nucleotide-gated cation channels.................. 95

3.6 Changes in passive conductance through the neuronal membrane in CAR KO cells

ANA AJZ Treated NEUIONS........eie ittt et ee e b e et e e e e tee e anbeeesnaeeeas 99
3.6.1 Passive potassium (K*) conductance is not involved in Ry, changes.................. 100
3.6.2 Passive chloride (CI') conductance is impaired in CAR KO cells. ..................... 101
3.6.3 Characterization of the current obtained after Ad2 treatment and the current that
1S MISSING IN CAR KO CIIS. ... 108

3.7 CAR-mediated increase of intracellular Ca%" ..........c..coovevoeeeeieeeeseee e 111
3.7.1 Application of Ad2 induces an increase of intracellular Ca" ...........cccccovvvunen... 111
3.7.2 Ad2 induces a release of Ca?* from intracellular Stores..............cccovvvevervennnee. 113
3.7.3 CAR-CAR mediated increase in intracellular Ca®"..........cccccovvveeveeeeeeeseennne. 117

3.8 Ad2 disturbs homophilic CAR-CAR INteraction...........coceververeiiiieeniiies e 118

3.9 Consequences of the absence of CAR on synaptic activity and on action potential
o[-0 T=] 2= 4 o o PR PUPRPPR 119
3.9.1 Changes in passive membrane properties in CAR-deficient neurons and Ad2
treated cells affect action potential generation ...........ccceeeiieiiiie e 119
3.9.2. The absence of CAR influences neuronal network activity ............ccccceevveennne 121
3.9.2.1 Excitatory postsynaptic currents show a higher frequency in CAR-deficient
ATCTH 0] PP PP PP PPPTPPPPRTPRN 122

3.9.2.2 Inhibitory postsynaptic currents show a lower frequency in CAR-deficient

LS 1 (0] 11 125
e DHSCUSSION .ottt e e et e et e e et e e e et e e e e e e e e e e e e e aaaaan 128
4.1 The absence of CAR results in an iNCreased Rim...ooev e eeee e 128

4.2 Possible reasons for the measured changes in Ry, in the absence of CAR or after

treatment WIth A2 ... e 130
4.2.1 Voltage-gated and neurotransmitter-gated channels are not modulated by CAR 131
4.2.2 Gap junctions are not involved in observed changes in Ry, in CAR-deficient
neurons and Ad2 treated CellS..........oouiviiiiii 132



4.2.3 The Na'/K*-ATPase pump is functional in CAR KO cells...........ccccerrrnanen. 132
4.2.4 Hyperpolarization-activated currents are altered in CAR KO cells and Ad2

TrEALEA CRIIS ... e e 133
4.2.5 Analysis of ion flow across the neuronal membrane in the absence of CAR...... 134
4.2.5.1 K* conductance is not responsible for higher Ry, in CAR KO cells............. 134

4.2.5.2 CI' conductance is impaired in CAR KO cells and enhanced in Ad2 treated
012 | PP OTRTRPR 135
4.3 CAR-mediated increase in intracellular Ca%" ............ccooovveeeeeeseeeeeceeee e 138
4.4 CAR as an adhesion MOIECUIE .........ccueiiiiiiiii e e 140
4.4.1 Ad2-induced Ca*" increase might stimulate neurite outgrowth.................c....... 141

4.5 Changes in membrane conductance influence network activity and action potential

o[-0 T=] 2= 4 o o PR RUPR PR 142
O O] Tod [F1S] 0] SO TPPOTRPR 145
0. SUIMIMAIY ..ttt ettt ettt ekttt ekttt e e ettt e e ekttt e 22 ekt e e e e b be e e e ehbbe e e e e nnneeeennees 147
6. ZUSAMIMENTASSUNG ...eetiiie ittt ettt ettt e e sre e et ee e e e e nne e s annee e enbeeeanne s 148
7. RETEIENCE LIST....eeeiiiie ettt ettt ettt et et e st e e enbe e e anne s 150
8. ADDIEVIALION [IST ......eeeiiiies e 187
0. CUITICUIUM VILAE ...ttt ettt et e s et e enbe e nnne s 189
10. ACKNOWIBAGMENLS ...ttt ettt e et srbee e e e e enae e 190



1. Introduction

1.1 The cell adhesion molecule coxsackie virus and adenovirus

receptor (CAR) and its function in cells

1.1.1 The development of neuronal networks and cell adhesion

molecules

The mammalian brain contains about 10" nerve cells, each of which maintain an average
of 1000 contacts (e.g. synapses) with other nerve cells. This results in a highly complex
but specific network, connecting 10*2 nerve cells with up to 10" synapses that regulate
brain functions, ranging from simple motor movement to complex emotional and
cognitive behavior (Brose, 1999). The immense complexity of the central nervous system
and the stunning specificity of neuronal networks, results from genetic determinants and
multiple epigenetic processes, which define temporal expression patterns of specific genes
regulating brain development. Epigenetic factors such as neurotrophins (e.g. brain-derived
neurotrophic factor, BDNF, (Eide et al., 1993; Huang and Reichardt, 2001; Korsching,
1993) and cell surface molecules (e.g. cell adhesion molecules) mediate signals
stimulating and modulating cell differentiation, migration and synaptogenesis (Gopinath et
al., 1996; Kolkova et al., 2000; Nikonenko et al., 2003; Schmid and Maness, 2008). In
addition, spontaneous and sensory-driven activity is equally important and essential for
the development of the central nervous system. Proliferation, migration, differentiation,
activity-dependent synapse formation and neuronal survival all depend to various extents
on forms of electrical activity, both in embryonic and adult stages (Goda and Davis, 2003;
Khazipov and Luhmann, 2006; Mennerick and Zorumski, 2000; Spitzer, 2006). Thus, a
complex cooperation of different factors regulates the specific differentiation of any given
neuron up to the point of the formation of a functioning neuronal network.

For efficient synaptic function, different types of cell adhesion molecules (CAMs)
are required: to mediate and regulate various levels of synaptic specificity; to determine
target region; pre- and postsynaptic compartments; transmitter specificity of synapses; and
synapse strength, size, plasticity and stability (Brose, 1999; Fields and Itoh, 1996; Suzuki
et al., 1997; Yuasa, 1995). CAMs are enriched at synaptic junctions and include several

members such as neuroligins, synaptic cell adhesion molecule (SynCAM), neural cell



adhesion molecule (NCAM), L1-CAM, cadherins, protocadherins, and integrins (Craig et
al., 2006; Dean and Dresbach, 2006; Gerrow and EI Husseini, 2006).

Another cell adhesion molecule, which may also be involved in neuronal-network
formation in the developing nervous system, is the coxsackie virus and adenovirus
receptor (CAR) mediating homo- and heterophilic interaction between cells (Cohen et al.,
2001; Honda et al., 2000; Hotta et al., 2003; Mirza et al., 2006; Patzke et al., 2009,
sumbitted; Zen et al., 2005).

1.1.2 Coxsackie virus and adenovirus receptor (CAR)

The CAR has been identified as a cell surface protein enabling the group B coxsackie
viruses and adenoviruses 2 and 5 to attach to the surface of cells (Bergelson et al., 1997;
Carson and Chapman, 2001; Tomko et al., 1997). Coxsackie B viruses are non-enveloped
RNA viruses and belong to human picornaviruses of the enterovirus group (Melnick,
1996). They cause non-specific febrile illnesses as well as myocarditis (Bergelson et al.,
1998; Grist et al., 1975), meningoencephalitis (Melnick, 1996) and pancreatic
inflammation (Imrie et al., 1977; Yoon et al., 1984). Adenoviruses are non-enveloped
DNA viruses of about 90 nm in diameter, associated with a significant number of human
respiratory and gastrointestinal diseases (Brandt et al., 1969; Wadell and Norrby, 1969).
They are classified into six subgroups (A-F), which are further divided into more than 50
different serotypes based on their immunological properties (Bailey and Mautner, 1994;
Law and Davidson, 2005; Rux and Burnett, 2004). All groups of adenoviruses are able to
attach to CAR (Bergelson et al., 1997; Roelvink et al., 1998; Tomko et al., 1997).
Serotype 2 and 5 of subgroup C are the most extensively studied of the human
adenoviruses and have a global distribution (Rux and Burnett, 2004). All adenoviruses,
regardless of which host they infect, share a common morphology. Adenoviruses form
icosahedral particles with 240 copies of the trimeric hexon protein arranged on the planes
and a penton complex at each of the 12 vertices (Boudin and Boulanger, 1982; Devaux et
al., 1987; Devaux et al., 1990; Stewart et al., 1991). The hexon protein has mainly a
structural role in capsid formation. The penton complex consists of a pentameric penton
base, which interacts with five hexons, and an externally protruding trimeric fiber (Devaux
et al., 1987; Stewart et al., 1991).

The fiber protein (582 amino acid residues, 61,960 Da) arises from the 12 vertices of the
virion (Fig. 1). It consists of three domains: an N-terminal tail that attaches to the penton
base, a central shaft with repeating motifs of 15 residues, and a C-terminal globular



“knob” (fiber knob) domain that functions as the cellular attachment site (Henry et al.,
1994; Louis et al., 1994; Philipson et al., 1968). The fiber knob possesses a natural ability
to form trimers. An application of synthesized fiber knob can compete with intact virus for
binding to the cellular receptor (Henry et al., 1994; Rux and Burnett, 2004). Subsequent to
attachment via the fiber knob protein, internalization of adenoviruses requires binding of
the viral penton base protein to integrins aybs or aybs on the host cell (Wickham et al.,
1993). Receptor-mediated endocytosis then takes place, representing the infectious
pathway of entry (Chardonnet and Dales, 1970; FitzGerald et al., 1983; Varga et al.,
1991). However, integrin-independent pathways of adenovirus internalization also exist
(Bai et al., 1993).
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Fig. 1: A schematic adenovirus structure (left) and its interaction with CAR (right). The
hexon, penton base, fiber and fiber knob structures are shown. Adenovirus capsids contain
up to a 36-kilobase double-stranded DNA genome, shown as the dark line inside the
capsid (Glasgow et al., 2006). Most adenovirus serotypes attach to cells through binding
of the fiber knob to the extracellular domain of CAR, but internalization requires further
interaction of the penton base with cellular integrins (Cusack, 2005).

CAR is a type | transmembrane protein, a cell adhesion protein (Cohen et al., 2001;
Excoffon et al., 2004; Excoffon et al., 2007; Honda et al., 2000; Philipson and Pettersson,
2004), that belongs to the CTX (cortical thymocyte marker in Xenopus)-subfamily of the
immunoglobulin superfamily (IgSF; Coyne and Bergelson, 2005; Philipson and
Pettersson, 2004). The hallmark of the CTX protein family is the presence of V-type and
C-type immunoglobulin domains, where the C-domain, in most members, contains an
extra pair of cysteines. CTX proteins span the membrane once and harbor an intracellular
tail of varying length (Philipson and Pettersson, 2004). Members of the CTX superfamily
consist of: CTX, CAR, A33, JAMs (junctional adhesion molecules), ESAM (endothelial



cell-selective adhesion molecule), BT-IgSF (brain-testis IgSF) and CLMP (CAR-like
membrane protein, Bazzoni, 2003; Chretien et al., 1998; Raschperger et al., 2004;
Raschperger et al., 2006; Suzu et al., 2002).

Structurally, CAR is a 46 kDa protein, 355-365 amino acids (aa), composed of an N-
terminal signal peptide (19 aa), an extracellular domain (216 aa) containing a V' (D1) and
C2 (D2) Ig domain, a single transmembrane domain (23 aa) and an intracellular tail (107
aa or 94 aa; Coyne and Bergelson, 2005; Freimuth et al., 2008; Fig. 2). CAR is highly
conserved throughout evolution. Mouse CAR is highly homologous to human CAR, with
90% -aa identity in the extracellular domain and 95% identity in the intracellular segment
(Asher et al., 2005). CAR appears in two dominant isoforms, originating from differential
splicing of its pre-mRNA. These isoforms show an identical amino acid composition until
the extreme C-terminal part of the intracellular segment, where two alternative PDZ-
domain binding motifs are found: TVV (Thr-Thr-Val; CAR-1) and SIV (Ser-lle-Val;
CAR-2). The SIV form has an intracellular domain consisting of 107 residues, whereas the
intracellular domain of the TVV form has 94 residues (Bergelson et al., 1998; Coyne and
Bergelson, 2005; Philipson and Pettersson, 2004; Tomko et al., 1997; Fig. 2). CAR is a
glycoprotein with two putative glycosylation sites, one on each of its two extracellular Ig-
domains, D1 and D2. CAR detected by Western blot reveals two bands, one at about 40
kDa and one at about 46 kDa, representing non-glycosylated and glycosylated forms
respectively (Honda et al. 2000). Incubation with peptide N-glycosidase F (PNGase F)
thus reduces the 46 kDa band to 40 kD (Excoffon et al., 2007; Honda et al., 2000).

CAR-1 CAR-2
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Fig. 2: Schematic presentation of CAR. CAR consists of an extracellular part with two Ig-
like domains, a single transmembrane region and an intracellular tail. The C-terminal parts
of the two splice isoforms, CAR-1 and CAR-2, differ in amino acid composition (TVV,
SIV; Raschperger et al., 2006).
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1.1.3 The expression of CAR in different tissues

Expression of CAR has been analyzed in different cell lines as well as in the tissues of
many species including: zebrafish, dog, pig, mouse, rat and human by analysis of mMRNA
levels by Northern blotting, in situ hybridization, reverse transcription polymerase chain
reaction (RT-PCR) and Western blotting (Bergelson et al., 1998; Fechner et al., 1999;
Petrella et al., 2002). Results suggest that CAR is widely and variably expressed in many
tissues as well as in different primary tumors and tumor cell lines (Coyne and Bergelson,
2005; Philipson et al., 1968; Philipson and Pettersson, 2004). Furthermore, CAR
expression is developmentally regulated. During embryogenesis CAR is highly expressed
in numerous tissues including the central and peripheral nervous system (Honda et al.,
2000; Hotta et al., 2003; Tomko et al., 2000), the heart (Ito et al., 2000), skeletal muscle
(Nalbantoglu et al., 1999) and various epithelia (Raschperger et al., 2006; Tomko et al.,
2000). In the brain of newborn mice, strong expression was observed in the cerebral
cortex, midbrain, hippocampus, various thalamic nuclei and the meninges, whereas
relatively low expression was detected in cerebellum and olfactory bulb (Honda et al.,
2000). No expression was found in the corpus callosum, anterior commissure or cerebellar
white matter (Honda et al., 2000). In contrast, CAR expression is downregulated in the
brain of adult mice. Additionally, studies on the subcellular localization of CAR in
cultured hippocampal cells, by means of immunocytochemisty with antibodies against
CAR, revealed that CAR was distributed throughout cell bodies, neurites and growth
cones (Honda et al., 2000; Patzke et al., 2009, submitted).

CAR is also very strongly expressed in the cardiomyocytes of both embryonic and
newborn rodent hearts (Kashimura et al., 2004) as well as human hearts (Fechner et al.,
2003). Similarly to in the brain, CAR expression drastically decreases in the adult heart.
Widespread expression of CAR in adults is predominantly found in epithelial cells, from
several organs such as the testes, gastrointestinal tract, liver, lung, pancreas and kidney
(Mirza et al., 2006; Raschperger et al., 2006). CAR found in epithelial cells lining the
body cavities is often co-expressed with tight junction components zonula occludens (ZO-
1) and occludin (Raschperger et al., 2006). For example, in tracheal epithelial cells, co-
localization of CAR and ZO-1 has been shown by means of immunogold staining (Cohen
et al., 2001). CAR expression correlated positively with the maturity of tight junctions
(TJs) and inversely with their permeability. It has been shown that both CAR isoforms
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(CAR1 and CAR2) were equally co-expressed in most epithelial cell-cell contacts
(Raschperger et al., 2006).

1.1.4 The cellular function of CAR

CAR has been identified as the primary cellular receptor for the entrance of several
adenoviruses and coxsackie B viruses (CBV) into the cell (Bergelson et al., 1997; Tomko
et al., 1997). Besides its role as a viral receptor, CAR’s precise cellular function is largely
unknown. However, CAR appears to be involved in many biological processes, such as
homotypic adhesion (Carson and Chapman, 2001; Cohen et al., 2001; Honda et al., 2000),
neutrophil transmigration (Bruning and Runnebaum, 2003; Zen et al., 2005), protein
trafficking and modulation of cellular growth and motility (Excoffon et al., 2004; van
Raaij et al., 2000; Walters et al., 2002). The very strong expression of CAR during
embryonic development and its rapid decrease after birth has been hypothesized to suggest
a function in tissue formation and repair (Honda et al., 2000; Ito et al., 2000; Kashimura et
al., 2004; Nalbantoglu et al., 1999).

CAR is expressed in the mouse heart from embryonic day E7 at a relatively high
level and thus would be expected to play an essential role in cardiac development. Indeed,
it has been shown that CAR knock-out mice die between day E9.5-E11.5 due to abnormal
development of the heart (Asher et al., 2005; Dorner et al., 2005). CAR-deficient mice
displayed ventricular myocardial abnormalities and aberrant cardiomyocyte differentiation
(Asher et al., 2005; Chen et al., 2006; Dorner et al., 2005). Cellular contacts between cells
were also disturbed, a finding consistent with the role of CAR in cell-cell contact
formation. Although CAR expression is downregulated in the adult rat heart, its
expression can be induced by experimental autoimmune myocarditis (Ito et al., 2000).
Moreover, myocardial infarction in the rat results in strong upregulation of CAR in
cardiomyocytes in the infarct zone (Fechner et al., 2003). Also in human hearts,
expression of CAR in cardiomyocytes was shown to be increased in different cases of
dilated cardiomyopathy, but CAR was not found in healthy hearts (Noutsias et al., 2001).
The strong and abundant CAR expression in developing cardiomyocytes and in diseased
hearts, compared to the weak or no expression in adult, healthy hearts, suggests a role for
CAR in the formation and repair of functional myocardium.

In adult skeletal muscles, in both humans and rodents, CAR expression is barely
detectable. Nevertheless, skeletal muscle is susceptible to coxsackie virus B1-induced
myositis (Nalbantoglu et al., 1999; Ytterberg et al., 1987; Zoll et al., 1993). Human
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patients suffering from inflammatory muscle diseases have been tested positive for
coxsackie B virus (CBV) RNA (Bowles et al., 1999; Bowles et al., 1987). Reports showed
that CAR expression at the neuromuscular junction is isoform specific and restricted to the
CAR?2 (SIV) isoform. Furthermore, the CAR TVV isoform is present in the skeletal
muscle vasculature (Shaw et al., 2004).

In primary tumors and tumor cell lines, CAR expression seems to inversely
correlate with the rate of cell proliferation, suggesting that CAR may act as a tumor
suppressor (Fuxe et al., 2003; Okegawa et al., 2000). Induced expression of CAR has been
shown to inhibit tumor cell growth in human prostate cancer (Okegawa et al., 2000; Rauen
et al., 2002), bladder cancer (Li et al., 1999; Okegawa et al., 2001) and glioma cell lines
(Kim et al., 2003), indicating CAR tumor inhibitory properties. Other reports also showed
that absent or reduced expression of CAR is associated with a higher tumor grade in
human prostate and bladder cancer patients, while healthy tissues express easily detectable
CAR (Okegawa et al., 2001; Rauen et al., 2002).

CAR is a cell adhesion molecule and is involved in the formation of cell-cell
contacts. In epithelial cells in culture, CAR molecules form homotypic interactions with
neighboring cells (Cohen et al., 2001). CAR is localized at the most apical region at the
lateral surface of polarized epithelial cells and is concentrated in TJs. CAR expressed at
TJs is associated with ZO-1, the first identified TJ scaffolding protein important for TJ
structure and assembly (Anderson et al., 1988; Stevenson et al., 1986). Whereas
overexpression of CAR in cultured epithelial cells results in increased transepithelial
electrical resistance (TER; Excoffon et al., 2004), application of soluble CAR or anti-CAR
antibodies disturbs TJs. This suggests that CAR is involved in the barrier function of TJs
(Walters et al., 2002). Furthermore, increased CAR expression in transfected MDCK
(Madin-Darby canine kidney) cells resulted in higher trans-epithelial resistance,
suggesting that CAR may modulate paracellular ion flow and therefore paracellular
permeability (Cohen et al., 2001).

1.1.5 Known interaction partners of CAR

Several scaffolding proteins containing PDZ-domains that interact with PDZ-binding
motifs present at the C-terminus of the two CAR isoforms have been identified. These
proteins include: ZO-1 (Anderson et al., 1988; Cohen et al., 2001; Stevenson et al., 1986),
MAGI-1b, PICK1 and PSD-95 (Excoffon et al., 2004), MUPP-1 (Coyne et al., 2004) and
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LNX and LNX-2 (Sollerbrant et al., 2003). However, the functional role of these
interactions is currently unknown.

Association of CAR with ZO-1 was shown by co-precipitation from polarized epithelia
and by relocalization of ZO-1 that occurs in CAR-transfected Chinese hamster ovary
(CHO) cells (Cohen et al., 2001). As a result of a yeast two-hybrid screen, MUPP1 was
identified to interact directly with the cytoplasmic segment of CAR, suggesting that CAR
is involved in MUPP1 recruitment to TJs.

CAR has also been shown to interact with components of adherens junctions such as 3-
catenin in A549 cells (Walters et al., 2002). Yeast-two-hybrid studies also revealed that
CAR interacts with the ligand of Numb-X (LNX; Sollerbrant et al., 2003), a PDZ protein
regulating Notch signaling in the central nervous system.

Furthermore, CAR interacts via its membrane distal Ig domain (D1) with junctional
adhesion molecule-like protein (JAM-L; Luissint et al., 2008; Zen et al., 2005) and JAM-
C (Ebnet et al., 2003; Mirza et al., 2006).

Recently, interaction of extracellular CAR domains with extracellular matrix (ECM)
proteins such as fibronectin, fibulin-1, laminin-1 and agrin as well as interaction via the
cytoplasimc CAR segment with a-actinin and profilin-1 has been demonstrated (Patzke et
al., 2009, submitted).

1.1.6 What is interesting about CAR?

Many cell adhesion molecules have been reported to be essential for the formation and
development of functional neuronal networks. CAR is a cell adhesion molecule and a viral
receptor that shows complex and developmentally regulated expression patterns in
different tissues. It is involved in different cellular processes, and its cellular function is
strongly dependent on its localization and interaction partners. Furthermore, abundant
expression of CAR in different parts of the developing mouse brain has been reported
(Honda et al., 2000; Hotta et al., 2003; Tomko et al., 2000), suggesting a possible role in
neuronal development. Yet, the physiological function of CAR in the central nervous
system remains largely unknown. CAR’s implied role in neuronal network development
and the unsettled question about its physiological function, therefore makes it an

interesting target for investigation.

A most common approach in neuroscience to investigate the function of a single

protein and its involvement in cellular processes is the characterization of
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electrophysiological properties of neurons lacking this protein or neurons in which the
function of the protein can be modulated (e.g. by blocking with antibodies). The following

chapters will therefore describe the basic principles of electrical properties of neurons.

1.2 Neuronal cell membrane properties

The cell capacitance (Cy,) and the membrane resistance (Rm) are usually referred to as
passive electrical properties of the neuronal cell membrane. They determine the time
course and the amplitude of the postsynaptic potentials as well as determining whether a
synaptic potential generated in a dendrite will reach a threshold depolarization at the
trigger zone on the axon hillock. The Ry, depends on the density (number) and
conductance properties of ion channels in the membrane as well as on the size and the
morphology of the cell. The activity of ion channels, and thus the value of the Ry, can be
additionally modulated by different mechanisms e.g. changes in the membrane potential,
changes in the basal Ca** concentration or binding of a ligand.

In the following chapters (1.2.1-1.2.5) different aspects of the neuronal membrane
properties will be described, including the distribution of ions across the membrane, the
generation of the resting membrane potential, the electrical properties of neuronal
membrane components and different types of transmembrane proteins (e.g. ion channels
and gap junctions). This information was introduced for better understanding: 1) how the
passive and active membrane properties of the neuronal membrane are established. 2) how
they can be modulated and 3) how they might influence neuronal development.

In addition, an overview of Ca?* homeostasis, its function in neurons and a possible

correlation between cell adhesion molecules and intracellular Ca®* will be described.

1.2.1 Unequal ion distribution across the membrane and the resting

membrane potential

The neuronal plasma membrane, a phospholipid bilayer, separates the intracellular
cytoplasm from the extracellular environment. Both media consist of watery salt solutions
with different types of charged conductive ions. However, there is an unequal distribution
(concentration) of ions in intra- and extracellular solutions and thus across the neuronal
cell membrane (Table 1). The cytoplasm is rich in K* (about 140 mM), while it is
relatively poor in Na* (7 mM), CI' (7-45 mM) and Ca®* (0.1 uM; Table 1). Although the
membrane itself is an effective barrier against movement of charged molecules, these

small ions can move across the membrane through different ion channels and transport
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proteins incorporated in the membrane. In addition to small ions, the inside of the

neuronal cell is rich in anions such as proteins and phosphates, which have a large

molecular mass and do not cross the membrane through channels. In contrast, the

extracellular concentration of large anions is very low.

Unequal ion concentration across the neuronal cell membrane

lon

Intracellular concentration

Extracellular concentration

Nernst reversal potential

(mM) (mM) (mV)
K* 140 3 -97
Na’ 7 140 +75
cr 7-45 140 -80 - -30
ca* 0.0001 15 +129

Table 1: Examples of ionic concentrations in the extracellular and intracellular media and
the resulting Nernst potential for each ion at 25 °C (Hammond, 2001).

Unequal distribution of ions across the neuronal cell membrane, their charge and their

different permeability properties through ion channels result in the generation of the

membrane potential (V). The Vi, represents the difference between the potential of the

intracellular and the extracellular side of the membrane (Vn=Vi-Ve). The intracellular side

is negatively charged compared to the extracellular side (due to large, negatively charged

anions in the cytoplasm). In neurons at rest, when no synaptic input is carried, the Vp, is

called resting membrane potential (RMP) and shows values of about -40 to -90 mV

depending on neuron type (Lu et al., 2007; Purves et al., 2008).

lons move through the membrane because of two physical causes: 1) down their

concentration gradient and 2) according to the membrane potential (V). Both forces

together form the electrochemical gradient, which determines the direction of movement

for a particular ion across the membrane.

1.2.2 Electrical circuit as a model of the neuronal cell membrane

As mentioned above, the neuronal cell membrane is an effective barrier against movement

of conductive and charged ions present in the intra- and extracellular solutions. Thus, the

neuronal cell membrane forms an insulator between two conductors. However, ion

channels and different transporters existing in the cell membrane allow ions to move

across the membrane and decrease the resistance of the membrane insulator. Movement of

ions through the membrane is expressed as a current (I). The amount of current produced
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depends on the electrochemical gradient and the membrane resistance (resistance of ion
channels). The membrane resistance (Ry,; Fig. 3 A) is determined by the number of
functional ion channels are in the membrane. It may also be expressed as a conductance
(9) through the membrane due to ion channels (g=1/Rn, Fig. 3 B). Conductance depends
on particular channel properties and represents how easily ions can pass through this
channel.
The total ionic current is represented by the sum of all ionic currents (lionic, Fig. 3 A)
passively flowing through the membrane. At the RMP this current consists predominantly
of leak currents of Na*, K™ and CI ions. An electrical circuit model was conceived to
represent ion flow through the membrane (Fig. 3 A, B, Kandel et al, 2000). This circuit
consists of resistors (ion channels; Ry, Fig. 3 A or as g Fig. 3 B), batteries (electrochemical
gradient across the membrane) and capacitors (charge storage; Cr, Fig. 3 A, B). Cell
membrane capacitance (Cr, Fig. 3 A, B) is defined as the ability of the membrane to store
charge (ions).
Ohm’s law appropriately describes the electrical behavior of neurons, representing the
relationship between voltage (V; across the membrane) and current (1) flowing through
resistors (R; ion channels in the membrane).
Ohm’s law: I=VIR
Where:
R — cell membrane resistance (Rn; MOhm)
V — cell membrane potential (Vm; mV)
I — current (lionic; PA)
As mentioned above, cell resistance (R,) may also be presented in the form of
conductance (g) where g = 1/R. In this case Ohm’s law has the following equation:

| =g*V
The relationship between current and voltage can be presented as a simple plot (I-V
relation, Fig. 3 C, left side), measurement of conductance (g, ion channels permeability, or
by single channel recording the permeability of a single channel). If this relation is linear,
it is said to show an Ohmic behavior (Fig. 3 C, left side), meaning that the current flowing
through the channels of the membrane changes linearly with varying potential. It behaves
as a simple resistor following Ohm’s law (Ohmic behavior of channel/channels). The
conductance (g) of Ohmic channels (or channel) is constant at all voltages. If an I-V
relationship is not linear (Fig. 3 C right side) and the current flowing is not linear in
relation to the changing potential, it can be described as rectifying (e.g. rectifying
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channels), meaning that the conductance is not linear, but variable and depending on
membrane potentials. Such channels tend to conduct ions more easily in one direction than
in the other and are therefore described as either inwardly or outwardly rectifying.

Often, leak (resting) channels show Ohmic behavior, meaning that ions are conduced
through the membrane at the RMP. In contrast, ligand-gated channels often behave in a
rectifying manner, changing their conductance depending on e.g. voltage (Hammond,
2001; Kandel et al., 2000).

A B
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Fig. 3: Electrical model of the neuronal cell membrane. (A, B) Schematic overview of the
membrane indicates an existing voltage across the membrane (Vy,), ionic current through
ion channels in the membrane (lionic in A, or as conductance g for particular ions in B), and
its capacitive properties (Cr). Activity of (leak) ion channels influences Ry, directly,
whereas transport proteins (e.g. pump protein) are involved in determining of the RMP.
(C) A linear I-V plot represents Ohmic behavior of ion channels with constant
conductance (left side), whereas the non-linear 1-V plot describes variable conductance
and rectifying behavior (modified form Kandel et al., 2000).

1.2.3 Nernst equation and Goldman equation

Under RMP conditions, the neuronal membrane is only slightly permeable for Na*, CI,
and Ca®*, while it is highly permeable for K*. Due to the concentration gradient, K* will
move out of the cell, inducing a relatively negative internal potential. This negativity will
oppose further outward movement of K* until an equilibrium is reached and the K*
concentration gradient cancels the electrical force. Such equilibrium is called equilibrium
potential (reversal potential; Erev). Thus, at the membrane potential corresponding to
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Erev, K" ions move in and out of the cell, but there is no net change in its concentration
across the membrane. Erev can be calculated using the Nernst equation.

E= RT/zF*In ([lon]i/[1on]out)
Where:

R — universal gas constant: R = 8.314472 JK ™ mol™

T — absolute temperature in Kelvin, 298 K (25°C)
z —ion valence

F — the Faraday constant, F = 9.64853399x10* Cmol™
In — natural logarithm

[lon]i, - concentration of ions in the cell

[lon]out - concentration of ions outside the cell

Assuming intracellular K* is 140 mM and extracellular is 3 mM, the reversal potential
(Erev +) would be -97 mV (Table 1). At this membrane potential there is no net K*
transport across the membrane. Table 1 also lists calculated Erev for Na*, CI"and Ca*".
However, the gradients for all ions is complexly regulated e.g. by transporter activity (e.g.
Na'/K* ATPase pump; Fig. 4) and intracellular sequestration and thus the precise Erev
value prediction is limited.

The Vnm, consisting of physical properties of several ion types (K*, Na*, CI ions), is
determined not only by their concentration but also by their permeability (P) across the
membrane. The dependence of the V, on ionic permeability and concentration is
quantitatively presented by the Goldman equation:

E = RT/ F*In ((Px[K Jout + Pna[Na Jout + Pci[ClTin) / (Pk[K Tin + Pna[Na'Tin + Pci[Clou))
Where:

R — universal gas constant: R = 8.314472 JK ™ mol™
T — absolute temperature in Kelvin, 298 K (25°C)

F — Faraday constant, F = 9.64853399x10* Cmol™
In — natural logarithm

Pk— permeability of K*
[lon]is - concentration of ions in the cell

[lon]out - concentration of ions outside the cell

The greater concentration and permeability of a particular ion type, the greater is its role in
determining the V. Studies from Alan Hodgkin and Bernard Katz (1949, using giant
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squid axon) on the Goldman equation revealed the following permeability ratio at the
RMP:

Pk:Pna:Pci = 1.0: 0.04: 0.45
In contrast, at the peak of an action potential the permeability ratio would be quite
different:

Pk:Pna:Pci = 1.0: 20: 0.45

and the Goldman equation could be reduced to:

E= RT/F*In [Na']i/[Na"]ou
Contribution of CI" ions to the V, depends on CI transport across the membrane and its
electrochemical gradient. In neurons, which do not have active transport of CI” against the
electrochemical gradient, the movement of CI is regulated only by passive forces
(electrochemical gradient) through CI" leak channels that are open at RMP. In this case
contribution of CI" to the resting potential is relatively low. However, in many cells, the
CI gradient is regulated by CI" transporters, which can move CI" against its
electrochemical gradient. For example, the CI7K" transporter moves one ion of CI" and
one ion of K* out of the cell (the energetically favorable outward K" flux is able to drive
the energetically unfavorable outward CI” flux). As a result, the net in-out movement of CI’
is greater than when it would only be driven by the electrochemical gradient. This
increasing CI” gradient then contributes to the determination of V,, (Hammond, 2001;
Kandel et al., 2000; Purves et al., 2008).

1.2.4 Current flow across the membrane

The current flow through the membrane depends on ion channels in the cell membrane.
There are two main groups of ion channels: leak channels (or resting channels, non-gated
channels) and gated channels, both having distinctive roles in the establishment of
neuronal properties and in neuronal signaling (Fig. 4). Leak ion channels are important for
maintaining the RMP. They are generally open at the RMP and are directly involved in the
determination of the Ry,. Gated channels, in contrast to the leak channels, are closed at the
RMP and their probability of opening depends on different factors e.g. membrane
potential and extracellular or intracellular legends binding to them (Hammond, 2001;
Kandel et al., 2000). Voltage-gated ion channels represent active properties of neuronal
membrane and do not participate in the determination of the Ry,. They are activated at
membrane potentials, which are not in the range of the RMP.
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1.2.4.1 Leak channels and background conductance at RMP

Leak conductance (through leak channels) and pump current (generated by pump and
transporter activity) are the major determinants of the RMP and the membrane resistance
(Rm), which are two key components of neuronal excitability (Edman et al., 1986; Lesage,
2003; Salkoff et al., 2001). The existence of background conductance in neurons had been
originally postulated by Hodgkin and Huxley (Hodgkin and Huxley, 1990).

In general, the transmembrane exchange of Na*, K*, and CI" at the RMP is accomplished
by active and passive transport, which add up to zero in a steady state for each ion
involved (Edman et al., 1986).

Active transport requires selective transporter molecules (pumps and/or co-transporters)
and energy expenditure e.g. energy coming from ATP hydrolysis. Active transport enables
ions to move against their electrochemical gradient and two ion types are frequently
coupled to a single transport molecule (co-transporter; exchanger) e.g. Na'/K*-ATPase
pump. The Na'/K*-ATPase pump is an electrogenic transporter, which carries 3 ions of
Na’ out of the cell and 2 ions K" into the cell and thus produces the net charge transfer of
one ion (Fig. 4). The Na'/K*-ATPase pump plays a fundamental role in exchanging
intracellularly accumulated Na* for extracellular K* in order to maintain the correct ionic
gradient across the membrane (maintaining the RMP; Brodie et al., 1987; Brodie and
Sampson, 1985; Glitsch, 2001). However, there can be no net charge transfer called
electroneutral transport, when, for example, one positive ion is moved out of and a similar
positively charged ion into the cell (Goldshleger et al., 1990). In addition to the Na*/K*
pump, several other transporters participate in maintaining the RMP and ion
concentrations across the neuronal membrane: the CI'-ATPase pump (Gerencser and
Zhang, 2003;1 nagaki et al., 1996), the Ca®**-ATPase pump (Guerini et al., 1999), the
Ca”*/H" pump (Khodorov et al., 1995; Khodorov, 2000), the Na*/Ca** exchanger (DiPolo
and Beauge, 2006; Torok TL, 2007), different types of K*/CI cotransporters (Kanaka et
al., 2001; Pearson et al., 2001; Ueno et al., 2002), and the Na*/K*/2CI" cotransporter
(NKCC; Alvarez-Leefmans et al., 1988; Luo et al., 2008; Schomberg et al., 2001).
Passive transport describes the movement of ions, along their electrochemical gradients
through leak channels incorporated in the membrane (Edman et al., 1986). As mentioned
above, leak channels are involved in the establishment of the RMP, and most of them are
open at the RMP, generating leak conductance (Lesage, 2003; McCormick and
Huguenard, 1992; Theander et al., 1996). Many different leak channels have been
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identified. In the past few years, an entire family of genes encoding leak K* channels has
been described (two-pore-domain (KCNC) K* channels family). The main representatives
of this family in the nervous system are the TASK (T WIK-related a cid-sensitive K*;
TWIK, for tandem P domains in a weak inwardly rectifying K*) channels and TREK
channels. They are open at the RMP, insensitive to a broad spectrum of known K*
channels blockers and show only little voltage- and time-dependence (Goldstein et al.,
2001; Lesage, 2003; Talley et al., 2001; Talley et al., 2003). Compared to K* leak
conductance, little is known about leak Na* conductance (IL-Na). Although IL-Na is
believed to play an important role in the regulation of neuronal excitability, the in vivo
function of IL-Na has not yet been tested because of the lack of specific blockers for IL-
Na channels. Hyperpolarization-activated cyclic-nucleotide gated (HCN) channels show
high permeability for both K* and Na™ at the RMP and thus are likely to contribute to the
overall leak current but they are also regulated by voltage and/or by binding of
intracellular cyclic nucleotides (Aponte et al., 2006; Bolivar et al., 2008; Lyashchenko and
Tibbs, 2008). Furthermore, the voltage-independent, non-selective, non-inactivating cation
channel NALCN (Na* leak channel nonselective), permeable to Na*, K*, and Ca** may
also produce a leak current (Lu et al., 2007; McCormick and Huguenard, 1992).
Additionally to NALCN, the existence of other Ca?* leak channels has been reported
(Montano and Bazan-Perkins, 2005; Pinilla et al., 2005; Tu et al., 2006). Although CI" leak
conductance has often been observed in neurons, no specific channels have yet been
identified (Edman et al., 1986; Gestrelius et al., 1981; McClintock and Ache, 1989;
Simpson et al., 2005).

1.2.4.2 Gated channels and active current flow through the cell

membrane

lon channels, which are not constantly open at the RMP, but require a stimulus to open,
form a complex group of gated channels. Channel opening (activation), switching from the
closed to the open state, may be controlled by different gating mechanisms such as: 1)
change in the membrane potential (voltage-gated ion channels; Fig. 4), 2) binding of an
extracellular ligand e.g. neurotransmitter (extracellular ligand-gated ion channels; Fig. 4),
3) binding of an intracellular ligand e.g. a cyclic nucleotide or Ca?* (intracellular ligand-
gated ion channels), and 4) mechanical stimulus e.g. stretching (mechanoreceptors
(Hammond, 2001; Kandel et al., 2000; Purves et al., 2008).
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Voltage-gated ion channels have a three-dimensional structure containing an
aqueous pore and a voltage-sensitive region. At the RMP they are in a closed state and
ions cannot flow through them. Change in the V', causes conformational change and
opening of the channel. Most often these channels open transiently, due to depolarization,
but there are also channels activated by hyperpolarization. The aqueous pore of voltage-
gated ion channels is in general permeable to only one type of ion. Thus, voltage-gated ion
channels are named after their most permeable ions. In neuronal cells, at least three
different types of voltage-gated ion channels have been identified and well characterized:
voltage-gated potassium channels, voltage-gated sodium channels and voltage-gated
calcium channels. Opening of such channels due to a change in voltage, results in active
current flow across the membrane and a fast change of cellular Vj,. Voltage-gated Na*
channels are responsible for initial Na* inward current during the depolarization phase of
action potentials. Thus, they are very important for initiation and propagation of action
potentials. Diverse types of voltage-gated Ca** channels determine Ca** entry into the cell,
participate in the generation of Ca*" action potentials and enable triggering of Ca®*-
dependent intracellular processes (e.g. neurotransmitter release).

Extracellular-ligand gated ion channels open as a result of binding of an
extracellular ligand e.g. neurotransmitter (acetylcholine, GABA, glutamate, glycin). These
channels contain an extracellular ligand binding site and an ionic channel with an aqueous
pore, to pass the ions. In general, when the neurotransmitter binds to the receptor site, the
receptor protein changes its conformation and transiently switches to an open state,
allowing ions to flow through the aqueous pore. When activated these channels cause a
rapid change in membrane permeability and thereby enable fast synaptic transmission. The
best investigated members of this group include: the nicotinic acetylcholine receptor, the
GABAA receptor and the NMDA glutamate receptor.

Intracellular-ligand gated ion channels are gated by intracellular second
messengers such as Ca**, inositol 1,4,5-trisphosphate (1P3), cyclic nucleotides, or by GTP-
dependent proteins (G proteins). This group shows high diversity because of a large
number of possible intracellular ligands depending on cell type. For example in the central
and peripheral nervous system, the G-protein-gated inwardly rectifying K* (GIRK)
channel is directly modulated by binding of G protein.

Such channels are coupled via G proteins to many different neurotransmitter receptors and
are involved in decreasing the firing rate. Another group belonging to these channels is the
group of Ca**-activated ion channels e.g. CI" or K* channels. An intracellular increase in
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Ca’* concentration enhances the opening probability of these channels. Also cyclic
nucleotide-gated (CNG) channels belong to this group. Although they are activated by
binding of cAMP or cGMP and not by voltage, their structure is very similar to that of
voltage-gated ion channels.

Mechanically gated channels open by mechanical stimulus. To this group belong
all sensory receptors activated by pressure, stretching or auditory or vestibular stimulus,
which underlay senses as propioception, hearing, touch and balance (Hammond, 2001;
Kandel et al., 2000; Purves et al., 2008).
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Fig.4: Schematic view of different ion channels and Na*/K* ATPase pump incorporated in
the neuronal cell membrane (Paulev, 2000).

1.2.5 Gap junctions

Another group of transmembrane proteins, which play important role in neuronal
development and might also be important for passive membrane properties (in particular
for the Ry are gap junctions.

Gap junctions are formed by connexins, a complex protein family, which have a
conducting function between two neighbor cells (Bennett et al., 1981; Caveney, 1985;
Rozental et al., 2000; Sosinsky and Nicholson, 2005). In contrast to the channels
mentioned above, these proteins exchange ions or molecules between two cells and not
between intra- and extracellular media. Such an exchange of signal molecules has been
implicated in various cellular mechanisms, including ionic homeostasis, electrical
synchronization, proliferation and cell migration (Bittman et al., 1997; Bruzzone et al.,
1996; Miragall et al., 1997; Nadarajah et al., 1998; Sosinsky and Nicholson, 2005; Wei et
al., 2004). Two cells connected by a gap junction are said to be coupled. Gap junctions are
non-ion selective and can pass molecules up to 1000 Da (Loewenstein, 1987; Wolpert,
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1969). They have a hexametric structure and each hexameter belongs to the membrane of
one of the coupled cells. This hexameter is built of six connexin proteins (connexin,
named also hemichannel; Fig. 5; Bennett et al., 2003; Ebihara, 2003; Goodenough and
Paul, 2003). There are many different subtypes of gap junctions named after their
molecular mass, e.g. Connexin 32, 36, 43, 45. Particular subtypes of connexins are
activated by different mechanisms. Some of them are open at the RMP and/or for some of
them the opening is enhanced at 0 mV membrane potential (voltage-dependent properties;
Dermietzel et al., 1991; Banach and Weingart, 2000; Giaume et al., 1991) or their opening
is regulated by the transjunctional potential (the potential difference between two coupled
cells). Their opening can also be modulated by intracellular and extracellular ligands,
second messengers, pH, intracellular Ca** concentration, cyclic nucleotides and
temperature (Braet et al., 2003; Bruzzone et al., 2001; Bukauskas and Weingart, 1993;
Contreras et al., 2002; Kamermans et al., 2001; Pottek et al., 2003; Romanello and
D'Andrea, 2001; Spray et al., 1981;Stout et al., 2002; Weissman et al., 2004; Ye et al.,
2003). Thus, the opening mechanisms as well as the modulation of gap junction coupling
is very complex and involves interaction of many different factors at the same time. Gap
junctions play an essential role in the early development of the nervous system. In the
central nervous system they are expressed in neurons, oligodendrocytes and astrocytes
(Dermietzel et al., 1989; Dermietzel and Spray, 1993; Hormuzdi et al., 2001; Hormuzdi et
al., 2004; Theis et al., 2005). Gap junctions are prevalent during the early stages of
neurogenesis, they form electrical synapses and thus, are crucial for electrical and
metabolic signal transduction in developing neurons. For example, rapid propagation of
action potentials by connexins allows synchronic neuron activity to occur (Bennett and
Zukin, 2004; Hormuzdi et al., 2004).

25



interacting
plasma membraneas
i

e
gap of - P{
2=d nim 4

L I'I! channel
@ | 1.5nmin
" j diarmeter 3
2 3 R

! CONABKON
WO CORMEXONS in compaosed of : .
register forming six subunits heteromaeric homotypic heterotypic
open channel between
adjacent calls connexing CONNEXONs intercellular channels
(&) (B)

Fig. 5: Schematic structure of gap junctions. (A) A three-dimensional drawing showing
interacting plasma membranes of two adjacent cells connected by gap junctions. The lipid
bilayers (red) are penetrated by protein assemblies called connexons (green), each of
which is formed by six connexin subunits. Two connexons join across the intercellular gap
to form a continuous aqueous channel connecting the two cells. (B) The organization of
connexins into connexons and connexons into intercellular channels. The connexons can
be homomeric or heteromeric, and the intercellular channels can be homotypic or
heterotypic (Alberts et al., 2002).

1.2.6 Calcium homeostasis in neurons

Calcium ions act as a second messenger inside neurons to mediate and regulate a wide
spectrum of neuronal functions including gene transcription (Bading et al., 1993; Gallin
and Greenberg, 1995; Greer and Greenberg, 2008), synaptic transmission (Aguado et al.,
2002; Catterall and Few, 2008; Dunlap et al., 1995; Snutch and Reiner, 1992), neurite
outgrowth (Ciccolini et al., 2003; Gomez and Spitzer, 1999; Gu and Spitzer, 1995; Kocsis
et al., 1994) neuronal development, survival and death (Koike et al., 1989; Porter et al.,
1997; Trump and Berezesky, 1996). At their resting state, neurons maintain a baseline
intracellular Ca** concentration ([Ca*'];) of approximately 100 nM through Ca®*
homeostatic mechanisms. This basal concentration is crucial for neurons to respond
effectively to various Ca®* signals elicited by extracellular stimuli or membrane
depolarizations that often produce a concentration between several hundreds of nanomolar
and a few micromolar (Berridge et al., 2003; Clapham, 1995; Clapham et al., 2001). The
resting level of [Ca?*]; is maintained by Ca®*-ATPase-dependent uptake into internal
stores via sarcoendoplasmatic reticular Ca?*-ATPAses (SERCA pumps) and extrusion out
of the cell via plasma membrane Ca?*-ATPases (PMCA pumps, Clapham, 1995; Garcia
and Strehler, 1999) as well as by the Na*/Ca®* and Na*/Ca?*-K* exchangers (Blaustein et
al., 1991; Clapham, 1995).

The diversity of events controlled by Ca?* must partly be a consequence of the distinct
types of Ca?* signal that differ spatially, temporally and in magnitude (Berridge et al.,
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2000). At the synapse, for example, Ca®* triggers exocytosis within microseconds whereas
regulation of gene transcription or cell proliferation occurs within minutes or hours
(Berridge et al., 2000; Berridge et al., 2003). The differing outcomes will also be a
consequence of the actions of a range of Ca”* sensor proteins that transduce the Ca®*
signals into specific intracellular pathways. The specificity of the outcome depends on the
affinity of the different sensors for Ca?*, their localization in relation to the Ca?* signal and
their interactions with other proteins. A number of Ca?*-binding proteins expressed in
neurons have been described including calmodulin (Chin and Means, 2000),
synaptotagmin (Fernandez-Chacon et al., 2001) and members of neuronal calcium sensor
(NCS) protein family (Burgoyne et al., 2004; Burgoyne and Weiss, 2001). The
physiological roles of these proteins include modulation of neurotransmitter release,
synaptic plasticity, neuronal growth, control of cyclic nucleotide metabolism, biosynthesis
of polyphosphoinositides, regulation of gene expression and in the direct regulation of ion
channels (Burgoyne and Weiss, 2001).

Ca”*-signaling systems function often by generating brief pulses of cytosolic Ca®*
increase. This Ca®" is derived from either internal stores or from the extracellular medium.
In the case of the latter, Ca®" enters cells using different channel families: 1) voltage-gated
Ca”* channels (VGCCs) of which several subtypes have been described based on voltage-
dependence and pharmacology (L, P/Q, N, R types; Waterman, 2000;Weiss and
Burgoyne, 2002; Yamakage and Namiki, 2002); 2) neurotransmitter-gated receptors e.g.
muscarinic receptors, metabotropic glutamate receptors, NMDA receptors (Garashchuk
and ., 1998; Marshall et al., 2003); 3) second-messenger operated channels e.g. CNG
channels (Leinders-Zufall et al., 1997); and 4) capacitive Ca®* channels, which are
controlled by the filling state of the cellular Ca** stores (Berridge et al., 2000; Berridge et
al., 2003; Herms et al., 2003; Niu et al., 2009). Several types of intracellular organelle are
currently believed to serve as intracellular Ca** storage compartments including the
endoplasmic reticulum (ER), the mitochondria and the nuclear envelope (Blaustein and
Golovina, 2001; Gerasimenko et al., 2003; Verkhratsky and Petersen, 1998). There are
two major classes of intracellular Ca®* release channels in neurons, ryanodine receptor
channels (RyR; Hoesch et al., 2002; Kato and Rubel, 1999; Poulsen et al., 1995; Sandler
and Barbara, 1999) and IP3-receptors (IP3Rs; Hoesch et al., 2002; Kato and Rubel, 1999;
Nakamura et al., 2000; Poulsen et al., 1995; Yamamoto et al., 2000). RyRs are sensitive to
cytosolic Ca?* whereas the IP3Rs are sensitive to both IP3 and Ca?*. The sensitivity of
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IP3Rs to both IP; and Ca** enable these receptors to respond differentially to a broad
range of stimulus combination and intensities (Berridge et al., 2000; Kaftan et al., 1997).

1.2.6.1 Ca**-activated currents in neurons

In neurons, an increase in the intracellular Ca** concentration often causes a change in the
membrane permeability for different ions. Ca®*-dependent channels may be classified in
two broad categories, which are selective for potassium ions or chloride ions (Hartzell et
al., 2005; Marty, 1989; Weiger et al., 2002). Ca**-dependent K* channels are activated by
rises in cytosolic calcium, often in response to Ca®* influx via voltage-gated calcium
channels that open during action potentials. Activation results in outwardly flowing K*
current. Activation of Ca’*-activated K* channels is involved in the control of a number of
physiological processes, ranging from the firing properties of neurons to the control of
neurotransmitter release (Vergara et al., 1998; Latorre et al., 1989). Three families of
Ca’*-activated K* channels have been identified, which can be separated on both
biophysical and pharmacological grounds (Shah and Haylett, 2000; Vergara et al., 1998):
large conductance maxi-K channels (or BK channels; Marty, 1981), small conductance
channels (SK channels; Blatz and Magleby, 1986; Lang and Ritchie, 1987), and
intermediate conductance channels (IK channels; Ishii et al., 1997; Joiner et al., 1998).
Ca’*-activated CI” channels (CaCCs) have been identified in various populations of
neurons (Hartzell et al., 2005; Lalonde et al., 2008). They open in response to an increase
in intracellular Ca®* due to Ca®" influx through voltage-gated or ligand-gated channels as
well as Ca** release from intracellular stores. Enhanced CI conductance influences Vp,
and regulates electrical excitability, such as the response to synaptic input or spike rate
(Frings et al., 2000). The family of CaCCs consists of at least two functionally distinct
groups of channels: 1) CaCCs, which open when Ca?* ions bind to specific Ca**-binding
site on the cytosolic side of the channel protein, and 2) Ca**/calmodulin-dependent protein
kinase Il (CaMK Il)-activated CI" channels, whose activation is mediated by CaMK II.
These channels may not posses a Ca**-binding site and are probably activated upon
phosporylation (Frings et al., 2000). The hallmarks of the CaCCs are Ca®* and voltage
dependency, outward rectification, permeability for halides and sensitivity to specific
pharmacological blockers (Eggermont, 2004; Frings et al., 2000; Matchkov et al., 2004).
Three factors dictate the direction of CI" movement through the CaCCs: the membrane
potential, the CI" conductance and the intracellular Ca®* concentration. In most neurons the

RMP is more negative than the reversal potential of CI" (Erevciy). As a consequence,
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when [Ca®*]; increases, CI” exits the cell, which results in the depolarization of the cell
membrane (Hartzell et al., 2005).

1.2.6.2 Cell adhesion molecules and Ca**-signaling

The ability of different cell adhesion molecules (CAMS) to transduce cell surface signals
into intracellular responses has been reported (Crossin and Krushel, 2000; Doherty et al.,
1991; Doherty and Walsh, 1989; Doherty and Walsh, 1992). The expression of CAMs on
the cell surface and the formation of cell-cell contacts has been shown to contribute to
neurite outgrowth (Williams et al., 1995) by the activation of G protein-dependent
mechanisms (Doherty and Walsh, 1992; Saffell et al., 1997; Schuch et al., 1989).
Intracellular Ca?* can be elevated by mobilization of intracellular Ca?* stores through G-
protein-linked activation of phospholipase C (Berridge, 1993). L1 and N-CAM (neural
cell adhesion molecule) have been reported to activate Gi-like proteins, which inhibit
phospholipase C (PLC) leading to reduced level of IP2 and IP3, and thus an increase in
[Ca?*]; via activation of L- and N-type of voltage-gated Ca®* channels (Doherty et al.,
1991; Schuch et al., 1989). However, N-CAM has also been shown to activate PLC
leading to an increase in production of diacylglicerol (DAG), which is subsequently
hydrolyzed to arachidonic acid (AA). AA stimulates an increase in intracellular Ca®* via
activation of VGCCs (Doherty et al., 2000; Kiryushko et al., 2006). N-CAM-mediated
[Ca®"]i increase and neurite outgrowth has also been shown to be dependent upon
activation of Src-family kinases (Kiryushko et al., 2006), protein kinase C (PKC), or the
Ras—mitogen-activated protein (MAP) kinases (Kolkova et al., 2000). Also, another cell
adhesion molecule, the limbic system-associated membrane protein (LAMP) promotes
neurite outgrowth in different types of neurons via activation of L-type voltage-gated Ca®*
channels (Zhukareva et al., 1997). These findings suggest that multiple signaling pathways
and mechanisms to change the intracellular Ca?* concentration contribute to cell adhesion
molecules-mediated neurite outgrowth and neuronal differentiation.

1.3 Aim of the study

The aim of this study was to investigate the physiological role of CAR in developing
cultivated neurons. The following questions were addressed: 1) Does CAR posses a
further function in neurons, besides its role as a cell adhesion molecule and a viral
receptor? 2) What is the cellular function of CAR? Is CAR involved in neuronal
development by influencing intracellular processes such as signaling pathways, neuronal
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membrane properties or neuronal morphology and neurite outgrowth? Which intracellular
pathways are affected and how are they affected by CAR-mediated processes?

I have chosen an electrophysiological approach and a Ca** imaging method to search for
CAR-mediated cellular mechanisms. Passive and active properties of the neuronal
membrane of cultivated CAR KO and WT neurons prepared from E10.5 embryos were
investigated. In addition, properties of cultivated cortical neurons prepared from E15
embryos and treated with Ad2, a fiber knob of adenovirus, which binds directly to CAR,
were compared to untreated cells. Observed changes in membrane resistance (Ry,)
suggested altered membrane conductance in CAR KO neurons (E10.5) and Ad2 treated
neurons (E15). Therefore, further investigation focused on different ion channels and
transport proteins, which directly and indirectly determine passive membrane properties
and in particular the Rp,. Voltage-gated ion channels, leak channels, ionic pumps and gap
junctions were considered to be potential candidates for the observed differences.
Furthermore, ionic conductance of particular ions such as K*, Na" or CI across the
membrane was studied. The obtained results suggested a role of CAR in the regulation of
membrane conductance and a possible implication of CAR in intracellular signaling
pathways. Therefore further experiments focused on Ca**-dependent cascades by means of
Ca®* imaging.

In addition, consequences of CAR-mediated processes on the formation and the
functionality of neuronal network activity as well as on neuronal outgrowth were studied

to test whether CAR might be implicated in these complex mechanisms.
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2. Materials and methods

2.1 Materials

2.1.1 Animals

Fertilized chick eggs (Gallus gallus domesticus) were delivered by Lohmann Tierzucht
GmbH (Germany). Pregnant wild type mice (Mus musculus) C57BL/6N were delivered by
Charles River Laboratories (Germany).

Heterozygote CAR mice were obtained from the research group’s breeding stock at the
MDC animal facility. Generation of CAR-deficient mice by gene targeting has been
described by Dorner et al. (2005). Embryos from CAR heterozygous pregnant mice were
prepared at embryonic day 10.5. The genotype of each embryo was then verified by PCR
as described by Dorner et al. (2005). Only wild type and CAR knock-out (KO) animals

were used for experiments.

2.1.2 Cell lines

Parental HeLa cells were obtained from the laboratory’s own stock. HeLaCx36 (stable cell
line expressing Connexin 36) and HeLaCx43 (stable cell line expressing Connexin 43)
were kindly provided by Prof. K. Willecke (Molecular genetics and cell biology of
intercellular gap junction channels, Bonn, Germany). Parental HeLa cells were kept in
DMEM/10%FCS and transfected HeLa cells were kept in DMEM/10%FCS
complemented with 1 pg/ml puromycin (Sigma; P9620). The medium was changed twice
a week and cells were split after reaching confluence. Cells were plated on glass
coverslips, which were kept in 12-well (or 24-well) plates at a density of 800-1000

cellsy/mm?and maintained at 37°C in a humidified atmosphere of 95% air and 5% COz.

2.1.3 Antibodies

Antibodies used in experiments are listed in Table 2.
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Antibody Concentration Company Order
number

Polyclonal anti-CAR-Fc Rb80 3 pg/ml AG Rathjen
Monoclonal anti-CAR RmcB 3 pg/ml AG Rathjen
Rabbit anti-Connexin 36 1-2 pg/ml Zymed Laboratoires 36-4600 (WB)
Rabbit anti-Connexin 36 1-2 pg/ml Zymed Laboratoires 51-6300 (IF)
Mouse anti-Connexin 43 1-2 pg/ml Transduction Laboratories C13729
Rabbit anti-Connexin 43 1-2 pg/ml Zymed Laboratories 71-0700
Mouse anti-Connexin 26 1-2 pg/ml Zymed Laboratoires 13-8100
Monoclonal anti-Connexin 32 1-2 pg/ml Sigma C6344
Monoclonal anti y-Tubulin 1 pg/ml Sigma T 6557
Mouse monoclonal anti-Na*/K"- 1-5 pg/ml Novus Biologicals NB300-540
ATPase alpha 3
Goat anti-mouse Cy3 1:400 Dianova 115-165-146
Goat anti-rabbit Cy3 1:400 Dianova 112-165-003
Goat anti-mouse 1gG Alexa Fluor 488 | 1:400 Molecular Probes A11001
Goat anti-mouse 1gG HRP 1:20000 Dianova 115-035-003
Goat anti-mouse 1gG AP 1:400 Dianova 115-055-003

Table 2: Antibodies used in immunocytochemical staining and Western blot analysis.
Abbreviations: WB — Westen blot, IF — immunofluorescence

2.1.4 Proteins

Fiber knob of Adenovirus

The recombinant fiber knob from adenovirus Ad2 C428N was expressed in Escherichia
coli (E. Coli) bacterial strain BL21-DE3 (Novagen Inc., Madison, WI) and prepared by
AG Rathjen following a modified protocol used for Ad12 fiber knob (Freimuth et al.,
1999; Howitt et al., 2003). The proteins were purified via ion exchange and nickel-
nitriloacetic acid affinity chromatography (Qiagen Inc., Valencia, CA). Fiber knob formed
a stable trimer, as assessed by SDS-polyacrylamide gel electrophoresis of unheated protein
samples.

In the present work the abbreviation Ad2 is used for the fiber knob.

CAR extracellular Ig-domains: D1, D2 and CAR-D1D2

Both extracellular CAR Ig domains: D1 (D1 122 and D1 213) and D2 as well as CAR-
D1D2 were produced by Christopher Patzke (AG Rathjen). CAR fragments were
expressed in E. coli bacteria as GST-fusion proteins and isolated with glutathione-
sepharose beads. GST was removed by proteolytic cleavage and proteins were purified by

size-exclusion chromatography.
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Proteins used in experiments are listed in Table 3.

Protein Company (Order Number) Applied concentration
Ad2 (fiber knob) AG Rathjen 500 pg/ml

CAR D1 122 Christopher Patzke (AG Rathjen) 100- 500 pg/ml

CAR D1 213 Christopher Patzke (AG Rathjen) 100- 500 pg/ml

CAR D2 Christopher Patzke (AG Rathjen) 100-500 pg/ml
CAR-D1D2 Christopher Patzke (AG Rathjen) 100- 250 pg/ml
Fibronectin Sigma (F2006) 500 pg/ml

Rb80 CAR AB AG Rathjen 500 pg/ml

Table 3: Proteins applied in experiments.

2.2 Methods

2.2.1 Cell Culture

Three different embryonic primary cell cultures were maintained: 1) primary cell culture
from chick (Gallus gallus) embryos prepared between E6-E8 (depending on the tissue) 2)
cortical primary cell culture from wild type mice prepared at E15 (Mus musculus,
C57BL/6N, delivered from Charles River, Germany). 3) telencephalic primary cell culture
from wild type and CAR knock-out mice embryos prepared at E10.5 (from AG Rathjen’s
own CAR breeding in the MDC animal facility).

2.2.1.1 Primary chick cell culture

Solutions:

PBS (phosphate buffered saline, Biochrom)

HBSS (Hank's buffered salt solution, Invitrogen)

Trypsin solution: 1 mg/ml trypsin (Sigma) in HBSS

DMEM/10%FCS: 10% FCS (100%, Invitrogen), 0.05% penicillin/treptomycin (Sigma),
DMEM (Dulbecco's modified eagle medium, Invitrogen)

DMEM/NZ2: 2% N2 supplement (Invitrogen), 0.05% penicillin/streptomycin (Sigma),
DMEM (Invitrogen)

Lumox dishes and chamber slide preparation

Permanox chamber slides (Nunc) were mounted on sterile lumox membrane dishes (6
chambers per dish, Greiner Bio One). Each chamber was coated with laminin (10-12
pg/ml, Invitrogen), poly-D-lysine (PDL, 0.1 mg/ml, Sigma) or fibronectin (5 pg/ml,
Sigma) over night at 37°C. Before the cells were plated, the chambers were washed twice
with HBSS and once with DMEM/10% FCS.
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Cell culture

Primary retinal cultures were prepared from chick eye on embryonic day 8 (E8) in HBSS.
Dissected retinal cells were suspended in 1 mg/ml trypsin solution for 20 min at 37°C,
washed twice with DMEM/10%FCS followed by washing in serum free DMEM
containing the N2 supplement. Cells were then triturated with a glass pipette to dissociate
the cells. The cells were plated on laminin (or PDL and fibronectin) treated permanox
chamber slides (Nunc) in a total volume of 150 pl per chamber and a cell density of 500-
650 cells/mm?. Cell cultures were maintained at 37°C in a humidified atmosphere of 95%
air and 5% COz2.

The same protocol was used for telencephalic and tectal cultures prepared from chick
brain on embryonic day 6 (E6).

2.2.1.2 Primary mouse cell culture E15

Solutions

HBSS: 10 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; Roth), 6 mM
Glucose in HBSS (Hank's buffered salt solution; Invitrogen)

S1: papain 35U (Sigma), L-cysteine 0.02%, CaCl,, 0.2 mM, EDTA
(ethylenediaminetetraacetic acid; Merck), 0.1 mM in HBSS

S2: 0.35 mM BSA (bovine serum albumin, Biomol), 1.25 mM trypsin inhibitor (Roche),
0.06% DNase (Sigma) in Neurobasal (NB) medium

NB/10%FCS: 10% FCS (100%, Invitrogen), 25 uM [-mercaptoethanol (Merck), 0.25 mM
L-glutamine (Sigma), 0.05% penicillin/streptomycin (Sigma), 2% BEM amino acid (50x;
Sigma) in Neurobasal (NB) medium (Invitrogen)

NB/B27: 2% B27 supplement (100%, Invitrogen), 25 uM B-mercaptoethanol (Merck),
0.25 mM L-glutamine (Sigma), 0.05% penicillin/streptomycin (Sigma), 2% BEM amino

acid (50x; Sigma) in Neurobasal (NB) medium (Invitrogen)

Coverslip preparation

Glass coverslips (12 or 15 mm diameter; Assistant) were treated for 5 hours with alkaline
(NaOH/Ethanol (100%)), then washed 5 times with distilled water and treated with 3.2 %
HCI for 5 hours, again washed 5 times with distilled water and then treated with 100 %

ethanol. Coverslips were dried over flame, placed in 12-well or 24-well plates and coated
with PDL (0.1 mg/ml, Sigma) over night at 37°C. Before the cells were plated, PDL was
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removed and the coverslips were washed twice with HBSS containing HEPES and
glucose and once with NB/10%FCS.

Cell culture

Primary cortical cultures were prepared from mouse brains on embryonic day 15 (E15,
WT, C57/B6N strain, Charles River, Germany) in PBS. Dissected cortical hemispheres
were suspended in papain solution (S1) for 10 min at 37°C, washed once in protease
inhibitor solution (S2), twice in NB/10%FCS and then triturated with a glass pipette to
dissociate the cells. Cells were plated in 12-well (or in 24-well) plates with washed and
PDL treated glass coverslips (Assistant) at a cell density of 600-700 cells/mm?. After the
neurons had attached to the substrate (after 24 hours), NB/10%FCS was partly removed
and the neurons were maintained in NB/B27 medium. Cell cultures were maintained at
37°C in a humidified atmosphere of 95% air and 5% COz.

2.2.1.3 Primary mouse cell culture E10.5

Solutions

PBS (phosphate buffered saline, Biochrom)

HBSS (Invitrogen)

Trypsin solution: 1 mg/ml trypsin (Sigma) in HBSS

DMEM/10%FCS: 10 % FCS (100%, Invitrogen), 0.05 % penicillin/streptomycin (Sigma),
DMEM (Dulbecco's modified eagle medium, Invitrogen)

DMEM/B27: 2% B27 supplement (Invitrogen), 0.0 5% penicillin/streptomycin (Sigma),
10 ng/ml BDNF (Brain-derived neurotrophic factor; Pepro Tech), DMEM medium

(Invitrogen)

Coverslip preparation

Termanox plastic cover slips (Nunc) were coated with 10 pg/ml laminin (Invitrogen) over
night at 37°C. Before the cells were plated, coverslips were washed twice with HBSS and
once with DMEM/10%FCS.

Cell culture

Telencephalic parts of mouse brain were prepared on embryonic day 10.5 (E10.5). Tail
samples of each embryo were harvested for genotyping by PCR analysis. Each
telencephalon tissue was collected separately in a falcon tube with HBSS. Dissected tissue

was suspended in trypsin (1 mg/ml) solution for 10 min at 37°C, washed twice with
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DMEM/10% FCS and then triturated with a glass pipette to dissociate the cells. Cells were
plated on termanox cover slips at a cell density of 400-750 cells/mm?. After the neurons
attached to the substrate (after 24 hours), DMEM/10%FCS was partly removed and the
neurons were maintained in DMEM/B27/BDNF medium. Cell cultures were maintained at
37°C in a humidified atmosphere of 95% air and 5% COz.

2.2.2 Genotyping of CAR mice by PCR and DNA electrophoresis

Tail samples from embryos at embryonic day 10.5 (E10.5) were digested in 200 pul tail
lysis buffer (Viagen DirectPCR-Tail, PeqgLab) and 100 pg/ml proteinase K (Roche) over
night at 55°C. Proteinase K was inactivated by heating the samples to 85°C for 45 min.
Samples were centrifuged for 10 sec at 14000 rpm. Supernatants containing DNA were
used for PCR.

Genotyping was carried out with 2 pl tail lysate and 0.2 pl LA Taqg polymerase (TaKaRa
BIO INC) in a mix buffer containing: 11.38 pl digest water, 2 pl buffer La 10x, (TaKaRa
BIO INC), 2 pl 25 mM MgCl, (TaKaRa BIO INC), 3.2 pl dNTP Mix (2.5 mM; TaKaRa
BIO INC) and primers: G53, Dor25, Neo2L (Table 4) in a total volume of 20 ul. The
following PCR program was used: 96°C/2 min, 94°C/4 min, (95°C/44 sec, 68,7°C/45 sec,
72°C/2 sec+1 sec per cycle) x39 cycles, 72°C/10 min. PCR products were analyzed on 1
% agarose gels containing ethidium bromide and visualized by exposure to ultraviolet
(UV) light.

G53 (WT) 5 ATC CCG CAC AAG AGC ACGAAG ¥
Dor 25 5"CACTTC TAAATAACTTGC CCACCAAGAZ
Neo2L (K.O.) 5" GGC ATC AGAGCAGCCGATTG 3

Table.4: Primer sequences for CAR genotyping.

Fig. 6: PCR products for genotyping were separated on 1 % agarose gel. 1.0 kb band
represents WT (nr. 2, 4), 1.6 kb band represents CAR-/- (nr.6), both bands (1.0 and 1.6 kb)
represent heterozygote (1, 3, 5, 7, 8, 9).
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2.2.3 SDS-PAGE and Western blot

Tissue preparation

Brain tissue of wild type mice from different postnatal developmental stages (P1- P30
(adult)) and telencephalic tissue of wild type and CAR knock-out embryos at 10.5 were
homogenized in detergent solution containing 1 % octylglucoside (Sigma) and protease
inhibitors: 20 pl Aprotinin (Sigma), 20 ul Pepstatin A (Sigma), 20 pl Leupeptin (Sigma),
10 pl PMSF (phenylmethyl sulfonyl fluoride; Sigma) in 10 ml PBS. Homogenates were
centrifuged for 15 min at 4°C at 14000 rpm. Supernatants were used for further
experiments. Protein concentration was determined by measurement of UV absorbance at
280 nm using a photometer (Biophotomether 6131, Eppendorf, Hamburg). Sample-buffer
(100 mM Tris, pH 6.8, 2% SDS (sodium dodecyl sulphate), 15 % glycerol, bromophenol
blue) and BME (B-mercaptoehanol, Merck) were added and the samples were boiled for 3
min at 95°C. 10-25 ug of total protein was loaded per lane and analyzed by SDS-PAGE
and Western blot.

SDS-PAGE

Solutions

1M Tris-HCI (tris(hydroxymethyl)aminomethane-HCI; Merck), pH 8.8
1M Tris-HCI, pH 6.8

30% acrylamide/0.8 % piperazine diacrylamide (PDA)

10% SDS (sodium dodecyl sulphate) buffer in distilled water

10% ammonium persulfate (AP, 0.1mg/ml; PlusOne) in distilled water
N,N,N',N'-tetramethylethylene diamine (TEMED; PlusOne)

10x running buffer

0.1 % SDS running buffer

10x running buffer

30.3 g Tris base

144 g glycine, all diluted in
1 | distilled water

pH=8.3

10% separating gel (total volume: 10 ml)
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2.8 ml distilled water

3.75 ml 1M Tris pH 6.8

100 ul 10% SDS

3.3 ml 30% acrylamide/0.8% piperazine diacrylamide (PDA)
50 ul 10% AP

5 ul TEMED

Stacking gel (total volume:10 ml)

3.7 mlH20

625 ul 1 M Tris pH 6.8

50 ul 10% SDS

650 ul 30% acrylamide/0.8% piperazine diacrylamide (PDA)
50 ul 10 % AP

5 ul TEMED

Transfer buffer

10% 10x running buffer
20% Methanol (Merck)
70% distilled water

Samples were electrophoresed on 10-12% SDS-PAGE gels at 90-150 V for 1 hour
followed by electrotransfer of the separated polypeptides onto blotting paper
(nitrocellulose membrane) in cold transfer buffer. The gel, nitrocellulose membrane, and
blotting papers were arranged in a transfer cassette and put in a transfer tank filled with
cold transfer buffer. Transfer was run for 1 hour at 340 mA. After transfer, the blots were
washed in PBS and loaded protein was verified using Ponceau red staining followed by
washing in H,0 and PBS/0.5% Tween 20. Blots were incubated in 4% milk blocking
solution for 1 hour at room temperature (RT), washed 3 times with PBS/0.5% Tween 20
(Sigma) and primary antibodies were applied in 4% milk solution over night at 4°C. Blots
were washed in PBS/0.5% Tween 20 and the appropriate secondary antibodies (alkaline
phosphatase-conjugated antibody, in dilution: 1:400 or horseradish peroxidase enzyme
(HRP)-conjugated antibody, in dilution 1:20000; Dianova) in 4 % milk solution were
applied for 2 hours at RT. Finally, blots were analyzed using the enhanced
chemiluminescence (ECL) detection system or alkaline phosphatase (AP) system. For the
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AP detection system, blots were incubated in substrate solution consisting of AP-buffer
with 1% BCIP (5-bromo-4-chloro-3-indolyl phosphate, Roth), and 1.5% NBT (nitro-blue
tetrazolium Chloride; Sigma), until protein bands appeared. The reaction was stopped by
washing with distilled water.

AP-buffer

100 mM Tris pH 9.7

5 mM MgCl,

0.01 mM ZnCl,

Distilled water

Substrate solution

1% BCIP (5-bromo-4-chloro-3-indolyl phosphate) in 100% DMF (dimethylformamide)
1.5% NBT (Nitro Blue Tetrazolium) in 70% DMF

AP-buffer

For the enhanced chemiluminescence detection system, blots were incubated for 1 min in
substrate solution consisting of equal parts of peroxide solution (detection reagent 1) and
Luminol enhancer solution (detection reagent 2; Pierce ECL Western Blotting Substrates,
Thermo Scientific). After 1 min blots were removed from the working solution and placed
in a clear plastic wrap. Excess liquid was removed with absorbent tissue and air bubbles
between the blot and the plastic wrap were pressed out. The blot was then placed in a film
cassette with the protein side facing up. In the dark, the Lumi-film (Lumi-Film
Chemiluminescent Detection Film, Roche) was placed on top of the membrane and
different exposure times were applied, between 10 sec and 1 h, to achieve optimal results.

The film was developed using the Curix 60 processing machine (Agfa).

2.2.4 Immunocytochemistry

For immunocytochemistry, cells on cover slips were fixed with 3.7 % formaldehyde (FA)
in phosphate-buffered saline (PBS, pH 7.4) for 10 min at RT, and then washed three times
with PBS containing 0.1% BSA followed by washing with NH,ClI for 15 min at RT. Cells
were then permeabilized with PBS/0.1%BSA containing 0.1% Triton X-100 (PBS/BSA/T-
X) and incubated with primary antibodies (Table 2) for 60 min at RT and then washed
three times with PBS/0.1% BSA. The secondary antibody (anti-rabbit or anti-mouse,
coupled to Cy3 or Alexa 488, Table 2) at a dilution of 1:400 was applied for 45 min at RT
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and cells were then washed three times with PBS/0.1% BSA and mounted using 10%
moviol (Sigma) on glass slides.

For cell surface staining, cells on cover slips were incubated with primary antibody (Table
2) for 10 min at 37°C, washed, then fixed in 3.7% formaldehyde in PBS for 10 min and
the washed three times in PBS for 10 min. After washing, cells were incubated with
secondary antibody (anti-rabbit or anti-mouse, coupled to Cy3 or Alexa 488, Table 2) for
45 min at RT and cells were then washed and mounted in 10% moviol on glass slides.

Fluorescent images of the neurons were obtained using the Axiovert 135 Fluorescent
Microscope (Zeiss, Germany) linked to the AxioCam MRc Camera (Zeiss, Germany) and
AxioVision software.

2.2.5 Electrophysiology

2.2.5.1 Basic principle

Electrophysiological techniques are used to study the function of ion channels by
recording either the currents that flow through open ion channels or by observing changes
in voltage across the membrane. From such recordings, active and passive membrane
properties (e.g. membrane potential, calculation of the membrane resistance) as well as
information about synaptic activity may be obtained.

The patch clamp technique was invented by Neher and Sakmann in 1976 in order
to study currents through single acetylcholine-activated channels in cell-attached patches
of cell membrane of the frog skeletal muscle (Neher et al., 1978; Neher and Sakmann,
1976). Subsequent improvements (Hamill et al., 1981) have led to high resolution
recordings of currents in cell-attached, whole-cell and in isolated membrane patches. The
patch (or voltage) clamp technique is one of the most powerful methods available for
studying functional aspects of ion channels.

Single ion channel recordings were carried out by clamping the voltage across a small
patch of membrane on a surface of a cell by a glass microelectrode with a tip of about 1
pm in diameter (patch electrode, cell-attached mode, Fig. 7 B; Hamill et al., 1981). Such
recordings provide information about unitary conductance and kinetic properties of ionic
channels. Disadvantages arise from the fact that the cell is still intact. Thus, the
composition of the intracellular solution and the patch potential are unknown, in contrast
to recording in the whole-cell patch-clamp mode.
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One of the most important requirements for the patch-clamp technique is the ability to
form a tight seal between the patch electrode (filled with suitable electrolyte solution) and
the plasma membrane of the targeted cell. This seal should have an electrical resistance in
the range of gigaohms (10° Ohm) and is called “gigaseal”. Under these conditions the
glass pipette and the cell membrane will be less than 1 nm apart. The gigaseal is important
for two reasons: 1) the higher the seal resistance, the better the electrical isolation between
the membrane patch and the pipette; 2) high seal resistance reduces the noise of
recordings, allowing high resolution of single channel currents. Because of the high
mechanical stability of the seal, beside the cell-attachted mode, three other voltage clamp
recording configurations can be used: inside-out, whole-cell and outside-out (Fig. 7 B).

In the whole-cell voltage-clamp configuration (Fig. 8) a patch of membrane is electrically
isolated from the surrounding solution by pressing an electrolyte-filled glass patch pipette
against the surface of the cell and subsequently applying suction. A silver/silver chloride
electrode couples the electrolyte in the patch pipette to a special electrical circuit shown
schematically in Fig. 7 A. While maintaining a gigaseal the cell membrane under the patch
pipette is removed using suction so that the cell, whose intracellular solution comes in
contact with the solution in the pipette, may be voltage clamped (or current clamped)
across the entire cell (and not only across the tiny patch, Fig. 7 B). The cell contents
equilibrate over the recording time with the pipette solution and this is how the
intracellular solution can be experimentally determined. During the whole-cell voltage-
clamp, two basic electrical functions are performed: 1) control of voltage and 2)
measurement of flowing current. Thus, this method can be useful in providing
measurements of both passive (cell capacitance (C,,), membrane resistance (Rm), Fig. 8)
and active membrane properties of voltage-gated channels e.g. sodium channels as well as
synaptic currents (e.g. miniature postsynaptic currents). Current clamp mode in the whole-
cell configuration provides information about the RMP and allows action potentials to be
recorded.

Figure 7 A represents the equivalent electrical circuit for the patch clamp recording set up.
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Fig. 7: Schematic patch-clamp circuit with the main features of the headstage amplifier
used in patch-clamp experiments. (A) The patch pipette is connected to the negative (-)
input of a feedback amplifier. The positive (+) input of the feedback amplifier is
connected to a variable voltage source and can be set at a desired value (holding potential,
Vh, Veommand)- 1N the case of voltage differences between these two inputs of the feedback
amplifier, current is delivered from its output so that the patch pipette is clamped at the
holding potential. The current through the patch (i,) is measured as the voltage drop across
the feedback resistor (Ry). (B) Three different patch-clamp configurations: inside-out,
whole-cell and outside-out.

2.2.5.2 Circuit in the whole-cell patch-clamp configuration

After formation of the gigaseal the cell membrane was ruptured and a test pulse of 10 mV
was applied (Fig. 11 A left side). A successful opening of the cell is indicated by the
current response to the test pulse in the form of large capacitive transients (Fig. 9 A, C) at
the beginning and end of the voltage pulse. The transient response is formed by the cell
capacitance (Cm) in series with the pipette (Rp) and access resistance (R,, Fig. 8). Pipette
resistance and access resistance are connected in series and form a circuit called series
resistance (Rs, Rs=Ra+Rp, Fig. 8). A large, quick capacitive transient indicates optimal
combination of good cell capacitance and low series resistance. After capacitance
transients, a steady-state component determined by the membrane resistance appears (R,
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Fig. 8). Rm and Rs are also connected in series (series circuit, Fig. 8). The Ry, is the largest
resistor and Rs (Ra+Rp) should be kept as low as possible so that it causes only a very
small voltage drop in the series circuit. The measured current represents mostly current

flowing through the cell membrane.

output
probe

bath

patch
pipette

Fig. 8: Equivalent circuit for the whole-cell patch clamp configuration (modified from
Molleman, 2002).

2.2.5.3 Electrophysiology in cell culture

Whole-cell patch-clamp recordings using the conventional whole-cell configuration were
performed on 1- to 20-day-old cultured neurons prepared at embryonic day 15 (WT) and
10.5 (CAR WT and CAR-/-). For electrophysiological recordings, cells were placed in a
recording chamber (chamber volume < 1 ml) containing bathing solution (Table 5, 6). All
experiments were performed at room temperature (20 - 25°C). Whole-cell recordings were
performed using an EPC-10 amplifier and Tida 5.2 software (HEKA, Lambrecht,
Germany). Patch pipettes were made from borosilicate glass (Borosilicate Glass
Capillaries, Kwik-Fil, World Precision Instrument, USA) and, when filled with the
intracellular solutions (Table 7, 8), had a resistances of 2-5 MOhm.

The liquid junction potential (LJP) was defined as the potential of the bath solution with
respect to the pipette solution (Barry and Lynch, 1991). For solutions used in experiments
the LJP was calculated using JPCalc computer program, provided by Prof. Barry (Barry,
1994). Before pipette contact to the cell, an online correction of the calculated LPJ and
pipette offset was conducted using the VOAuto function in the Tida software. In general,
small junction potentials (-3 — - 8 mV) were introduced by using a silver:silver chloride
electrode during recordings. A high salt (3 M KCI) agar (3% agarose) bridge was
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employed only in experiments with altered chloride concentration (Shao and Feldman,
2007).

After a gigaohm seal was formed, breakthrough to whole-cell mode was achieved by
applying gentle suction. For standard whole-cell recording, cells were clamped at a
holding potential (V) of -70 mV (voltage-clamp, VVC). Different voltage step-protocols
were applied in order to characterize passive and active cell membrane parameters as well

as synaptic activity.

2.2.5.4 Equations and voltage protocols used in experiments

Access resistance (R,), membrane resistance (Rm) and membrane capacitance (Cy,) as well
as specific membrane resistance (Ry, specific) are described as passive membrane
properties under RMP conditions. Ra, Rm, Crm and Rn, specific values were obtained from
currents induced by 10 mV steps, at V of -70 mV to -60 mV (AU=10 mV) for 200 ms
(Fig. 9 A, B; Fig. 11 A) and calculated by the following equations:

Ra=AU/Imax (MOhm); AU=10 mV

Rin=AU/lofrset (MOhm)

Crn=1/AU*Int Idt (pF)

Rm specific = Rn*Cm (kOhm*cm?) where Cr, (pF) is converted to a specific
membrane capacitance presented as 1puF/cm® (Cole, 1968).

Only cells with R, lower than 30 MOhm were selected for further analysis.

Application of a 10 mV voltage step (U) to cells clamped at V.= -70 mV resulted in
current (1) flow through the cell membrane (resistance, R). This current was measured and
membrane resistance was calculated using Ohm’s low: R = U/l (Fig. 9 A, B). Additionally
to the 10 mV steps, the membrane resistance was estimated by application of 3
hyperpolarizing (-5, -10, -15 mV) steps and 3 depolarizing steps (5, 10, 15 mV) from V=
-70 mV, each step for 200 ms. The Ry, was calculated relating applied voltage (V) and
measured current (I; 1-V relation, Fig. 11 A). Both calculation methods revealed the same
results, thus the one step protocol was primarily used. Calculation of R, was obtained in
the range of the RMP, when the cell is clamped at -70 mV and the 10 mV or 5, 10, 15 mV
voltage steps did not activate voltage gated sodium (Na*), potassium (K*) or calcium
(Ca®") channels (linear slope see Fig. 3 C, 18 C, Fig. 19 C). Thus, the measured current
used to calculate the Ry, was a mixture of different ions, cations and anions passively

moving across the cell membrane, out of or into the cell, due to their electrochemical

44



gradients, through different specific and non-specific ion channels (leak current channels),
transporters, co-transporters and/or ion pumps.

For activation and opening of voltage-gated ion channels, a specific voltage threshold has
to be reached. Usually this voltage threshold is about 30 - 40 mV less negative than the
RMP e.g. around -40 mV for voltage-gated Na* channels. Activation threshold, maximal
amplitudes and current density (current/cell capacitance) for voltage-gated K*, Na* and
Ca’* channels were obtained from the current-voltage (I-V) relation.

For I-V relation of voltage-gated K™ and Na* channels,10 mV depolarizing voltage steps
were applied from V= -70 mV to +30 mV (10 steps, each for 200 ms), then 10
hyperpolarizating correcting steps from -70 to -90 mV were applied to correct the passive
ion (leak) conductance from voltage activated currents (Fig. 11 B left side). For these
recordings KCl-based IC (Table 7, 8) and NaCl-based EC solutions (Table 5, 6) were
used.

For voltage-gated Ca** channels (VGCCs) 12 depolarizing steps from Vi, = -90 mV to +30
mV (200 ms) and then 12 correcting steps (from -90 to -110 mV) were applied (similar as
in Fig. 11 B left side, V,=-90 mV instead of -70 mV). For these recordings VGCCs-IC
solution (Table 7, 8) and VGCCs-EC solution (Table 5, 6) containing different blockers
for K (CsCl, TEA-CI, Apamin, 4-AP) and Na* (TTX) currents were used. In VGCCs-EC
solution, 2 mM CaCl, was replaced by 10 mM BaCl,. The substitution of Ca?* by Ba®*
increases current magnitudes, because Ba®* has higher permeability through high voltage-
activated (HVA) calcium channels, allowing for a more accurate characterization of
VGCC properties.

In addition to the depolarizing steps used for channels opening by depolarization,
hyperpolarizing steps (10 mV steps, each for 200 ms) from V,=-70 mV to -160 mV were
applied in order to look for ion conductance under hyperpolarized conditions (Fig. 11 C).
Some ion channels, such as HCN channels, are non-specific cation channels, which open
due to hyperpolarization. Thus, at first 3 depolarizing control steps, 5, 10 and 15 mV from
Vh=-70 mV, were applied and then 9 10 mV hyperpolarizing voltage steps from Vy=-70
mV to -160 mV (200 ms).

In some experiments (junctional conductance of HelLa cells or measurements of chloride
current) another 1-V protocol was applied. 10 depolarizing and then 10 hyperpolarizing 10
mV steps, each for 200 ms (for CI current) or for 10 s (for junctional conductance), from
Vhp=-70 mV or V,= 0 mV were applied (Fig. 11 D).
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Depending on which ion conductance/current was the experimental goal, suitable 1C and
EC solutions, blockers and modulators (Table 9) as well as appropriate I-V protocols were
applied.

On 1-V plots the negative currents correspond to an inward current and thus to cation
influx or anion efflux across the plasma membrane, whereas positive currents - the
outward currents, represent either cation efflux or anion influx (Halm and Frizzell, 1992;
Hammond, 2001; Herness and Sun, 1999).

B C

R, =AU/, R, = AU/l
AU =10 mV AU =10 mV

-60 mV [ C, = 1/AU*Int Idt

‘/ 1

offset

-70 mV 1

Fig. 9: Estimation of passive membrane properties. (A, B) Access resistance (R,; A) and:
membrane resistance (Rm; B) is calculated by Ohm’s law. (C) Cell capacitance (Cy,) is
calculated using an integral equation.

Besides passive and active parameters, synaptic activity of neurons was recorded.
Application of specific blockers (Table 9) made is possible to distinguish between
spontaneous or miniature currents as well as between inhibitory and excitatory currents.
Synaptic activity was recorded from each cell 10 times for 10 s in voltage clamp (V= -70
mV). Recordings were made for up to 10 min from each cell, depending on changes in
series resistance. Current amplitudes, frequency and kinetic parameters of synaptic events
(decay time constant (tau; 1), rise time, Fig. 10) were analyzed with customized software
(Tida (Heka), PeakCount, Origin 7 (Microcal Software, Northampton, Ma)). The rise time
was estimated as the time needed for a 10-90% increase of the peak current response (Fig.
10). Decay time constants (tau, T) were calculated by fitting single exponential functions

to each measured postsynaptic current using the following algorithm:

f(X): a +b*e(time/T)
Where:
a — baseline offset

b — current amplitude
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e — mathematical constant, exponential function, e = 2.72
T — decay time constant

The decay time constant (1) is the time it takes for the synaptic current to decay by 1/e
(1/2.72 = 0.367 = 37%), meaning a decay of about 37% of its peak amplitude (Fig. 10).

138://" «\'] rise time (ms)
0o e =
exponential fit
37% —\-
N
I
|
10 % I
I

tau (t, ms) time (ms)

Fig. 10: Kinetic parameters of synaptic current: decay time constant (tau, T in blue) and
exponential fit curve to calculate the rise time (10-90%, in red)

Measurement of the RMP and recording of action potentials (APs) was achieved in whole-
cell current-clamp (CC) mode. Data were collected from cells with membrane potentials
more negative than -35 mV for cells prepared at E10.5 and -40 mV for cells prepared at
E15. It has been observed that RMP becomes more negative in cultured neurons during
development. RMPs were recorded using either KCI-based I1C or CsCl-based IC and
NaCl-based EC, with low or high osmolality, according to the cell culture.

Besides the RMP, spontaneous APs, occurring at the real RMP of the cell (-40 - -70 mV)
were recorded to analyze their frequency. In addition to the spontaneous APSs recorded,
generation of APs was induced by application of current steps. 20 steps of 20 pA (each for
200 ms) were applied to the cell (Fig. 12) and the frequency of recorded APs was
analyzed.
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-60 mV -55 mV
-Tomyv__J | -70 mV.
-85 mV

20mv | 20 mv
B 40 ms C 40 ms

30 mV -56 mV
-70 mV

-70 mvV
-160 mV
-90 mV
20 mV I 20 mV
40 ms 40 ms
30 mv 100 mV
70 mV 0mV, I
-170 mV -100 mV
20 mvV I 20 mV
40 ms 40 ms

Fig. 11: Voltage protocols used during patch-clamp recordings. (A) Voltage steps to
estimate the passive membrane properties (e.9. Rm, Cm). (B, C) Depolarizing (B) and
hyperpolarizing (C) voltage steps for activation of voltage-gated channels, with correcting
steps. (D) Depolarizing and hyperpolarizing voltage steps without correcting steps.

50 pA

50 ms

Fig. 12: Current injection protocol for AP recording in current-clamp mode, 20 steps each
20 pA for 200 ms.
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2.2.5.5 Double patch-clamp

Double whole-cell patch-clamp method was used to characterize junctional membrane
conductances in HelLa cell-pairs transfected with connexin 36 (Cx36). Recordings were
performed similarly to the approach described by Spray (1981). For these recordings the
double EPC-9 amplifier and Tida software (HEKA, Lambrecht, Germany) were used. In
general, the same procedure was applied as in single whole-cell patch-clamp. Two tight
neighbor cells were selected and each of them was approached by a recording pipette (Fig.
13). A gigaseal was formed for cell 1 and then for the second cell (cell 2). After that both
of them were opened and clamped at the holding potential: Vy=-70 mV or at 0 mV, and
different voltage protocols were applied (Fig. 11 C) in order to characterize and quantify
coupling of cells. 10 mV steps were applied for 10 s in order to test the voltage-
dependency of electrical coupling.

Junctional voltage (VJ), junctional current (15) and junctional conductance (GJ) were
calculated using the following equations:

Vi=V,-V;

;=1

Gi=12/V;

Where:

V; — junctional voltage

V1 — membrane potential of cell 1

V, — membrane potential of cell 2

I; — junctional current

11 — current flowing through the membrane of cell 1

I, —current flowing through the membrane of cell 2

patch-pipette 1 patch-pipette 2

Fig. 13: Scheme of double patch-clamp recording. Two adjacent cells (cell 1 and cell 2)
are connected by connexins (Cxs). Application of voltage to the first cell (V1) generates
current flow in the cell (11), which flows through Cxs, generating a junctional current (1;)
that can be recorded in the second cell (I>).
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2.2.5.6 Reversal potential (Erev) and Nernst equation

The reversal potential (Erev) of a particular ion is the membrane potential (V) at which
there is no net flow of these ions from one side of the membrane to the other. The
direction of ion flow through the membrane depends on its concentration, its charge and
the V. The neuronal membrane shows a negative membrane potential, about -70 mV,
caused by unequal distribution (concentrations) of differently charged ions across the
membrane e.g. low K" concentration in the cell ([K*]i»= 3 mM), but high concentration
outside the cell, ([KJou= 120 mM). This difference forces ions to move across the
membrane in order to balance unequal concentration (chemical gradient). On the other
hand each ion possesses an electric charge (e.g. K* has a positive charge: +1, CI" has a
negative charge: -1), which forces the ion to move along its electrical gradient. Together
these two forces (chemical and electrical gradients) produce an electrochemical gradient
for a particular ion to move across the cell membrane. At the V,, when both of these forces
counterbalance and there is no net flow of this ion, the reversal potential (Erev) for a
particular ion has been reached.
Erev can be calculated from the Nernst equation:

E= RT/zF*In ([lon]i/[1on]out)
Where:

R — universal gas constant: R = 8.314472 JK ™ mol™

T — absolute temperature in Kelvin; 298.15 K (25°C)
z —ion valence

F — Faraday constant, F = 9.64853399x10* Cmol™
[lon]i, - concentration of ions in the cell

[lon]out — concentration of ions outside the cell

The concentration of a particular ion is known because the composition of the pipette
solution and extracellular solution is established by experimentator (Table 5-8). Thus, for
each ion present in the solution, the Erev could be calculated (Table 13). Changing ion
concentration or replacing a particular ion by another, also changes the value of Erev
(Erev shift, Table 13; Hammond, 2001; Kandel et al., 2000).
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2.2.5.7 Solutions, modulators and blockers

Solutions

Thelencephalic cells prepared at E10.5 were cultivated in high osmolality DMEM medium
(ca. 340 mOsmol/kg), whereas the cortical cells prepared at E15 were maintained in low
osmolality neurobasal medium (ca. 230 mOsmol/kg). Thus, two different osmolality range
solutions were used. Low osmolality solutions were used for cortical neurons prepared at
embryonic day 15 (E15), with the extracellular (EC) solution adjusted to 230-240
mOsmol/kg and the intracellular (1C, pipette solution) to 190-210 mOsmol/kg. High
osmolality solutions were used for neurons prepared at E10.5, with EC adjusted to 330-
340 mOsmol/kg and IC adjusted to 290-310 mOsmol/kg. A solution’s osmolality was
verified before each experiment, using a VVapor Pressure Osmometer 5520 (Wescor),
calibrated with 290 mOsmol/kg osmolality standard (Opti-Mole). All solutions were
adjusted to pH 7.3 with NaOH for EC and KOH for IC.

Different EC and IC solutions were used depending on the aim of the recording (Table 5-
8). NaCl based EC and KClI-based IC solutions were used for control recordings of passive
and active cell parameters as well as all for recordings of synaptic activity. Other solutions
were used depending on the aim of the experiment e.g. in order to look on ion conductance
across the membrane for a particular ion type, its concentration was changed or the ion
was replaced by another in the EC, the I1C or both solutions (see results).

All pharmacological modulators and proteins used in electrophysiological experiments are
listed in Table 9 and 10.

o1



EC solution NaCl- Cl’- current | NaBr-based | Nal-based lowCl/Na* VGCCs
(in mM) based

NaCl 105 82 30 70
KCI 3 3
HEPES 10 10 10 10 10 10
Glucose 5 5 5 5 5 10
CaCl, 2 2 2 2 2
MgCl, 1 1 1 1 1 2
BaCl, 10
CsCl 3 3
TEA-CI 20 20 20
TEA-Br 15
TEA-I 15
NaBr 90
CsBr 3
Nal 90
Csl 3
L-mannitol 100

Table 5: Low osmolality EC solutions (all concentrations in mM).
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EC solution NaCl- CIl'- current | NaBr-based | Nal-based lowCl/Na+ VGCCs
(in mM) based

NaCl 145 112 30 110
KCI 3 3
HEPES 20 20 20 20 20 20
Glucose 20 20 20 20 20 20
CaCl, 2 2 2 2 2
MgCl, 1 1 1 1 1 2
BaCl, 10
CsClI 3 3
TEA-CI 20 20 20
TEA-Br 20
TEA-I 20
NaBr 110
CsBr 3
Nal 110
Csl 3
L-mannitol 120

Table 6: High osmolality EC solutions (all concentrations in mM).
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IC solution
(in mM)

KCl-based

CsClI-
based

KGluc-
based

Ca”* free

Ca’* high

NMDG-CI -
based

CsBr-
based

Csl-
based

CsCI-TEA-CI-
based

VGCCs

KCI

NaCl

EGTA

10

HEPES

Glucose

o1l o o] W

o1l o O] W

o1l o O] W

CaCl2

0.1

0.5

MgCI2

AN o1l o1l 01| W

A= 01l 01| 01

A= 01l 01| 01

Al OO0 Ol W

CsCl

90

90

90

KGlu

90

NMDG-CI

90

TEA-CI

10

TEA-Br

10

TEA-I

10

CsBr

90

NaBr

Csl

90

Nal

Table 7: Low osmolality IC solutions (all concentrations in mM).
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IC solution KCl-based CsClI- KGluc- Ca’* free Ca’* high NMDG-CI - CsBr- Csl- CsCI-TEA-based VGCCs
(in mM) based based based based based (CI" current)

KCI 120
NaCl 4 4 4 4 4 4
EGTA 5 5 5 5 5 5 5 5 5 10
HEPES 5 5 5 5 5 5 5 5 5 10
Glucose 5 5 5 5 5 5 5 5 5 10
CaCl2 0.5 0.1 0.1 2 0.1 1 1 1 0.5
MgCI2 4 4 4 4 4 4 4 4 4 4
CsCl 120 120 120 120 100
KGlu 120
NMDG-CI 120
TEA-CI 10
TEA-Br 10
TEA-I 10
CsBr 120
NaBr 4
Cal 120
Nal 4

Table 8: High osmolality IC solutions (all concentrations in mM).
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Blocker/ Full name Company Applied
modulator (Order Number) concentration
4-AP 4-Aminopyridine Alexis 2 mM
2-APB 2-aminoethoxydiphenyl borate Tocris 100 uM
Agatoxin 4a Sigma 250 nM
Apamin Sigma 1mM
Biccuculine Biccuculine methobromide Alexis 20 uM
Calyculin Alexis 50 nM
CBX Carbenoxolone Sigma 250 uM
Conotoxin GVla Sigma 1uM
Conotoxin MVlla Almone Labs 300 nM
Conotoxin MVIlIc Almone Labs 500 nM
Cytochalasin B Alexis (ALX-350-053- 10 uM
MO001)
Dandrolene 30 uM
DIDS 4, 4'-diisothiocyanatostilbene-2, 2'- | Calbiochem 100 uM
disulfonic acid
DL-APV 2R-amino-5-phosphonovaleric acid | Tocris 10 uM
DNQX 6,7-Dinitroquinoxaline-2,3-dione Tocris 10 uM
GABA y-Aminaobutyric acid
Gabapentin Sigma 100 M
Heptanol Roth ImM
Hexanol Roth ImM
Latrunculin A Alexis (ALX-350-130) 2 uM
Nifedipine Sigma
Nimodipine Sigma
Nocodazol Sigma 5uM
NPPB 5-nitro-2-(3-phenylpropylamino) Biomol (CM-100) 15-100 uM
benzoic acid
Octanol Roth 1mM
Okadaic acid Okadaic acid sodium salt Alexis 100 nM
Ouabain Ouabain octahydrate Sigma 10 uM
PhospStop Roche (04906845001) 1:10 diluted
Picrotoxin Calbiochem 100 pM
PP1 Calbiochem 5uM
PP2 Calbiochem 5uM
Ryanodine Calbiochem 25 uM
SNX 482 Sigma 300 nM
Strychnine Sigma 0.5 uM
Thapsigargin Alexis 1uM
TMA Trimethylamine hydrochloride Sigma 10 uM
TTX Tetrodotoxin Almone Labs 1uM
Verapamil Sigma 20 uM
ZD-7288 Alexis 100 uM
U73122 Calbiochem 20 uM

Table 9: Blockers and modulators used in patch-clamp experiments.

56



Protein Company Applied concentration

Ad2 C284N AG Rathjen 500 pg/ml

CARD1 122 Christopher Patzke (AG 100- 500 pg/ml
Rathjen)

CARD1 213 Christopher Patzke (AG 100- 500 pg/ml
Rathjen)

CARD?2 Christopher Patzke (AG 100- 500 pg/ml
Rathjen)

CAR extra Christopher Patzke (AG 100-500 pg/ml
Rathjen)

Fibronectin Sigma (F2006) 500 pg/ml

Rb80 CAR AB AG Rathjen 500 pg/ml

Table 10: Proteins applied in patch-clamp experiments.

2.2.6 Calcium imaging

2.2.6.1 Fluorometric [Ca*']; measurements

Fluorescent ion indicator dyes selectively bind particular ions and upon binding exhibit
altered fluorescent properties e.g. fura-2 binds Ca**. Fluorescent ion indicator dye loaded into
living cells e.g. in cell culture, can be used to observe and record dynamic changes in the
intracellular concentration of the respective ion.

Calcium is one of the most important ions in cellular signaling pathways, which is reflected
by the fact that more studies have been done with fluorescent indicator dyes for Ca?* than for
any other ion. In 1985 Roger Tsien and collaborators developed a calcium imaging technique
using fura-2, which became the most widely used fluorescent dye for measuring [Ca?*];
changes in single cells (Grynkiewicz et al., 1985). One characteristic of fura-2 is its high
affinity to Ca®* (in vitro Kg= 224 nM, Grynkiewicz et al., 1985), which makes it most suitable
for measurements of [Ca**]; changes between 20 nM - 2 uM (Takahashi et al., 1999). Fura-2
binds Ca?* ina 1:1 ratio. In its free form, fura-2 has a high excitation efficiency at 380 nm and
a low excitation efficiency at 340 nm (Fig. 14). When fura-2 binds to Ca®*, the excitation
spectrum of the dye shifts to shorter wavelengths and the peak excitation of fura-2, when
bound to Ca?*, is 340 nm (Fig. 14). With increasing concentration of calcium, the excitation
efficiency at 380 nm decreases, whereas simultaneously, that of 340 nm increases (Fig 12.).
The ratio of fluorescence intensities obtained at these two excitation wavelengths (340 and
380 nm) provides a proper measurement of [Ca?*]i. The fluorescent emission of the dye is
monitored at 510 nm.

At 358 nm, fura-2 fluorescence excitation is independent of [Ca?*]; (isosbestic wavelength).
The ratio Fs4o/Fssoobtained by dividing the fluorescence emitted during excitation at 340 nm
by that emitted during excitation at 380 nm changes in the same direction as [Ca®*]i. Thus,
ratiometric estimation of [Ca*]i is independent of dye concentration, cell thickness, dye
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leakage, excitation light intensity, photobleaching, or camera sensitivity (Grynkiewicz et al.,
1985), since these should affect the measurements at both excitation wavelengths to the same
extent (Grynkiewicz et al., 1985; Henke et al., 1996; Neher, 1995).

Em =510 nm

43.5 uM free Ca>*
N

Excitation intensity

250 300 3I50 460 450
Wavelength [nm]

Fig. 14: Intensity of fluorescence plotted versus excitation wavelength for different calcium
concentrations (Molecular Probes, Inc.: Handbook 1992-1994).

2.2.6.2 Ca* imaging in cell culture and data analysis

Cells were loaded with 1-2 uM of fura-2-AM and 0.01 % Pluronic acid F-127 for 60 min at
37°C in medium solution, washed twice with appropriate extracellular solution, and used
within 3-4 h. During experiments, cells were placed on a glass coverslip that was attached to
an open perfusion chamber. They were continuously perfused with bathing solution.

Images were captured using a TILL Photonics Imago camera (Photonics GmbH, Germany)
attached to an inverted microscope Axsioskop (Zeiss, Germany), and recorded with an
imaging system TILLVisION 4.0 (Photonics GmbH, Germany).The fluorescence signals were
recorded, at video-frame rate with a 63x magnification objective. Cycle time, intervals
between two ratio images at 340/380 nm, varied between 250-1000 ms and the number of
recorded cycles was between 1500 and 2500. Both parameters (cycle time and cycle number)
were adjusted depending on the aim of the measurement.

In each field of view, enclosing several cells, cells were analyzed by calculating the mean
increase in [Ca®']i (AF, Fig. 15) compared to the starting control point (Fo, Fig. 15) within
areas defined with a light-sensitive pen on a view field image showing the morphology of
cells (regions of images, ROIs).

To quantify changes of [Ca*']; due to applied modulators during calcium imaging, the
following parameters and calculation were made (Fig. 15):

Fo — baseline values of imaged cells

Fmax — maximal values at peak due to stimulation
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AF = Fmax' FO
By dividing AF by Fo, ratio (AF/Fo) was calculated.

Fora——
AF=F, -F, J\\ /\’»
Fo
WVWWMW Wb WWNWWMMWW

Fig. 15: Example trace of spontaneous Ca?* transients in cortical neurons (E15, WT) with
indication of the baseline (Fo), maximal observed [Ca®']; concentration change (Fmay) and
calculated increase in [Ca®]; (AF = Fiax — Fo).

2.2.7 Dye spreading

Analysis of dye spreading was performed in confluent parental and stably transfected HelLa
cells similar to other published reports (Cao et al., 1998; Charpantier et al., 2007; Valiunas et
al., 2004). Individual HeLa, HeLaCx36 and HeLaCx43 cells were microinjected for 1-20 min,
using sharp glass pipettes pulled to a resistance of 50-60 MOhm. The pipette contained the
tracer: 4% Lucifer Yellow (LY; Sigma L0259) diluted in 3 M/I LiCl. The dye was
iontophoretically injected for maximal 20 min, by applying pulses of 0.1 nA amplitude. The
number of cells filled with dye was registered after the first min of injection and then every 5
min. Fluorescent images of LY-filled HelLa cells were obtained using the Axiovert 135
fluorescent microscope (Zeiss, Germany) linked to the AxioCam MRc camera (Zeiss,
Germany) and AxioVision software.

2.2.8 Quantification of cell aggregates and neurite outgrowth

Effects of the fiber knob (Ad2) on cultivated chick and mouse neurons were visualized and
the images were acquired using 10x and/or 20x objectives of the phase contrast Axiovert 135
microscope (Zeiss, Jena) equipped with a AxioCam HRc camera (Zeiss, Jena). To determine
cell number and cells forming aggregates, cell nuclei were visualized by Hoechst staining
(bis-benzimide H 33258). The total number of cells and the number of cells forming
aggregates were counted and the total sum of neurite length was measured per image (field of
view) using AxioVision 3.1 (Carl Zeiss) software. Measurements of these chosen parameters
were carried out manually for each image. 16 images of each culture dish (16 images for each
control dish and 16 images for each Ad2 treated culture dish) were selected randomly from 10

independent experiments in chick and 8 independent experiments in mouse cell culture. The
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data were then analyzed by applying statistical Student’s t test (Deumens et al., 2006;
Lankford et al., 1987; Pearson et al., 2003).

2.2.9 Statistics

All data were averaged, if not mentioned otherwise, and the standard error of the mean was
calculated (SEM). The statistical significance of differences between mean values was
assessed using Student’s t test.

The significance for the success rate in chapter 3.9.2 was calculated using chi? test online

calculator (http://www.people.ku.edu/~preacher/chisg/chisg.htm).

Differences were regarded as statistically significant when p < 0.05.

In figures, p values are indicated by *,** and *** for p < 0.05, p< 0.005 and p < 0.0005
respectively.

The correlation between time of Ad2 application and the reduction of Ry, was calculated using
Michealis-Menten kinetic principles. Time of the half maximal effect (50%) of Ad2 on the Ry,
was established. Data presented in Fig. 19 E were converted into a Lineweaver-Burk linear
plot (using Origin software). The time when Ad2 had reduced the Ry, by 50% of the maximal
reduction level was calculated using the following equation:

y=A+ B*X

where:

y = 1/value (%)

A and B - coefficients of linear regression (values calculated by Origin software)

X = 1/time (min)
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3. Results

3.1 Expression of CAR on neurons and HelLa cells

CAR was identified and purified from HeLa cell lysates by immunoaffinity chromatography
using mAb RmcB (Bergelson et al., 1997). In agreement with this report,
immunocytochemical staining of HeL a cells with antibodies against CAR (RmcB, Table 2)
revealed an abundant expression of CAR at the cell membrane with a strong localization at
cell-cell contact sides (Fig. 16 A, B, cell-cell contacts indicated by arrows).

Furthermore, strong expression of CAR was shown by means of immunocytochemical
staining using antibodies against CAR (Rb80, Table 2) in cultivated neurons prepared at
embryonic day 10.5 (E10.5, Fig. 16 C) or 15 (E15, Fig. 16 E). CAR is abundantly expressed
throughout the whole cell membrane of the soma of a neuron, as well as along neurites. No
differences in the intensity or subcellular localization of CAR expression were observed
between neurons cultivated for 6 or 13 days in vitro (DIV, Fig. 16 C, E).

To test the specificity of the anti-CAR antibodies, telencephalic CAR-deficient neurons (KO;
E10.5) were immunostained. No labeling was observed (Fig. 16 D; DIV 6).

Expression of CAR was also analyzed in mouse brain tissues by means of Western blot
analysis using antibodies against CAR (Rb80, Table 2). Different mouse brain regions were
prepared from different postnatal (P) days starting at P1 to adulthood (P30). Two molecular
mass forms were detected by antibodies against CAR: one migrating at 40 kDa and one at 46
kDa. As shown in Fig. 17 CAR is strongly expressed in mouse cortex (Fig. 17 A), bulbus
olfactorius (BO; Fig. 17 B), cerebellum (Fig. 17 C) and retina (Fig. 17 D) at early postnatal
stages (P1-P15). Its expression then decreases drastically in the adult animal. These results are
in accordance with earlier published reports (Hotta et al., 2003;Tomko et al., 2000).
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A HelLa cells B Hela cells

C WT E10.5 DIV 6 D CAR-/- E10.5 DIV 6

E WT E15 DIV 13

Fig. 16: CAR is strongly expressed in HeLa cells and cultivated cortical neuronal cells. (A, B)
Immunostaining using antibodies against CAR (RmcB, 3ug/ml) in parental HelLa cells
revealed strong CAR expression, in particular at cell-cell contacts (arrows). (C) Abundant
expression was also found in telencephalic WT neurons prepared at E10.5 and cultivated for 6
DIV. (D). Specificity of antibodies against CAR was tested in CAR-deficient neurons
(prepared at E10.5). No staining was observed. (E) Immunostaining using anti-CAR antibody
(Rb80 CAR, 3 pug/ml) in cortical neurons prepared at E15 (DIV 13) yielded strong expression
in the cell soma and in neurites.
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Fig. 17: CAR expression was investigated by Western blot analysis. Two molecular mass
forms were detected, one migrating at 40 kDa and one at 46 kDa. CAR is strongly expressed
at early postnatal stages in different mouse brain tissues: cortex (A), bulbus olfactorius (BO;
B), cerebellum (C), retina (D), while its expression is drastically decreased in these tissues in
adult animals.

3.2 Analysis of the function of CAR by patch-clamp recordings

To study the function of CAR, neurons from E15 cortex or from E10.5 telencephalon were
cultivated for up to three weeks in the presence or absence of anti-CAR antibodies or the fiber
knob (Ad2) followed by electrophysiological measurements. These reagents may evoke
opposite effects. Binding of antibodies to an antigen on the surface of cells often blocks its
function, whereas application of Ad2 might mimic the binding of the adenovirus and may
result in the activation of intracellular signaling pathways which are affected by the presence
of infectious adenovirus.

Another approach used to investigate the function of CAR, was to compare CAR-deficient
neurons to wild type neurons by different electrophysiological recordings. Since CAR-
deficient embryos die at E11 (Doerner et al., 2005) neurons were prepared from the
telencephalon of embryos at E10.5.

3.3 Membrane resistance

3.3.1 The R, in CAR-deficient neurons is increased

Passive properties of neuronal cell membranes were measured using high osmolality NaCl-
based extracellular (EC) solution (Table 6) and high osmolality KCI-based intracellular (IC)
solution (Table 8). Cells were clamped at V,=-70 mV. The membrane resistance (Rm) was
calculated using Ohm’s law (R=AU/I, Fig. 9 A, B). Application of a 10 mV pulse (AU)
resulted in a significantly smaller current (I) flow through cell membranes of CAR-deficient
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neurons compared to the WT cells (Fig. 18 A). Thus, the calculated Ry, was significantly
higher in CAR knock-out cells compared to WT cells (Fig. 18 D, p < 0.0005). This difference
remained significant during the cultivation period studied, although the R, concomitantly
decreased during prolonged cultivation in both types of cells (DIV 7-8 n = 50-55, DIV 10-14
n = 88-95, DIV 16-20 n = 75-80, Fig. 18 D). The overall decrease in Ry, in wild type and
CAR-deficient neurons during the cultivation period is most probably a result of an increasing
number of different ion channels and transport proteins incorporated into the plasma
membrane.

In addition to the single test pulse (10 mV), a series of 3 depolarizing (5, 10 and 15 mV) and 3
hyperpolarizing (-5,-10 and -15 mV, Fig 18 B) voltage steps starting from V= - 70 mV were
applied. This was done to determine whether the measured current used for estimating the R,
(in the range of V= -70 mV) consists only of passive current flow and/or of an active current
from voltage-gated ion channels. A linear plot of the applied voltage and measured current (I-
V relation, Fig. 18 C) indicates that the measured current consists only of passive currents
(leak currents) through the membrane at the RMP without activation of voltage-gated ion
channels (voltage-gated ion channels are closed under applied experimental conditions).
Consistent with results presented above, current responses to applied voltage steps in CAR
KO cells were also smaller in amplitude compared to WT cells (Fig. 18 C).

Another important passive cell membrane parameter is whole-cell capacitance (Cy), a
measure of the membrane area. The whole-cell C,, of CAR KO and WT cells was calculated
using the equation shown in Fig. 18 E. No significant differences were observed between
CAR-deficient and WT neurons (Fig. 18 E). In both cell types, C, increased during
cultivation presumably because cells grow and the total cell surface is getting larger.

By multiplying R by Cn, the specific membrane resistance (R, specific, kOhm*cm?, Chapter
2.2.5.4) can be calculated (Antic, 2003; Barrett and Crill, 1974) and tested whether the
difference in Ry, was due to a change in the cell size. The observation that Ry, specific is also
higher in CAR-deficient neurons in comparison to WT neurons, suggests that the measured
difference is not the result of the size of neurons in the absence of CAR (Fig. 18 F, p <
0.0005).
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Fig. 18: The membrane resistance (Rm) is higher in CAR-deficient neurons in comparison to
WT neurons (prepared at E10.5). (A, B) Example traces of current responses to 10 mV (A)
test pulses and 5, 10 and 15 mV (B) test pulses. Current flowing through the membrane
(arrows in A) was significantly smaller in CAR-deficient neurons. (C) Current-voltage (1-V)
relationship. Application of 3 test pulses (shown in B) resulted in smaller current amplitudes
in CAR-deficient neurons compared to WT neurons. (D) Ry, change during development.
Although in both WT and CAR-deficient neurons Ry, decreases during development, Ry,
difference between WT and KO remains significant. (E) Whole-cell capacitance (Cy,)
correlates to some degree with the cell size and increases during cultivation period. No
significant differences were observed between WT and CAR-deficient neurons. (F) Specific
membrane resistance (Rm specific) is calculated by multiplying the Ry, by the specific Cp,.
CAR-deficient neurons showed significantly higher Ry, specific compared to WT cells (D, F:
** - p<0.005, *** - p<0.0005).
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3.3.2 The Ry, in fiber knob (Ad2) treated neurons is reduced

Using the whole-cell voltage-clamp technique, passive membrane properties of cultivated
neurons prepared from E15 embryos and treated with the fiber knob (Ad2) of the adenovirus
were analyzed. For measurements low osmolality NaCl-based EC solution (Table 5) and low
osmolality KCl-based IC solution (Table 7) were used. Cells were clamped at Vy=-70 mV.
Using the same voltage protocols and calculations as described above for CAR-deficient
neurons, the Rm, Cry and Ry, specific of fiber knob (Ad2; 500 pg/ml, added for 5,7 or 14 days)
treated neurons and control neurons were calculated.

Application of different voltage steps (10 mV or 5, 10 and 15 mV) from V= -70 mV resulted
in higher current amplitude in Ad2 treated cells (Fig. 19 A, B). A linear current-voltage (1-V)
relationship (Fig. 19 C) indicated that no voltage-gated ion channels were activated and that
the measured current was passive. The calculated Ry, was significantly lower in Ad2 treated
cells than in control cells (Fig. 19 D, p < 0.0005). Although Ry, decreased during the
cultivation period, the differences between Ad2 treated and control cells remained significant
(DIV 5 n=20-25, DIV 7-8 n = 84-90, DIV 12-14 n = 79-80). In order to test the time it takes
for Ad2 to reduce Rp, the incubation period was gradually shortened. Ad2 was able to reduce
the Ry, to 40.89 % from the starting level. 50% of the maximal reduction occurred 17.48 min
after Ad2 application (Fig. 19 E).

The calculated Cy, of Ad2 treated cells and control cells revealed no significant differences
(Fig. 19 F). Cy, increased during development because of cell maturation.

The calculated Ry, specific was significantly lower in Ad2 treated neurons than in control
cells, suggesting that the Ry, difference is independent of neuron size (Fig. 19 G, p < 0.0005).
Similar to Ry, values, the difference in Ry, specific remained significant throughout the
development of cultivated neurons.

To study the specificity of the Ad2, CAR-deficient neurons from E10.5 embryos were treated
with Ad2 followed by patch-clamp recordings. No effect on the R, was observed. In contrast,
treatment of WT neurons (E10.5) with Ad2 resulted in a significantly lower Ry, (Fig. 20).
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Fig. 19: The membrane resistance (Rm) is significantly reduced in fiber knob (Ad2) treated
neurons prepared from E15 embryos. (A, B) Example traces of current responses to 10 mV
(A) test pulses and 5, 10 and 15 mV (B) test pulses. The current flowing through the
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membrane (arrows in A) was significantly larger in Ad2 treated neurons. (C) Current-voltage
(1-V) relationship. Application of 3 test pulses (shown in B) resulted in a much larger current
flow in Ad2 treated cells. (D) Ry, change during development. Although in both, control and

Ad2 treated neurons, the Ry, decreases during development, the lower Ry, in Ad2 treated cells

remains significant. (E) Ad2 was able to reduce the R, to 40.89 % of the initial level. Then

the change remained stable over time. 17.48 min after Ad2 application the R, was decreased

to 50% of the maximal reduction. (F) Cp, is an indicator of cell size and increases during

cultivation period. No significant differences were observed between control and Ad2 treated

neurons.(G) Specific membrane resistance (Rn, specific) was significantly lower in Ad2
treated neurons compared to control cells (D, G; ** - p < 0.005, *** - p < 0.00005).
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Fig. 20: Ad2 reduces R, in WT but not in CAR KO cells, indicating that the effect observed
in presence of Ad2 is mediated by CAR (p < 0.0005). Neurons were prepared from wild type
and CAR-deficient E10.5 embryos and cultivated for 8 DIV followed by a treatment with Ad2
(500 pg/ml) for 8 hours.

3.3.3 The R, in anti-CAR ABs (Rb80) treated neurons is increased

Using the whole-cell voltage-clamp technique, passive neuronal membrane properties of
neurons prepared form embryos at E15 and treated with anti-CAR antibodies (Rb80) were
analyzed. Anti-CAR ABs (500 pg/ml) were added for 7 or 14 days to the medium of
cultivated cortical neurons and incubated at 37°C.
Surprisingly, application of anti-CAR ABs resulted in a detachment of many cells from the
substrate (poly-D-lysine) as revealed by cell nuclei staining using Hoechst 33258 (Fig. 21 A-
D; DIV 7; p < 0.0005). This result is consistent with previous observations made on chicken
neurons (Patzke et al., 2009, submitted).
Based on whole-cell patch-clamp recordings, neurons that stayed attached to the matrix
remained viable. No significant differences in Ry, (Fig. 22 A), Cy, (Fig. 22 B) and Ry, specific
(Fig. 22 C) between control and anti-CAR AB treated cells were observed (DIV 7 n = 26-33;
DIV 14 n = 16-19). The slightly decreased R, and Ry, specific in anti-CAR AB treated cells
may have been due to cell membrane damage.
To test whether anti-CAR ABs may have a short-term effect on passive membrane properties,
cells were incubated with 500 pg/ml of anti-CAR ABs 1h before recordings started. 1h
preincubation with ABs resulted in a significantly higher Ry, (Fig. 22 D, p < 0.005) and higher
(not significantly) Ry, specific (Fig. 22 F). No changes in C,, were observed (Fig. 22 E; DIV 7
n = 22). After 1 hour of incubation with anti-CAR ABs neurons remained attached to the
substrate in contrast to the above described antibodies treatment.

Presented data indicate that anti-CAR ABs exert short-term effects on passive
membrane properties (increase in the Ry, and R, specific) and are able to disturb CAR-
mediated cell interactions (long-term effect).
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Fig. 21: Detachment of cortical neurons (E15) in culture after incubation with antibodies
against CAR (Rb80 anti-CAR ABs). (A) Cells treated with Rb80 anti-CAR ABs, for 7 days,
detached from the substrate. (B) Hoechst 33258 staining (cell nuclei staining). Number of
cells that stayed attached to the substrate was significantly lower in cells treated with Rb80

anti-CAR ABs than in control cells (see also D; p < 0.0005). (C) Added Rb80 anti-CAR ABs

bound to cortical cells (revealed by secondary anti rabbit antibody coupled to Cy3). No
staining was observed in control cells. (D) Quantification of reduced cell number in Rb80

anti-CAR AB treated cells. Abbreviation: fv — field of view.

69



>
o
@)

DIV7 DIV 14 DIV7 DIV 14 DIV7 DIV 14
1000 o 90 40
—_ o —_
750 ) %
£ 9 6 % *5 30
2 s00 & S E 20
= S 30 e
r 250 I D:E = 10
©
0 (=] =] © o A =] A ) 0 ] =]
¥ S S S AR S
€ 5 CQ;\\,Q‘?‘ o«()v c);\\gy c?g\\pv c?\\cy
) & & & & &
1500 - — 75 80
T TN I
— = - T 60
£ 1000 8 50 25
g = @ £ 40
= o £
=~ 500 G 25 “0
. g £ EX
©
0 (=] © 0 (=] 0 (=]
QO Y L N ~ ‘b
Q,c§~‘\ ¥ 005‘\ Q¥ (,oi‘\ ¥
< Nea K
N N &
% e &

Fig. 22: Effects of anti-CAR ABs on cortical neurons in culture prepared from E15 embryos.
(A-C) No significant changes in passive membrane properties were observed after treatment
of neurons with anti-CAR ABs for 7 or 14 days. Slightly decreased R, (A) and R, specific
(C) may have resulted from cell membrane damage. (D-F) 1 h incubation (at 37°C) of cortical
neurons with anti-CAR ABs resulted in a significantly higher Ry, (D, p < 0.005) and a higher,
not significantly, Ry, specific (F). No significant changes in Cr,, were observed (E; DIV 7 n =
22).

3.3.4 The R, in D1 and D2 treated neurons is not changed

In addition to experiments with Ad2 or anti-CAR ABs, passive membrane properties of
neurons treated with CAR domains were analyzed. CAR is composed of two
immunoglobulin-like (1g) domains termed D1 and D2, in its extracellular part. Both were
generated in bacteria and kindly provided by Christopher Patzke (AG Rathjen). Two different
forms of D1 (D1 122, amino acid residues: 22-140 and D1 213, amino acid residues: 22-144)
and one form of D2 (amino acid residues: 141-237) were used. D1 122, D1 213 or D2 (500
pg/ml) were added to the medium of cultivated cortical neurons 1 hour before
electrophysiological recordings started (DIV 7). Additionally, to test whether CAR domains
cause immediate changes in membrane properties, CAR domains were added followed by
recordings without further delay (500 pg/ml).

For cells treated with both forms of D1 or D2 no significant differences in Ry, (Fig 23 A, D),
Cm (Fig. 23 B, E) and Ry, specific (Fig. 23 C, F) were observed (D 122 n=20-21, D1 213 n =
20-30, D2 n = 19-20).
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Fig. 23: The passive membrane properties of neurons prepared from E15 embryos and
cultivated for 7 days did not change after treatment with extracellular CAR domains: D1 and
D2. (A, B, C) In cells treated with D1 122 or D1 213 no significant differences were observed
in Rm (A), Cn (B) and Ry, specific (C). (D, E, F) Similar observations were made after
treatment with D2. No changes in R, (D), Cn (F) and R, specific (F) in comparison to control
cells could be detected (D1 122 n = 20-21, D1 213 n = 20-30, D2 n = 19-20).

3.3.5 Investigations on the R, in CAR-deficient and Ad2 treated neurons

The observed differences in R, between WT and CAR-deficient neurons as well as between
control and Ad2 treated neurons, result from altered current flow through the membrane. In
general, there may be a change in the number of ion channels or in their properties. As
described above (chapter 3.3.1 and 3.3.2), Ry, was calculated from the current of passive ion
conductance at the range of the RMP. Thus, resting (leak) channels (generating leak
conductance at the RMP) and transport proteins maintaining the RMP would be appropriate
candidates for further investigation. Since the characterization of gated-channels for instance
voltage-gated channels may result in critical information about the maturity of the cultivated
neurons, their properties were also investigated.

3.4 Characterization of voltage-gated ion channels in CAR-deficient

neurons and Ad2 treated cells

3.4.1 Na" and K" voltage-gated channels in CAR-deficient neurons

Voltage-gated Na* and K* ion channels play an essential role for action potential generation in
neurons. There is an early transient inward Na" current depolarizing the membrane above its
RMP, followed by a delayed outward K* current, predominantly responsible for membrane

repolarization. A common method to investigate properties of voltage-gated ion channels is
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the application of several depolarizing voltage steps from V. Depolarization of the cell
membrane results in an activation of particular voltage-gated ion channels and an active
current flow through the membrane. By plotting the membrane potential (V) versus the
measured current (1), the current-voltage (1-V) relationship is obtained. The relation between
membrane voltage and current provides many basic and important characteristics of voltage-
gated ion conductance such as activation, voltage range or reversal potential (Hammond,
2001; Kandel et al., 2000).

Voltage-gated Na* and K* currents were investigated in cultured telencephalic neurons of WT
and CAR-deficient cells. For these recordings high osmolality NaCl-based EC solution (Table
6) and high osmolality KCI-based IC solution (Table 8) were used. Recordings of K and Na*
currents were performed at different cultivation periods (DIV 7-8 n = 45-50, DIV 12-14 n =
45-46, DIV 16-20 n = 48-50). Cells were clamped at V,=-70 mV and 10 voltage steps (10
mV each, 200 ms; Fig. 11 B left side) starting at V= -70 to +30 mV were applied. At the
RMP, no active currents could be observed (Fig. 24 E), but a rapid activation of voltage-gated
Na* and subsequently K* channels occurred after depolarization of the membrane (Fig. 24 E,
Fig. 25 A, B). Activation of the Na* current was observed between -50 and -40 mV for both
WT and CAR-deficient neurons (Fig. 24 E, Fig. 25 B), whereas activation of the K* current
occurred between -40 and -30 mV in both genotypes (Fig. 24 E). Thus, in both genotypes
identical voltage thresholds for these two types of voltage-gated ion channels were observed.
At each applied voltage step, peak amplitudes of Na* and K* currents were measured. No
significant differences in the maximal currents, measured at +30 mV for K* (Fig. 24 A) and at
about -20 mV for Na* (Fig. 24 C) between CAR-deficient and WT neurons were observed. In
neurons of both genotypes the amplitudes of K™ and Na* currents increased during the

cultivation period.
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Fig. 24: Similar properties of voltage-gated Na* and K" ion channels in CAR-deficient and
WT neurons prepared from E10.5 embryos. (A-D) Similar amplitudes of maximal K* (A) and
Na® (C) currents of CAR-deficient and WT neurons during development. K* (B) and Na* (D)
current densities in CAR knock-out and WT cells showed no significant differences during
development. The amplitude and current density in cells of both genotypes increased during
the cultivation period due to cell maturation. (E) I-V relationship of inward Na* current and
outward K" current in CAR KO and WT cells. (DIV 7-8 n = 45-50, DIV 12-14 n = 45-46,
DIV 16-20 n = 48-50).
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Fig. 25: Examples of Na* and K" currents in CAR-deficient and WT neurons prepared from
E10.5 embryos and cultivated for 14 DIV. (A) Example traces of Na" and K* currents after
application of 10 depolarizing voltage steps from V= -70 mV to + 30 mV. No differences in
recorded currents between genotypes were observed. (B) Examples of single traces at each
depolarizing voltage step recorded from WT cells. Activation of Na™ voltage-gated ion
channels was observed between -50 and -40 mV, whereas activation for K* voltage-gated ion
channels occurred between -40 and -30 mV.

Additionally, the density of each current type was estimated. This parameter describes how
K" or Na* current flows per area of the cell membrane (expressed as cell capacitance (Cp,)).
Thus, the current density was calculated by dividing the maximal Na* or K* current by the

value of Cp, of the cell, where the current was measured (for Na": INa* density"=IMax Na"/Cy; Fig.
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24 B, D). Similar current density values for K* (Fig. 24 B) and Na* (Fig. 24 D) currents in
CAR-deficient and WT neurons were obtained. These results suggest that there are no
significant differences in the properties of voltage-gated Na* and K* channels in WT and
CAR-deficient neurons.

Furthermore, blockage of Na™ and K" currents through voltage-gated ion channels by
application of TTX or by substitution of K by Cs* or by both, did not influence the Ry,
differences between WT and CAR KO cells (Fig. 28 A, C, D and see chapter 3.6.1, Fig. 45)
suggesting that these ion channels are not implicated in the observed changes in Rp,.

3.4.2 Na" and K" voltage-gated channels in Ad2 treated neurons

Voltage-gated Na* and K* ion channels were also investigated in cultivated neurons after
treatment with Ad2 (500 pg/ml, 7 or 14 days incubation).

For recordings low osmolality NaCl-based EC solution (Table 5) and low osmolality KCI-
based I1C solution (Table 7) were used. Recordings of K and Na" currents were performed at
different cultivation periods (DIV 7-8 n = 65-70, DIV 12-14 n = 38-40). Cells were clamped
at V= -70 mV and 10 voltage steps (10 mV each, 200 ms; Fig. 11 B left side) from V= -70
to +30 mV were applied.

The activation threshold for the Na* current was observed between -50 and -40 mV for both
Ad2 treated and control neurons (Fig. 26 E, Fig. 27 B), whereas the activation threshold for
the K" current occurred between -40 and -30 mV (Fig. 26 E, Fig. 27 B). Thus, in both Ad2
treated and untreated cells, very similar activation thresholds for these two types of voltage-
gated ion channels were observed.

Similar to procedures used for CAR-deficient neurons, amplitudes of Na™ and K* currents
were measured at each step of applied voltage. No significant differences in the maximal
currents, measured at +30 mV for K™ and at -30 mV for Na* (Fig. 26 E) were observed
between Ad2 treated and control neurons (Fig. 26 A, C). In both, Ad2 treated and control
neurons, the amplitudes of K* and Na* currents increased during development.

Current density was calculated by dividing the maximal Na™ or K* current by the value of Cy,
of the cell (Fig. 26 B, D). Similar current density values for K* (Fig. 26 B) and Na* (Fig. 26
D) currents in Ad2 treated and control neurons were obtained.

Thus, no significant differences in properties of voltage-gated Na* and K* channels between
Ad2 treated and control cells were observed. Furthermore, no differences could be observed,
when Ad2 was added acutely or only for 1 hour before recordings were performed (data not

shown).
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Moreover, after blockage of Na* and K" currents through voltage-gated ions channels,
the differences in R, between Ad2 treated and control cells remained significant, suggesting
that, similar to the finding for CAR-deficient neurons, these channels are not involved in
changes in Ry, (Fig. 28 B, and see chapter 3.6.1, Fig. 45).
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Fig. 26: Similar properties of voltage-gated Na* and K* ion channels in Ad2 treated neurons
and control cells prepared from E15 embryos. (A-D) Similar amplitudes of maximal K* (A)
and Na* (C) currents of Ad2 treated and control cells at different DIV were observed. Also K*
(B) and Na* (D) current densities showed no significant differences. The amplitude and
current density increased during cultivation period due to cell maturation. (E) 1-V relationship

of inward Na* current and outward K™ current in Ad2 treated and control cells. (DIV 7-8 n =
65-70, DIV 12-14 n = 38-40).
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Fig. 27: Examples of Na* and K" currents in Ad2 treated and control cells prepared from E15
embryos and cultivated for 8 DIV. (A) Example traces of Na* and K" during application of 10
depolarizing voltage steps from V= -70 mV to + 30 mV. (B) Examples of single traces at
each depolarizing voltage step recorded from a control cell. Activation of Na* voltage-gated
ion channels was observed between -50 and -40 mV, whereas activation of K* voltage-gated
ion channels occurred between -40 and -30 mV.
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Fig. 28: After blockage of Na* currents, Ry, in CAR KO and Ad2 treated cells was still
significantly changed. (A, B) Application of TTX did not influence the R, difference between
CAR KO and WT cells (E10.5, DIV 14) as well as between Ad2 treated and control cells
(E15, DIV 8). (C) Example traces of Na" and K* currents during application of 10
depolarizing steps (I-V relationship). (D) Blockage of voltage-gated Na* channels by TTX
suppressed Na* inward current; (E) Substitution of K* ions by Cs" inhibited K" outward
current; (F) Application of TTX as well as replacement of K* by Cs" blocked both inward and
outward currents (p < 0.0005).

3.4.3 Voltage-gated Ca** channels in CAR-deficient neurons

The properties of voltage-gated calcium channels (VGCCs) were investigated in cultivated
CAR-deficient and WT neurons (E10.5). For these recordings high osmolality VGCCs-EC
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solution (Table 6) and high osmolality VGCCs-IC solution (Table 8) containing different
blockers for K* (CsCl, TEA-CI, Apamin, 4-AP) and Na" (TTX) currents were used.
Additionally, in the EC solution 2 mM CacCl, was replaced by 10 mM BaCl,, which has a
higher permeability through high voltage-activated (HVA) calcium channels compared to
Ca”*. Under these experimental conditions Ca?* currents could be easily identified. For these
recordings cells were clamped at V,=-90 mV and 12 voltage steps (10 mV each, 200 ms)
starting at V= -90 to +30 mV were applied. Changes in the Vy, caused by increasing voltage
steps resulted in a rapid transient inward Ca®* current (Fig. 29 C, Fig. 30 A, B). An activation
threshold for Ca®*current was observed between -60 and -50 mV for both CAR-deficient and
WT neurons (Fig. 29 C, Fig. 30 B).
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-450-

Fig. 29: Similar properties of voltage-gated Ca®* channels in CAR-deficient neurons and WT
cells prepared from E10.5 embryos and cultivated for 12 DIV. (A, B) The maximal Ca*
amplitude (A) as well as the Ca** current density (B) were very similar in both genotypes (n =
31-35). (C) I-V relationship of the recorded Ca®* current in CAR KO and WT cells.
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Fig. 30: Example traces of inwardly directed Ca?* currents in CAR KO and WT cells prepared
from E10.5 embryos and cultivated for 12 DIV. (A) Ca®" currents in WT (left traces) and
CAR-deficient neurons (middle traces) during application of 12 voltage steps. Application of
different blockers for VGCCs (Table 11) blocked almost completely all Ca** currents (right
traces). (B) Examples of single traces at each applied voltage step recorded ina WT cell.

At each applied voltage step, the peak amplitude of the Ca** current was measured. The
maximal Ca®* current measured at about -10 mV (Fig. 29 C), was indistinguishable between
CAR-deficient and WT neurons (Fig. 29 A, n = 31-35).

Furthermore, the current density was calculated by dividing the maximal Ca?* current by Cp,
for each cell resulting in similar current densities for CAR knock-out and WT cells (Fig. 29
B). Thus, taken together these data do not reveal differences in the properties of voltage-gated

Ca’®* channels between CAR-deficient and WT neurons.
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To further confirm, that the currents recorded were indeed due to calcium influx, different
blockers for VGCCs were applied (Table 11). The reagents almost completely blocked all
recorded currents (Fig. 30 A right side, Table 11).

lon channel N-type L-type P/Q type R-type
type
Voltage HVA HVA HVA LVA/HVA
dependence
lon selectivity Ba’">Ca’ Ba’">Ca’ Ba’">Ca’ Ba”">Ca’
Antagonist w-contoxin MVIla 300 nM Verapamil 20 uM w-Agatoxin 1Va 250 nM SNX 482 300 nM
and their final | w-conotoxin MVIIc 500 nM | Nimodipine 5 uM w-conotoxin MVIlc 500 nM
concentration

Table 11: Blockers of different types of VGCCs applied in experiments. Ba* has a higher
permeability through VGCCs compared to Ca**. Abbreviations: LVA - Low voltage
activated; HVA - High voltage activated.

3.4.4 Voltage-gated Ca** channels in Ad2 treated neurons

Properties of VGCCs were also investigated in cultivated cortical neurons (E15) after
treatment with Ad2 (500 pg/ml, 1 hour pre-incubation). For recordings low osmolality
VGCCs-EC solution (Table 5) and low osmolality VGCCs-IC solution (Table 7) containing
different blockers for K* (CsCl, TEA-CI, Apamin, 4-AP) and Na* (TTX) currents were used.
Additionally, as mentioned above, 2 mM CaCl;, was replaced in the EC by 10 mM BaCl,.
Cells were clamped at Vi =-90 mV (voltage-clamp mode) and 12 voltage steps (10 mV each,
200 ms) starting at V= -90 to +30 mV were applied. Changes in V, caused by voltage steps
resulted in rapid transient inward Ca®* currents (Fig. 31 A, Fig. 32 A, B). An activation of the
Ca’* current was observed between -60 and -50 mV in Ad2 treated neurons and control
neurons (Fig. 31 C, Fig. 32 B). At each applied voltage step, the amplitude of the Ca** current
was measured. No significant differences in the maximal Ca?* current, measured at about -10
mV (Fig. 31 C) between Ad2 treated and control neurons were observed (Fig. 31 A, n = 22-
23). Furthermore, current densities of the Ca** current for both Ad2 treated and control cells
were indistinguishable (Fig. 31 B). Thus, in general, the application of Ad2 did not result in
differences of the properties of VGCCs.
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Fig. 31: Similar properties of voltage-gated Ca®* channels in Ad2 treated and control neurons.
Cortical neurons were prepared from E15 embryos and cultivated for 8 DIV. The maximal
Ca’* amplitude (A) as well as Ca** current density (B) were very similar in both cell types.
(E) I-V relationship of recorded Ca®* currents in Ad2 treated and control cells. Activation of
the Ca®* current, observed between -60 and -50 mV, was not changed in Ad2 treated neurons

(n = 22-23).
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Fig. 32: Example traces of inward calcium currents in Ad2 treated and control cells. Cortical
neurons were prepared from E15 embryos and cultivated for 8 DIV. (A) Ca?* currents in

control (left traces) and Ad2 treated neurons (middle traces) during application of 12 voltage
steps. (B) Examples of single traces at each applied voltage step recorded from a control cell.

3.5 Non-voltage gated ion channels and other transport proteins in
CAR-deficient neurons and Ad2 treated cells

As described above, voltage-gated ion channels are not constantly open at the RMP and thus,
most probably, are not implicated in passive ion conductance occurring at the RMP. In
addition to voltage-gated ion channels, there are many other channels and transport proteins
which need to be considered in the context of the modulation of Ry, These could be ligand-
gated channels (e.g. neurotransmitter-gated channels, cyclic-nucleotide-gated (CNG)
channels), transport proteins (e.g. Na'/K*-ATPase pump), gap junctions or numerous leak ion
channels. A strict classification of non-voltage-gated ion channels and transport proteins is
often difficult due to their enormous diversity and their cell type-specificity.

In the following chapters several membrane proteins (channels) will be considered as
potential candidates to explain changes in Ry, in CAR KO and Ad2 treated cells.
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3.5.1 Role of gap junctions in CAR mediated differences in R,

Gap junctions (connexins) were considered in this study for the following reasons: 1) CAR is
a cell surface protein mediating cell-cell contacts (Carson and Chapman, 2001; Cohen et al.,
2001; Honda et al., 2000). In the absence of CAR the formation of cell-cell contacts (Dorner
et al., 2005) and consequently the establishment of gap junctions might be affected.
Furthermore, it has been reported that dye transfer through gap junctions was increased in
cardiomyocytes of a heart-specific inducible CAR KO mice, suggesting that CAR might
influence gap junction communication (Lisewski et al., 2008). 2) Connexins form large
channels (pores) in the cell membrane and thus, their opening or closure can influence the Ry,.
(Russo et al., 2008; Sakai et al., 1992; Shelley et al., 2006; Sutor et al., 2000). 3) Different
types of connexins are open at the RMP (their voltage dependency is beyond the RMP range).
4) Diverse connexins are abundantly expressed in neurons and glial cells and are very
important in early stages of nervous system development. 5). On the one hand it has been
shown that CAR interacts with the scaffolding protein ZO-1 in TJ of epithelial cells
(Raschperger et al., 2006), on the other hand ZO-1 is associated with connexin 36 in retinal
neurons (Cx36; Ciolofan et al., 2006). Thus, an indirect interaction between CAR and
connexins is possible.

To investigate whether gap junctions are implicated in CAR-mediated changes,
pharmacological blockers of gap junction were applied followed by the analysis of dye and
electrical coupling. Furthermore, the expression pattern of different connexins was studied by
Western blot and immunocytochemistry. Different gap junction blockers (Table 12) were
acutely added to cultivated telencephalic CAR-deficient and WT neurons (DIV 7-12) during
electrophysiological measurements. Application of carbenoxolone (CBX), a common gap
junction blocker, to neurons resulted in a significant increase of Ry, in WT cells, whereas no
changes were observed in CAR-deficient neurons (Fig. 33 A; n = 22-25). This change in R,
occurred between 30 seconds and 1 min after application. Application of other blockers such
as octanol, heptanol or NPPB showed similar results: Ry, significantly increased in WT cells,
whereas no effect could be observed in CAR KO neurons (Fig. 33 B, Table 12; n = 15-20 for
each blocker). Hexanol, another alcohol related to heptanol or octanol, has been reported not
to close gap junctions at concentrations below 5 mM (Rozental et al., 2001). Therefore,
hexanol was applied to WT and CAR-deficient neurons. In both cultures no influence on Ry,
was observed (Fig. 33 B; n = 15). The lack of changes in the Ry, in CAR KO neurons in the
presence of gap junction blockers might indicate that gap junctions are not present or are
inactive in knock-out cells. To further test the function of gap junctions, trimethylamine
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(TMA) was applied, which has been reported to enhance gap junction opening probability
(Hormuzdi et al., 2001; Pais et al., 2003). TMA slightly decreased Ry, in WT neurons (not
significant) which was not detectable in CAR-deficient neurons (Fig. 33 B; n = 15). These
data suggest an abnormality in connexin function in CAR KO neurons. To test whether
connexins are expressed in KO cells, protein levels and cellular distribution of different
connexins were investigated by Western blot analysis and immunocytochemistry (Table 2).
As shown in Fig. 33 D in both WT and CAR KO brain tissue (E10.5) the expression of Cx32,
Cx36, Cx43 and Cx50 was indistinguishable. Cx26 was not detected in brain tissue but
observed in liver tissue of adult WT or CAR heterozygote mice (Fig. 33 D lowest panel).
Strong expression of Cx32, Cx36 and Cx43 was also detected in WT cortex tissue at different
postnatal stages (Fig. 33 E). Interestingly, the expression pattern of Cx36 showed a similar
expression profile as CAR during postnatal development (Fig. 33 E second and fouth panel).
Immunocytochemical stainings revealed also no differences in subcellular distribution of
Cx32 and Cx36 in CAR-deficient and WT neurons (Fig. 34).

In addition to pharmacological experiments in CAR-deficient and WT neurons
(E10.5), an interesting observation was made after application of CBX to cortical neurons
(E15) treated previously with Ad2 (500 pg/ml, 1 hour pre-incubation). CBX could partly
abolish the Ad2-mediated effect on R, (Fig. 33 C, n = 30-34).

To clarify whether the results obtained using gap junctional blockers are specific, dye and
electrical coupling experiments in the presence of Ad2 were performed. In this set of
experiments HelLa cell line was used for the following reasons: 1) HeLa cells express CAR
endogenously. 2) HeLa cells were constantly available in contrast to CAR KO and WT cells
(E10.5 and E15). 3) They are easy to handle. 4) HeLa cell lines are commonly used for
investigations in dye or electrical coupling experiments (Bukauskas et al., 1995; Dobrowolski
et al., 2007; Eckert et al., 1993; Lurtz and Louis, 2007). Initially, parental HeLa cells were
characterized by patch-clamp recordings after 1 hour preincubation with Ad2. As shown in
Fig. 35 A, Ad2 reduced Ry, in HeL a cells, however the date did not reach statistical
significance (n = 22). The C,, was not affected (Fig. 35 B). Therefore R, specific was also
reduced (not significant, Fig. 35 C).
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Fig. 33: Effect of different connexin blockers on Ry, in cultivated neurons (E10.5) and
expression of Cxs in neuronal tissue. (A) Application of CBX, a gap junction blocker,
increased Ry, in WT but not in KO cells. (B) Increase in R, in WT cells, but not in KO cells
after application of other gap junction blockers, presented in percent (%). Rn, values for WT
and KO cells were set to 100% before blockers were added. (C) Application of CBX to Ad2
treated cortical neurons (E15) partly abolished the effect of Ad2 on the Ry, (D) Protein
expression levels of different Cxs in WT and KO brain tissue. (E) Expression pattern of
different Cxs in WT cortex tissue during postnatal development (** - p < 0.005, *** - p <
0.0005).

Full name Abbr. Final Selected references Effect on
concentration connexins
Carbenoxolone CBX 250 uM (Yeetal., 2003) blocker

(Weissman et al., 2004)
(Kamermans et al., 2001)
(Pottek et al., 2003)

(Juszczak and Swiergiel, 2009)

5-nitro-2-(3- NPPB 15 uM (Braet et al., 2003) blocker
phenylpropylamin (Srinivas and Spray, 2003)

0) benzoic acid (Fioretti et al., 2004)

Octanol 1mM (Yeetal., 2003) blocker

(Bruzzone et al., 2001)
(Contreras et al., 2002)
Heptanol 1mM (Yeetal., 2003) blocker
(Bruzzone et al., 2001)
(Kondo et al., 2000)

Hexanol 1mM (Rozental et al., 2001) neutral
Trimethylamine TMA 10 uM (Nassiri-Asl et al., 2008) opener
hydrochloride (Pais et al., 2003)

Table 12: Blockers used to study gap junctions in WT and CAR-deficient neurons.
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Fig. 35: Effect of Ad2 on Ry, and LY spreading in parental HeLa cells and HeLa cells stably
transfected with connexin 36 (HeLaCx36). (A-C) Ad2 was able to reduce R, (A) in both
types of cells (n = 22-29). The C,, (B) remained unchanged and therefore the Ry, specific (C)
was also reduced. (D, E, F) Injection of LY revealed a very low spreading rate (F) in parental
HeLa cells with a maximal number of 6 cells filled with dye (D) and an average of 1.73+0.14
cells (F) compared to transfected HeLaCx36 cells with maximally 10 cells filled with dye (E)
and an average of 2.75+0.4 (F) after 10 min of injection (* - p < 0.05, *** - p < 0.0005).
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Next, dye coupling experiments with Lucifer yellow (LY) were performed, a dye commonly
used to investigate dye spreading via gap junctions in confluent cells (Bossinger and
Schierenberg, 1996; Lavado et al., 1997; Chanson et al., 2001;Chaytor et al., 1999). 4% LY
diluted in LiCl was injected with a sharp electrode into a selected HeLa cell. The dye
immediately filled the cell and spread over time (1-20 min) to neighboring cells. However, in
parental HelLa cells a very low rate of dye spreading was observed, as shown in Fig. 35 D and
F. Application of the commonly used gap junction blocker CBX resulted in a slight decrease
in dye spreading (Fig. 35 D, F). Thus, parental HeLa cells seemed to express connexins at a
very low level and therefore were not suitable for investigation of gap junction coupling
properties. Therefore, HeLa cells stably transfected with connexins 36 (HeLaCx36, kindly
provided by Prof. K. Willecke) were used in further experiments. Connexin 36 (Cx36) was
chosen because it shows a similar expression pattern as CAR (Fig. 33 E) and is found in
neurons (Condorelli et al., 2000; Martin et al., 2003).

As shown in Fig. 35 A, Ad2 application for 1 hour significantly reduced Ry, in HeLaCx36
cells (n = 25-29; p < 0.0005). Since Cp,, was not affected (Fig. 35 B), Ry, specific was also
significantly reduced (Fig. 35 C; p < 0.0005). An interesting finding was that the Ry, of
control HeLaCx36 cells was significantly higher than in parental control cells (Fig. 35 A; p <
0.05).

Next, dye coupling was investigated using HeLaCx36 cells. As shown in Fig. 35 E and F
HeLaCx36 cells were coupled more to each other than parental cells (E). About 40% of tested
cells showed dye transfer with an average of about 3 coupled cells (F). Treatment of
HeLaCx36 with CBX reduced dye transfer between cells (Fig. 35 E lower image and 35 F). In
addition to dye injection experiments, Cx36 protein level was tested by means of Western blot
and immunocytochemical staining. Western blot analysis revealed very strong expression of
Cx36 in transfected HeLaCx36 cells (Fig. 36 A), whereas Cx36 was almost not detectable in
parental HelLa cells (Fig. 36 A). Specificity of the antibodies was tested in liver tissue, where
no expression was detected (Fig. 36 A) as previously reported (Srinivas et al., 1999).
Immunocytochemical stainings revealed strong expression of Cx36 in HeLaCx36 cells (Fig.
36 C), especially concentrated at cell-cell contacts (Fig. 36 C, see arrows), similar to the
expression of CAR in these cells (Fig. 36 D, see arrows). Cx36 was not detectable in parental
HelLa cells (Fig. 36 B). These results suggested that transfected HeLaCx36 cells were more

suitable for further investigation of junctional coupling.
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Fig. 36: Western blot analysis and immunofluorescence analysis of Cx36 and CAR. (A)
Western blot analysis revealed strong expression of Cx36 in transfected HelLa cells, whereas
no signal was detected in parental HeLa cells. (B-D) Cx36 was detected primarily at cell-cell
contacts in transfected HeLaCx36 cells (C, see arrows), whereas almost no expression was
found in parental HelLa cells (B). Staining with only secondary antibodies was negative (C
lower image). (D) Expression of CAR in transfected HeLaCx36 cells was concentrated at the
cell membrane and at cell-cell contacts (arrows). Staining with only secondary antibodies was
negative (D, lower image).

To investigate electrical coupling, a dual whole-cell patch-clamp recording technique was
applied. That is two neighboring cells were recorded simultaneously to measure the junctional
current (I; Fig. 13). Both cells were clamped at V, = 0 mV. In one cell (cell 1, red in Fig. 37
A, B) one 10 mV step (Fig. 37 A) or 10 10 mV steps (Fig. 11 C right side, from V, = 0 mV to
+100 mV and to -100 mV, each step for 10 s; Fig. 37 B) were applied. In the case of coupling
by gap junctions, a current (1;) could be recorded from the neighboring cell (cell 2, black in
Fig. 37 A, B). Since gap junctional coupling is bidirectional (see arrows in Fig. 37 A), the
same voltage protocols were applied in cell 2 to measure I; in cell 1. Cells showed different
current responses to applied voltages, depending on their passive membrane properties (e.g.
Rm; Fig. 37 A - example traces of two different recorded pairs: pair 1 and pair 2). From the
recorded I; and calculated junctional voltage (V3 V; = V2 - V1; where V2 is not changing Vy
=0 mV and V1 is changing between -100 to 100 mV), the junctional conductance (G;; G, =
1,/V;) could be calculated.

To investigate if CAR may be implicated in the modulation of junctional coupling, Ad2
treated (1 hour per-incubation) HeLaCx36 cells and control HeLaCx36 cells were measured.
As shown in Fig. 37 B similar current responses to the applied voltage steps were recorded in
Ad2 treated and control cells. From the measured 1; and calculated junctional voltage (V;)
values, the junctional conductance (G;; G; = 1,/V;) in both types of cells was deduced (Fig. 37
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C). Calculated G;were normalized by normalizing G; at +10 and -10 mV to 1. No significant
differences were observed in I; or in G; between Ad2 treated and control HeLaCx36 cells. In
both cases the junctional coupling showed voltage dependency (Fig. 37 B, C) with a higher
and linear conductance at membrane potentials around 0 mV and lower conductance at higher
positive and more negative potentials (e.g. +80 to +100 or -80 to -100 mV, Fig. 37 C). These
data suggest that Ad2 had no influence on electrical coupling of HeLaCx36 cells.

Since Cx36 is not the only gap junction protein, HeLa cells expressing Cx43 were analyzed in
the presence of Ad2 (HeLaCx43; kindly provided by Prof. K. Willecke). These HeLaCx43
cells show an efficient coupling rate (Elfgang et al., 1995;Haubrich et al., 1996). LY injection
resulted in very fast and efficient dye spreading to over 100 neighboring cells in up to 10 min
(Fig. 38 A, B). This dye diffusion could be efficiently blocked by application of the gap
junction blocker CBX (Fig. 38 A, right image). However, no significant differences in the
number of cells and the spread dye area were observed between control HeLaCx43 cells
(number of cells: 152.9+16.2, area: 69.3+7.1 mm?; n = 14 injections, Fig. 38 A, B) and Ad2
treated cells (number of cells: 143.3+2.7, area: 60.3+7.9 mm?; n = 14 injections; Fig. 38 A,
B). Thus, Ad2 did not influence gap junctional coupling in HeLaCx43 cells.

Taken together, the following conclusions can be drawn: 1) Treatment with gap junction
blockers resulted in an increase of Ry, in WT neurons (E10.5 and E15), whereas application of
a gap junction opener TMA slightly reduced Ry, (E10.5). 2) Gap junction blockers had no
effect on Ry, in CAR KO cells (E10.5). 3) Western blot analysis and immunocytochemical
stainings revealed similar levels of expressions of different connexin proteins in CAR KO and
WT brain tissue and cultivated neurons, suggesting that connexins are present in CAR-
deficient neurons. 4) The gap junction blocker CBX could partly abolish the effect of Ad2 on
Rm in cultivated cortical neurons (E15). 5) Application of Ad2 to parental HelLa cells and
HeLa cells transfected with Cx36 decreased Rn. 6) Ad2 did not affect dye spreading and
electrical coupling in HeLaCx36 or HeLaCx43 cells.

Although pharmacological experiments suggest that Cxs might be implicated in the observed
changes in R, in CAR KO neurons and Ad2 treated cells, no further evidence for their
involvement could be found. Furthermore, applied Cxs blockers have been reported to have
side effects e.g. influencing Ca®* channels and synaptic activity (Leshchenko et al., 2006;
Ross et al., 2000; Rouach et al., 2003; Vapaatalo et al., 1978; Vessey et al., 2004; Yang and
Ling, 2007) and thus the results with gap junctional blockers should be considered with

caution.
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Results from dye spreading and electrical coupling experiments using cell lines and Ad2

treatment, may exclude that gap junctions are affected by Ad2.
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Fig. 37: Electrical coupling in transfected HeLaCx36 cells was not affected by treatment with
Ad2 (1 hour pre-incubation). (A) Example traces of two different pairs of coupled cells.
Application of a 10 mV voltage step in cell 1 (red) resulted in current flow in cell 2 (black).
Voltage could also be applied in cell 2 and recorded in cell 1 (see arrows) because junctional
coupling is bidirectional.(B) Example traces of recorded I; from Ad2 treated cells and control
cells. No significant differences were observed. (C) Calculated G; was also not changed after
treatment with Ad2. G;showed typical voltage-dependency.
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Fig. 38: Ad2 did not influence dye spreading in transfected HeLaCx43 cells. (A) 4% LY was
injected by a sharp electrode to one cell and diffused to over 100 neighboring cells over a
short time (1-20 min; n = 14 injections). (A) No differences in dye diffusion between control
and Ad2 treated cells could be observed. Application of CBX blocked dye transfer. (B)
Quantification of dye spreading in control and Ad2 as well as CBX treated cells. A similar
number of cells filled with dye and a similar area of coupled cells were measured in Ad2
treated and control cells. CBX reduced the number and the area of coupled cells significantly.

3.5.2 Neurotransmitter-gated receptors

3.5.2.1 Neurotransmitter-gated ionotropic receptors

Neurotransmitter-gated receptors can be classed as ionotropic or metabotropic receptors. Both
groups are activated by binding of a neurotransmitter. Metabotropic receptors are often
coupled to G proteins and their activation leads to a series of intracellular events among which
activation of some ion channels may occur as a secondary effect (indirect activation). Binding
of a neurotransmitter to an ionotropic receptor leads directly to the opening of that ion
channel. Such receptors are located mainly at synapses to convert the chemical signal of
presynaptically released neurotransmitters directly and very quickly into a postsynaptic
electrical signal. To this group belong e.g. GABAA receptors, nicotinic acetylcholine
receptors (NAChRs) or glutamatergic receptors (e.g. AMPA, kainate and NMDA receptors).
As an example of a neurotransmitter-gated ionotropic receptor, the GABAA receptor, was
considered in the context of CAR and Ad2. Upon activation, by GABA (y-aminobutyric acid),
the GABAA receptor selectively conducts CI” through its pore, resulting in depolarization or
hyperpolarization of the neuron depending on CI" concentration in the cell. Due to synaptic
activity, GABA release and receptor activation occurred in cultivated WT and CAR KO
neurons (E10.5). Under these conditions, a significantly higher R, in CAR KO cells
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compared to the WT cells was observed as already described (see Fig. 18 A-C, Fig. 39, n=
36-40). When the GABA receptor was selectively blocked by application of biccuculine, the
difference in Ry, still remained (Fig. 39), suggesting that the GABAA receptor is not
implicated in the increased Ry, in CAR KO cells.
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Fig. 39: The R, difference between CAR KO and WT neurons remained significant after
blocking of GABAA receptors (p < 0.0005, n = 36-40). Neurons were prepared from wild type
and CAR-deficient embryos at E10.5 and cultivated for 14 DIV followed by acutely treatment
with biccuculine (20 uM) and patch-clamp recordings. Abbreviation: Bicc - biccuculine

For the following reasons other neurotransmitter-gated ion channels are most likely not a
cause for the Ry, differences observed between CAR -/- and WT neurons or between Ad2
treated and untreated neurons: 1) Neurotransmitter-gated channels are in general closed at the
RMP and open only when a neurotransmitter binds. In none of the experiments
neurotransmitters were applied. In cultivated neurons a spontaneous release of
neurotransmitters occurs due to synaptic input in both WT and CAR-deficient neurons (see
chapter 3.9.2). Additionally, the spontaneous activity at DIV 7 is very rare, but observed
differences in Ry, are highly significant at this stage, suggesting that synaptic activity is not
implicated in this effect. 2) Neurotransmitter-gated ion channels open only for a very short
period (ms). This time scale is most likely too short to permanently influence Rp.

3.5.3 Na'/K*-ATPase pump

The Na'/K*-ATPase pump has been considered in this study because of numerous reasons: 1)
CAR binds to agrin (Patzke et al., 2009, submitted), and agrin has been shown to inhibit the
Na'/K*-ATPase through binding to its a3 subunit (Hilgenberg et al., 2006; Hilgenberg and
Smith, 2004). Furthermore, CAR and agrin co-localize at the neuromuscular junction (Shaw
et al., 2004) and in the inner plexiform layer of the developing retina (Kroger et al., 1996). It
is therefore conceivable that CAR modulates the Na'/K*-ATPase indirectly via agrin. 2) The
pump is electrogenic and thus responsible for ionic current through the membrane under RMP
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(Brodie et al., 1987; Deleze, 1960; Glitsch, 2001; Sjodin, 1982; Thomas, 1972). When it is
activated, it causes a significant hyperpolarization (Bray et al., 1976; Locke and Solomon,
1967). 3) Blockage of the Na'/K*-ATPase pump with ouabain has been reported to increase
the R, (Matsumoto et al., 2008; Planelles and Anagnostopoulos, 1987). 4) The Na*/K"-
ATPase pump plays an important role in the determination of the RMP (Brodie et al., 1987,
Brodie and Sampson, 1985; Glitsch, 2001; Thomas, 1972; Volkov et al., 2000). Thus it is
active at the RMP. 5) The Na'/K"-ATPase pump appears to be an ubiquitous characteristic of
all cells and it is the main representative of membrane transporters for ions in the cell
membrane (other pumps will to a lesser degree participate in the establishment of the RMP
compared to the Na'/K* pump). Thus, if the Na'/K*-ATPase would be impaired in CAR KO
cells, the current amplitude flowing through the membrane would be affected and so in turn
would the Ry,. This should also have consequences for synaptic transmission because
modulation of the Na'/K*-ATPase pump activity influences de- or hyperpolarization of the
cell, depending upon its inhibited or activated state respectively.

To test whether this protein is expressed in CAR-deficient neurons, immunocytochemical
staining using antibodies against neuronal alpha-3 subunit of the Na'/K*-ATPase (Table 2)
was performed. A similar expression level as well as distribution throughout the neuron was
observed in CAR KO and WT cells, suggesting that this protein is normally expressed in
CAR-deficient neurons (E10.5; Fig. 40 A).

A

WT (E10.5)

CAR -/- (E10.5)

Fig. 40: Expression of the alpha 3 subunit of the Na*/K*-ATPase was similar in CAR KO and
WT cells prepared from embryos at E10.5 and cultivated for 12 DIV (A). (B) Staining with
only secondary antibodies (coupled to Alexa 488) was negative.

To evaluate the function of the Na*/K*-ATPase in CAR-deficient neurons, ouabain (10 puM)
was acutely applied to CAR KO and WT neurons (E10.5, DIV 10, n = 20-22). Ouabain
immediately increased R, significantly in WT cells (and respectively the Ry, specific, Fig. 41
A, C, D; p <0.05), but had no effect on CAR KO cells (Fig. 41 A, C, D). In addition to a
change in R, a change in spontaneous synaptic activity was observed. Blocking of the
Na'/K*-ATPase resulted in a significant increase in the frequency of spontaneous
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postsynaptic currents in both WT and CAR KO cells (Fig. 41 E). The effect of ouabain on
spontaneous synaptic activity lasted only a very short time before the frequency drastically
decreased until none of the recorded cells showed any synaptic currents (Fig. 41 E). This was
due to the depolarization of neurons caused by the Na'/K*-ATPase blocker. Depolarization
resulted in a less negative RMP (Fig. 41 F), which could not be restored because of the
blocked pump and consequently all neurons remained depolarized resulting in an absence of
synaptic currents (Brodie and Sampson, 1985).

Although ouabain caused an increase in R, only in WT cells and not in CAR KO cells, an
increase in the frequency of spontaneous activity indicates that the pump was active and can
be blocked in both genotypes. | therefore conclude that the Na*/K*-ATPase is functional in
CAR KO neurons and suggest that Na*/K*-ATPase is most probably not involved in Ry,
differences between CAR KO and WT cells.
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Fig. 41: Effect of ouabain (10 uM) on Ry, and synaptic activity in CAR KO and WT cells
(E10.5). (A) Application of ouabain (10 pM) increased R, significantly in WT (p < 0.05, n =
20-22), but not in CAR KO cells. (B) Cr, in both cell types was not changed. (C) R, specific
in WT cells was increased (not significantly). (D) R values of single cells before and after
ouabain application. (E) Acute ouabain treatment caused an increase in frequency of
spontaneous postsynaptic currents in both WT and CAR KO cells. This occurred only for a
short time because blockage of the Na*/K*-ATPase pump caused depolarization of neurons.
(F) Application of ouabain to control cells (WT, E15) resulted in a less negative RMP.
Abbreviation: spon. — spontaneous.

3.5.4 Hyperpolarization-activated cyclic nucleotide-gated cation channels

HCN channels were considered in this study because of their important role in the
determination of the neuronal RMP (Luthi and McCormick, 1998; Pape, 1996; Poolos, 2004;
Tan et al., 2007). These channels show a high permeability for K" and Na* at the RMP and
their permeability is enhanced by hyperpolarization and/or by binding of intracellular cyclic
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nucleotides e.g. cyclic adenosine monophosphate (CAMP; Aponte et al., 2006; Bolivar et al.,
2008; Lyashchenko and Tibbs, 2008). This channel is open and allows ionic flow at the RMP.
It may therefore play a role in passive membrane properties including Rn,. Although it appears
to be demanding to identify HCN mediated currents due to complex properties of HCN
channels (voltage-gating, ligand-gating and passive conductance at RMP for both K and
Na"), recordings were performed to investigate whether HCN channels are functional in CAR
KO and WT neurons.
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Fig. 42: Characterization of the HCN current in cortical neurons (E15, DIV 12). (A) Maximal
current amplitude measured at -160 mV in control cells (E15). The amplitude was
significantly reduced in cells treated with blocker ZD7288 (100 uM; p < 0.005, n = 16) and
slightly increased in cells treated with the enhancer gabapentin (100 uM, n = 8). (B) Current-
voltage (I-V) relationship representing voltage-dependency of the HCN current. The
amplitude could be influenced by application of a blocker or enhancer. (C) Example traces of
currents evoked by application of 3 depolarizing steps (from -70 to -55 mV) followed by 9
hyperpolarizing steps (from -70 to -160 mV) in a control cell (left traces), in a cell treated
with the blocker ZD7288 (100 uM, middle trace) and in a cell treated with the enhancer
gabapentin (100 uM, right trace).
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Fig. 43: Characterization of the HCN current in WT and CAR KO cells (E10.5). (A) The

maximal amplitude of the HCN current measured at -160 mV was significantly lower in CAR

KO cells than in WT cells (p < 0.005, n = 33-37) (B) Current-voltage (I-V) relationship
showing voltage-dependency of the HCN current in both WT and KO cells. The current

recorded in CAR KO cells was smaller than in WT cells. (C) Application of blocker ZD7288
(100 puM) reduced the current amplitude in WT cells, but not in CAR KO cells (n = 8). (D, E)

Example traces of currents evoked by application of 3 depolarizing steps followed by 9
hyperpolarizing steps in WT neurons (D) and CAR KO neurons (E) before (left traces) and
after application of blocker ZD7288 (100 uM, right trace).

In this study the HCN current was identified by application of known modulators and by

application of hyperpolarizing voltage steps (Fig. 11 C) to control neurons (E15). From V;, = -

70 mV, three control depolarizing steps were applied (5, 10 and 15 mV, from -70 to -55 mV)

followed by 9 hyperpolarizing steps, each 10 mV for 200 ms (from V= -70 mV to -160 mV).

Hyperpolarizing steps evoked inward currents (Fig. 42 C). The current-voltage (1-V)
relationship revealed that with increasing voltage amplitude, the HCN-current amplitude
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increases (Fig. 42 B; Fig. 43 B, C). This was in accordance with published reports describing
HCN currents (Ludwig et al., 1998; Matsumoto et al., 2008; Moosmang et al., 2001; Surges et
al., 2003). The maximal current was measured at the steady-state stage at the end of the pulse.
Application of the commonly used blocker ZD7288 (100 uM; Bedner et al., 2006; Felix et al.,
2003; Gonzalez-lglesias et al., 2006; Prole and Yellen, 2006) significantly reduced the
amplitude of the recorded current (Fig. 42 A, B, C left and middle traces, n = 16), whereas
treatment with a known enhancer gabapentin (100 puM; Lin et al., 2009; Wickenden et al.,
2009) slightly increased the current, which, however, did not reach statistical significance
(Fig. 42 A, B, C left and right traces, n = 8). Thus, the recorded inwardly directed current
showing voltage-dependency and sensitivity to ZD7288 or gabapentin was defined as the
HCN current.

In the following experiments, the properties of the HCN current in CAR-deficient neurons
were analyzed. Application of hyperpolarizing voltage steps (Fig. 11 C) resulted in an inward
current with significantly lower maximal amplitude in CAR-deficient neurons compared to
WT cells (Fig. 43 A, B, n = 33-37). Furthermore, in contrast to WT neurons, ZD7288 was
unable to reduce the current amplitude in CAR KO cells (Fig. 43 C, E, n = 8).

Consistent with these results, treatment of control neurons with Ad2 (1 hour pre-incubation)
resulted in a higher current amplitude than in untreated cells (E15; Fig. 44 A, B, C, n = 20-25,
only the maximal HCN current amplitude was significantly higher, p < 0.05). In both control
and Ad2 treated cells, the characteristic voltage-dependency of the HCN current was observed
(Fig. 44 B, C).

From these results no clear conclusion can be drawn about the involvement of HCN channels
in CAR-mediated Ry, changes. These data do not exclude HCN channels as a candidate for
observed changes in membrane properties in CAR KO cells and Ad2 treated cells, but do not
give sufficient evidence for their implication. These data confirm that at the RMP and at high
negative membrane potentials, less current flows through the membrane of CAR KO cells
compared to WT cells, and more current flows through the cell membrane of Ad2 treated cells
compared to control cells, suggesting altered membrane conductance in both cases.
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Fig. 44: Treatment of cells with Ad2 resulted in higher HCN current amplitudes compared to
untreated neurons (E15, DIV 8). (A) Maximal amplitude of the HCN current measured at -
160 mV was significantly higher in Ad2 treated cells compared to control cells (p < 0.05, n =
20-25). (B) Current-voltage (I-V) relationship showing voltage-dependency of the HCN
current in both control and Ad2 treated cells. (C) Example traces of currents evoked by
application of 3 depolarizing steps followed by 9 hyperpolarizing steps in control cells (left
traces) and Ad2 treated neurons (right trace).

3.6 Changes in passive conductance through the neuronal

membrane in CAR KO cells and Ad2 treated neurons

To identify the reason for the increased or decreased Ry, in CAR-deficient neurons and Ad2
treated neurons, respectively, the passive membrane conductance for particular ions was
investigated. The advantage of this method is that although a specific ion (e.g. K*, Na*, CI)
may cross the membrane through different ion channels/transport proteins under RMP, the
whole passive current, produced by this ion, can be measured. Thus, this method focuses on
the identification of the ion that is responsible for the changes in Ry, rather than on the
channels which might be involved. In order to address this question and to distinguish
particular ion currents, different recording solutions (EC and IC) as well as specific blockers

were used for recordings.
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3.6.1 Passive potassium (K") conductance is not involved in R, changes

Since the neuronal membrane is most permeable for K* ions, the passive conductance for K*
through the membrane was initially investigated. The R, of CAR WT and KO neurons was
measured at standard K* concentration and in K* free conditions in order to test whether K*
conductance might be involved in the Ry, difference between CAR KO and WT cells. Under
standard conditions a KCl-based IC solution was used, where the intracellular K*
concentration was 90 mM or 120 mM (Table 7, 8) and Erev + =-91 mV or -94 mV for low
and high osmolality solution, respectively (Erev calculated using Nernst equation, see chapter
2.2.5.6). The extracellular K* concentration was 3 mM in both low and high osmolality EC
solutions. Under these concentration conditions and Vy, = -70 mV, K" moves out of the cell
due to its electrochemical gradient. Measurements of passive membrane properties using a
KCI-based IC solution revealed a significantly higher Ry, in CAR KO cells compared to the
WT cells (Fig. 18, Fig. 45 A, B; p < 0.0005). To verify if the Ry, difference is due to passive
K" conductance through the membrane, K* was substituted in the IC solution by Cs" ions
(CsCl-based IC, Table 7, 8).Thus, the intracellular K* concentration was about 0 mM,
whereas the extracellular K* concentration remained unchanged at about 3 mM. Under these
conditions there was no passive K* conductance through the membrane because there were no
K" ions to leave the cell. Exchanging K™ by Cs" shifted the Erev . form -91 to +29 mV.
Using K™ free IC solution (CsCl-based IC), the Ry, in CAR WT and KO cells was measured.
As shown in Fig. 45 A, B in the absence of intracellular K*, the difference in Ry, between
CAR KO and WT cells remained significant (n = 30-40; p < 0.0005). The calculated Ry,
specific (Rm*C) was also significantly higher in CAR KO cells in the absence of K* (Fig. 45
B right diagram; p < 0.0005). Removal of K* from the solution slightly increased the Ry, in
both CAR KO and WT cells compared to the Ry, obtained in KCI-based IC solution,
suggesting that in both cases the K* conductance was successfully blocked (Fig. 45 A). An
increase of Ry, after the removal of K* from the cell indicates the importance of K*
conductance in maintaining the Ry, (Fig. 45 A). However, these results suggest that passive
conductance of K* through the membrane is not responsible for the R, differences between
CAR KO and WT cells.

Consistent with the data from CAR KO and WT neurons, Ad2 was also able to significantly
reduce Ry, under K* free conditions (n = 22-27; Fig. 45 C, D; p < 0.0005) in a manner similar
as observed with the standard K* concentration (in KCl-based solution). Furthermore,
removal of K™ also slightly increased Ry, in both control and Ad2 treated cells compared to
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the Ry measured in KCl-based IC solution, suggesting that K* conductance could be blocked
efficiently (Fig. 45 C, D). Together with the observation using CAR KO neurons, these results

suggest that K* conductance is mot probably not the cause for Ad2 induced changes in R.
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Fig.45: Passive K* conductance is not responsible for the Ry, difference between CAR KO
and WT cells as well as between Ad2 treated and control cells. (A) Substitution of K* by Cs*
slightly increased R, in both CAR KO and WT cells, suggesting effective blockage of passive
K" conductance in both types of cells. (B) Under K* free conditions the difference in Ry, (and
also in Ry, specific) between CAR KO and WT cells remained significant (n = 30-40).(C)
Substitution of K* by Cs” slightly increased Ry, in control and Ad2 treated cells, suggesting
efficient blockage of passive K* conductance. (D) Under K* free conditions the difference in
Rm (and also in Ry, specific) between Ad2 treated and control cells remained significant (** -
p > 0.005, *** - p <0.0005)

3.6.2 Passive chloride (CIl') conductance is impaired in CAR KO cells.

To test whether chloride conductance may be implicated in Ry, differences, several
electrophysiological measurements including chloride ion substitution in the IC solution,
measurement of chloride conductance only, as well as shifting of CI" reversal potential, were
performed. Substitution experiments were carried out first. Under standard recording
conditions (KCl-based — IC solution/ NaCl-based — EC solution; Table 5-8) the concentration
of CI" was very similar on the inside and on the outside of the cell (97/111 mM and 128/144
mM for IC/EC solutions for low and high osmolality, respectively). These concentrations in
addition to the negative Vy = -70 mV applied during the recordings, resulted in the calculated
Erev 1y = -3.6 mV (for low osmolality solution or -3.3 mV for high osmolality solution,
Table 13) and an outflow of CI" ions due to its electrochemical gradient. Removal of CI ions

from the IC solution and replacement by gluconate ions (KGluc-based IC, Table 7, 8) caused
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a shift of the Erev (¢ from -3.6 mV to -70 mV (for low osmolality solution and from -3.3 to -
75 mV for high osmolality solution, Table 13), resulting in no net chloride movement
(conductance) through the membrane at V, (Vi = =70 mV). Thus, under these conditions CI’
could not influence the Rp,. Measurement of Ry, in CAR KO and WT cells under intracellular
CI free conditions did not yield differences in Ry, (Fig. 46 A, B; n = 19-22). The calculated
Rm specific also did not reveal significant differences (Fig. 46 B right diagram). This result
suggests that CI" conductance might be implicated in the observed R, differences between
WT and CAR KO cells.

Consistent with these results, Ad2 was not able to significantly reduce R, (and also not Rp,
specific) under CI free conditions (Fig. 46 C, D, n = 33-37).
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Fig. 46: Under CI free conditions no differences in R, were observed. (A, B) Significant
differences in Ry, (and Ry, specific, p < 0.0005) between CAR KO and WT cells that were
observed at normal CI" concentrations, disappeared under CI" free conditions (n = 19-22). (C,
D) Ad2 did not reduce Ry, and Ry, specific under CI free conditions, suggesting that CI’
conductance might be involved in the observed changes in Ry (n = 33-37).

Another set of experiments was carried out to test whether CI” conductance is responsible for
changes in Ry The Ry, was measured under conditions, where the membrane was mainly
permeable for CI', while conductances for other ions were pharmacologically blocked by
using IC and EC solutions without K* and with inhibitors for different ion channels (TTX,
TEA, 4-AP, Apamin; CsCI-TEA-based IC solution, CI'-current EC solution, Table 5-8).
Calculated Erev (1 was 0 mV (or -3.3 mV, depending on type of the solution, Table 13). A
voltage protocol of 10 depolarizing and 10 hyperpolarizing steps (each step 10 mV for 200
ms) from V}, = -70 mV or 0 mV was applied. Under conditions, when mainly CI" conductance
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was measured, the Ry, was significantly higher in CAR KO cells at both V}, (-70 and 0 mV)
compared to the WT cells (Fig. 47 A; n = 28-33; p < 0.0005). Furthermore, the recorded 1-V
relationship revealed significantly lower current amplitudes in CAR-deficient neurons (Fig.
47 B, C). In line with these results, the Ry, in cells treated with Ad2 was significantly lower at
both V,, (Fig. 47 D; * - p < 0.05, ** - p < 0.005) and the 1-V relationship yielded higher
amplitudes in Ad2 treated cells compared to untreated cells (Fig. 47 E, F; n = 18-20). These
results support the hypothesis that CI" conductance might be responsible for the measured
changes in Rp,.

Furthermore, application of Ad2 to WT cells (E10.5, Fig. 47 G left graph; n = 10) resulted in
higher CI" current amplitudes, whereas Ad2 had no effect on CAR-deficient cells (Fig. 47 G
right graph; n = 5), confirming that the observed effects of Ad2 were mediated by CAR.

To obtain further support for the above described results commonly used CI" channel blockers
(DIDS, NPPB) were applied (Akasu et al., 1990; Baron et al., 1991; Frings et al., 2000;
Greenwood et al., 1995; Greenwood et al., 1997; Hogg et al., 1994; Nilius et al., 1997a;
Wiladkowski et al., 1998; Wu and Hamill, 1992; Zholos et al., 2005). Acute application of
DIDS (100 uM) and NPPB (100 uM) significantly reduced recorded CI currents compared to
cells not treated with blockers (Fig. 48 A, B; p < 0.05; n = 10-11). Furthermore, application of
these blockers to WT cells reduced the CI" current (Fig. 48 C; n = 8), but evoked no changes
in CAR KO cells (Fig. 48 D, n =5). This pharmacological evidence supports the hypothesis
that the measured current was caused by CI" conductance and that this conductance may be
impaired in CAR KO cells.

Interestingly, in all recorded cells, measured currents showed an outward rectification (Fig. 47
B, C). This is in accordance with numerous published reports showing outward rectification
as a characteristic of the CI" current (Arreola et al., 2002; Eder et al., 1998; Herness and Sun,
1999; Matchkov et al., 2004; Mignen et al., 2000; Nilius et al., 1997b; Schroeder et al., 2008;
Zholos et al., 2005) and confirms that the outwardly rectifying current identified during the
presented experiments is a Cl" conductance.
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Fig. 47: CI conductance is affected in CAR-deficient and Ad2 treated cells. (A) Estimated Ry,
under mainly CI" conductance conditions was significantly higher in CAR KO cells, at both
Vh (0 and -70 mV; p < 0.0005). (B) Example traces of measured CI" current activated by
application of voltage steps for both genotypes are shown (V, =0 mV). (C) The I-V
relationship of CI" conductance in CAR KO neurons revealed significantly lower current
amplitudes compared to WT cells (Vi = 0 mV, n = 28-33). (D) Estimated Ry, under mainly CI’
conductance conditions was significantly lower in Ad2 treated cells, at both V. (E) Example
traces of measured CI” current in control and Ad2 treated cells are shown. (F) The 1-V
relationship of CI" conductance in Ad2 treated neurons revealed significantly higher current
amplitudes compared to control cells (E15, n = 18-20). (G) Application of Ad2 to WT cells
(E10.5) enhanced the measured CI" current, whereas Ad2 had no effect on CAR KO cells,
confirming the specificity of Ad2 binding to CAR.
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Fig. 48: CI" channel blockers reduced CI conductance. (A) Example traces of CI" conductance
before (left trace) and after treatment with CI" channel blockers (right trace) are shown. (B)
The 1-V relationship showed significantly lower current amplitudes after acute application of
CI" channel blockers: DIDS (100 uM) and NPPB (100 uM, n = 10-11). (C, D) application of
DIDS and NPPB reduced CI current in WT (C, n =8), but not in CAR KO cells (D, n=5).

Further evidence for the implication of a CI" conductance was obtained by identification of a
current that was enhanced by Ad2 and lacking in CAR KO neurons. Therefore, the I-V
relationship in CAR KO and Ad2 treated cells under standard conditions (standard K*, Na*
and CI" concentrations; KCI-based IC solution and NaCl-based EC solution, Table 5-8) was
investigated. Application of 10 depolarizing and then 10 hyperpolarizing steps starting at V, =
-70 mV, resulted in inward and outward currents which represented a mixture of a variety of
conductances through the membrane (K*, CI', Na* and Ca®*; Fig. 49 A, D). The current
resulting from applied voltage steps was smaller in CAR KO cells than in WT cells (Fig. 49
A, B, n = 26-36). Consistently, the current measured in Ad2 treated cells was larger than in
control cells (Fig. 49 D, E). Current consisting of different ionic conductances reversed at -
35.0£1.4 (Erev) mV in WT cells and at -40.8+1.8 mV in CAR KO cells (Fig. 49 B) as well as
at -36.0+£2.0 mV in control cells and at -34.0+1.4 mV in Ad2 treated cells (Fig. 49 E).
Subtraction of the current measured in CAR KO cells from the current recorded in WT cells
resulted in the identification of a specific current lacking in CAR-deficient neurons (Fig. 49
C). The Erev, of this missing current in CAR KO cells was -4.8 mV (Erev = -4.8 mV, Fig. 49
C). On the basis of the known concentrations of ions present in the recording solutions (Table

5-8), the Erev for each particular ion could be calculated using the Nernst equation (Table 13).
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Erev of the identified current (-4.8 mV) was very close to Erev calculated for CI" (Erev(c, = -
3.3 mV). This suggests that a CI" conductance is missing in CAR KO cells.

In agreement with these data, the subtraction of the current measured in control cells from the
current recorded in Ad2 treated cells resulted in the identification of an additional current.
This current reversed at Erev = -1.3 mV (Fig. 49 F, n = 27-34), thus, again close to Erev(c,
(Table 13) confirming that CI" is, most probably, the reason for the observed changes in the

membrane conductance.

Erev (mV) Na* K* cl Ca’’
IC/EC Low High Low High Low High Low High
solution 0smo 0smo 0smo 0smo 0smo 0smo 0smo 0smo
KCl-based IC / +91 +91 -91 -94 -3.6 -3.3 +78 +78
NaCl-based EC
KCl-based IC / +66 +66 -91 -94 +17 +20 +78 +78
Low Na*/Cl" EC
KGluc-based +91 +91 -91 -91 -70 -75 +78 +78
IC/NaCl-based EC
CsCI-TEA-based +88 +96 0 -3.3 +78 +78
IC/CI current EC

Table 13: Values of Erev calculated for different ions in specific recording solutions at 25°C
using the Nernst equation. Abbr.: osmo - osmolality

Another approach to test the CI" conductance as the reason for changes in Rp,, was to change
the CI"and Na" concentrations and to study the shift of Erev of the Ad2-induced current and
the current lacking in CAR KO neurons. The simultaneous change of concentrations of two
ions CI"and Na", shifting Erev shifts in opposite directions (Erev of CI" in a more positive
direction and Erev of Na" in a more negative direction), would, most probably, also change
Erev of the additional current recorded after treatment with Ad2 and thus the current lacking
in CAR KO cells (if one of these ions is involved). Therefore the extracellular CI
concentration was lowered from 110 mM to 46 mM, which shifted the Erev(c from -3.6 mV
(Table 13) to a more positive value of about +17 mV (Low Na*/CI" EC for high and low
osmolality; Table 7, 8, 13). Simultaneously the extracellular Na* concentration was decreased
from 105 mM to 30 mM, which shifted the Erevina+) from +91 mV in a more “negative”
direction, to +66 mV (Low Na'/CI" EC solution for high and low osmolality Table 7, 8, 13).
The shift of Erev of the additional current measured after treatment with Ad2 (or of the
current, which is missing in CAR KO neurons) to a more positive potential would suggest an
involvement of CI" conductance. In contrast, shift of Erev in a negative direction would hint to

a participation of Na* conductance in this current.
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Fig. 49: Identified current missing in CAR KO cells and the additional current recorded after
treatment with Ad2 showed Erev to be close to the calculated Erev of CI'. (A) Example traces
of the 1-V relationship for all ionic conductances in CAR KO and WT cells are shown. (B)
The 1-V relationship revealed slightly lower current amplitudes in CAR KO cells compared to
WT cells (n = 26-36). (C) Subtraction of the recorded CAR KO current from the WT current
resulted in the identification of a specific current missing in CAR-deficient neurons. This
current reversed at a potential very close to the Erev of CI'. (D) Example traces of the 1-V
relationship for all ionic conductances in Ad2 treated cells and control cells are shown (E15).
(B) The I-V relationship revealed higher current amplitudes in Ad2 treated cells (n = 27-34).
(C) Subtraction of the current recorded in Ad2 treated cells from the current in control cells
resulted in the identification of the additional current measured after treatment with Ad2. Erev
of this current was very close to the Erev of CI.

The 1-V relationship estimated under low Na* and CI" concentration conditions shifted the
Erev of the current lacking in CAR KO cells to +6.9 mV (Fig. 50 B, C, n = 21-25).
Furthermore, under these experimental conditions, the additional current recorded in Ad2
treated neurons also showed Erev at about +12.2 mV (Fig. 50 E, F, n = 16-18). The shift of
Erev to a more positive potential in both cases suggests that the CI" conductance was most
probably affected in CAR-deficient neurons and in cells treated with Ad2.

Consequently, these results also indicate that the Na* conductance is, most probably, not
involved in the observed changes in the membrane conductance.

Taken together, all data regarding passive CI" conductance, indicate that the CI" current
through the membrane is responsible for the observed differences in R, between CAR KO

neurons and WT neurons, and between Ad2 treated and control cells. The CI" conductance is
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therefore impaired in CAR-deficient neurons, whereas treatment with Ad2 enhances the CI’

current.
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Fig. 50: The shift of Erev to a more positive potential suggests that the CI" conductance is
involved in the current measured after treatment with Ad2 and in the current lacking in CAR
KO cells. (A) The I-V relationship under low CI"and Na* concentration conditions in WT and
CAR KO cells are presented. The recorded currents were smaller in CAR -/- neurons. (B) The
difference between the current recorded in WT and the current recorded in CAR KO cells
resulted in a current that reversed at + 6.9 mV (n = 21-25). (C) The shift of Erev of the current
missing in CAR KO cells is due to changes in extracellular CI" and Na* concentrations
(compare to Fig. 49 B, C). (D) The I-V relationship under low CI"and Na" is shown. The
recorded current was larger in Ad2 treated neurons. (E) The difference between the current
measured after treatment with Ad2 and the current in control cells resulted in a current which
reversed at + 12.2 mV (n = 16-18). (F) The shift of Erev of the additional current recorded
after treatment with Ad2 due to changes in extracellular CI"and Na* concentrations is shown
(compare to Fig. 49 E, F).

3.6.3 Characterization of the current obtained after Ad2 treatment and the

current that is missing in CAR KO cells.

As mentioned in chapter 3.6.2 the recorded CI" current showed an outward rectification. Such
a characteristic has been reported for the Ca®*- activated CI” current (Icica); Ca®*-activated CI
channels (CaCCs; Arreola et al., 2002; Eder et al., 1998; Herness and Sun, 1999; Matchkov et
al., 2004;Mignen et al., 2000; Nilius et al., 1997b; Schroeder et al., 2008; Zholos et al., 2005)
as well as for volume-regulated CI" current (Iciyvor; Volume-regulated CI" channels (VRCCs);
(Diaz et al., 1993;Kelly et al., 1994).

Due to the observations made and presented in Fig. 47 the involvement of CaCCs was
investigated. Measurements were performed under conditions that allow the recording of

mainly CI conductance. These recordings revealed an enhanced CI" current in Ad2 treated
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cells and a loss of outward rectification (Fig. 47 E, F). As mentioned above, outward
rectification depends on the concentration of intracellular Ca**. An increase in [Ca?*]; causes a
loss or a decrease of outward rectification. This observation provides the first evidence that
the measured CI" current might consists of a Ca**-activated CI" current and that Ad2 might be
able to influence the concentration of intracellular Ca?".

To address the question whether CaCCs might be involved in the measured CI” conductance,
the effect of intracellular Ca?* on the identified CI” current was investigated. CI” conductance
was measured under conditions of either free or high (2 mM) intracellular Ca?*
concentrations. The current-voltage (1-V) relationship under intracellular Ca®*-free conditions
yielded significantly lower amplitudes of the CI" current compared to high-Ca®* intracellular
concentrations (Fig. 51 A, B, n = 15-20). This result indicates that [Ca*]; is able to influence
the CI" conductance.

In addition to the [Ca**]i-dependency, the selectivity for halides of the measured CI” current
was investigated. It has been reported that Ca?*-activated chloride channels show a
characteristic permeability for halides: I > Br' > CI" > F* (Eggermont, 2004; Frings et al.,
2000; Greenwood and Large, 1999; Matchkov et al., 2004; Mignen et al., 2000; Rychkov et
al., 1998). Therefore, substitution experiments were carried out by replacing CI" ions by I or
Br ions in the IC solution and EC solution (CsBr-based IC/EC solutions; Csl-based IC/EC
solutions, Table 5-8). As shown in Fig. 51 C and D, substitution of CI" by Br” increased
current amplitudes (n = 12-15), but the pronounced outward rectification remained.
Furthermore, replacement of CI" by I", enhanced the CI" current even more than the current
increase observed with Br” ions (Fig. 51 E compared to D). These results are in agreement
with published reports (Eggermont, 2004; Frings et al., 2000; Matchkov et al., 2004).
Additionally, substitution of CI" by Br™ in WT cells (E10.5; n = 12) increased the CI
conductance (Fig. 52 A, B), whereas it had no effect on CAR-deficient neurons (Fig. 52C, D,
n = 10), confirming that the CI" conductance is, most probably, impaired in CAR-deficient
neurons.

The outward rectification and the modulation of the CI current by intracellular Ca®* and
halide ions suggests that the identified CI" conductance might consist of a Ca** activated CI

current.
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Fig. 51: Modulation of CI" conductance by intracellular Ca®* and halide ions. (A) Under
intracellular Ca**-free conditions (left trace) the CI" current was significantly smaller
compared to the current at 2 mM Ca?* concentration (right trace; Vi, = 0 mV). (B) The I-V
relationship of Cl current under Ca**-free and 2 mM Ca”* concentration conditions (n = 15-
20). (C-E) Replacement of CI by either Br (C, D) or I' (E) ions enhanced the CI" current (n =
12-15). A characteristic outward rectification remained (V, = 0 mV).
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Fig. 52: The substitution of CI" by Br™ ions had no effect on CI" conductance in CAR KO
neurons (E10.5). (A) Example traces of currents recorded in WT cells before CI” substitution
(left trace) and after replacement of CI" by Br~ (right trace) are shown. The replacement of CI’
by Br’ in recording solutions significantly enhanced CI- currents in control neurons (E15). (B)
Comparison of the 1-V relationship of CI" currents in WT cells before and after CI’
substitution is shown. (C) Example traces of currents recorded in CAR KO cells before (left
trace) and after substitution with Br™ (right trace) are shown. Replacement of CI" ions by Br
did not influence current in CAR KO cells. (D) The I-V relationship of recorded currents, in
CAR KO cells, was not changed by Br” ions. V, =0 mV.
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3.7 CAR-mediated increase of intracellular Ca%

3.7.1 Application of Ad2 induces an increase of intracellular Ca**

To support the hypothesis, that a Ca®* activated CI current contributes to the identified CI
current recorded after treatment with Ad2, intracellular Ca** levels were determined by
calcium imaging. Cells are loaded with the ratiometric fluorescent dye fura-2 which allows
microscopic detection of intracellular Ca®* concentrations. As mentioned in chapter 2.2.6.2,
changes in intracellular Ca®* levels are presented as ratio of AF/F,.

In the absence of Ad2, either a stable base Ca** concentration (baseline; Fg) or sometimes
spontaneously occurring Ca?* transients could be observed (Fig. 53 A, top trace). Application
of Ad2 briefly enhanced the frequency of spontaneous Ca®* transients and significantly
increased the intracellular Ca®* concentration (Fig. 53 A bottom trace, Fig. 53 B). The Ca?*
increase due to Ad2 occurred within seconds and lasted for over 10 min, gradually increasing
(Fig. 53 B), if Ad2 was not washed out (data not shown). Consistent with this result are
observations made by whole-cell patch-clamp recording. Application of Ad2 resulted in an
immediate increase of spontaneous postsynaptic currents (Fig. 53 C bottom trace). This effect
lasted for about one minute followed by a complete loss of synaptic activity. Most likely this
was caused by a continuous increase of [Ca®]; concentration, which enhanced the frequency of
postsynaptic currents followed by an extensive depolarization that does not allow further
synaptic events to arise. These patch-clamp recordings support the view that treatment with
Ad2 increases intracellular Ca?*.
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Fig. 53: Ad2 induces an increase of intracellular Ca?* concentration. (A) Control cells (top
trace) showed a stable base level of Ca®* concentration as well as spontaneous Ca®* transients.
Acute application of Ad2 increased the intracellular Ca** concentration and thus, the
frequency of spontaneous Ca”* transients. (B) For quantification, the ratio of AF (difference
between maximal Ca** increase and Fo) to the base Ca®* level (Fo) was plotted against
recording time (min). (C) Whole-cell patch-clamp recordings showed that the acute
application of Ad2 enhanced the frequency of spontaneous postsynaptic currents. (D) Ad2
effect on intracellular Ca?* is dependent on the presence of CAR. Acute application of Ad2
increases the intracellular Ca** concentration in WT cells (top trace, n = 6), but not in CAR -/-
neurons (bottom trace; n = 5). (E) For quantification, the ratio AF/F, was plotted versus the
recording time (min). (F) Whole-cell patch-clamp recordings confirmed that the Ad2 effect
was dependent on the presence of CAR. Acute application of Ad2 enhanced frequency of
spontaneous postsynaptic currents in WT cells (two top traces) but not in CAR KO neurons
(bottom traces).

In order to test whether the effect of Ad2 was dependent on the expression of CAR, Ad2 was
applied to cultivated CAR KO cells. Calcium imaging experiments revealed no increase in
intracellular Ca** in CAR KO cells after application of Ad2 (Fig. 53 D bottom trace, n = 5).
Furthermore, after treatment of CAR KO cells with Ad2 no change in the frequency of
spontaneous postsynaptic currents was observed, suggesting no increase in an intracellular
Ca’* concentration (whole-cell patch-clamp recordings, Fig. 53 F bottom trace, n = 4). In
contrast, treatment of WT cells with Ad2 increased the intracellular Ca** level (calcium
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imaging experiments, n = 6; Fig. 53 D top trace) and enhanced the frequency of spontaneous
postsynaptic currents (whole-cell patch-clamp recording, Fig. 53 F top trace, n = 6). These
results indicate that the effect induced by Ad2 requires the presence of CAR.

The increase of the Ca?* concentration induced by Ad2 was stronger in neurons from E15 in
comparison to E10.5 neurons (Fig. 53 B, E). This might reflect different stages of
differentiation, since neurons from E10.5 embryos showed a lower frequency of synaptic

currents.

3.7.2 Ad2 induces a release of Ca?* from intracellular stores

To address the question of by which mechanism Ad2 induces an increase in the intracellular
Ca’* concentration, further Ca** imaging experiments in the presence of pharmacological
reagents or Ca’* free EC solution were performed.
An increase in intracellular Ca?* concentration may be mediated by an influx of Ca®* through
VGCCs or by the release of Ca?* from intracellular stores. As shown in Fig. 54 B, blockage of
Ca®* influx from the extracellular side via VGCCs did not inhibit a rise of intracellular Ca*".
This suggests that extracellular Ca®* is not required for the effect mediated by Ad2 (see also
chapter 3.4.4).
Furthermore, no differences in Ca?* influx from the extracellular side through VGCCs in
CAR KO and WT neurons were observed. As shown in Fig. 55 A and B application of 40
mM KCI, which causes depolarization and influx of Ca?* from the extracellular side into the
cells, resulted in a similar increase in intracellular Ca?* in both cell types (WT n = 44 cells;
CAR KO n =48 cells). This is in agreement with data obtained by whole-cell patch-clamp
recordings (Chapter 3.4.3), which revealed similar properties of VGCCs in CAR KO and WT
cells, suggesting that these channels are not responsible for observed changes in membrane
conductance.
To test whether Ad2 mediates Ca”* release from intracellular Ca®* stores, Ca** release and
refill from intracellular Ca?* stores was blocked. There are two main groups of receptors
which lead to the release of Ca®* from stores if activated: IP3 receptors (IP3Rs; Hoesch et al.,
2002; Kato and Rubel, 1999; Nakamura et al., 2000; Poulsen et al., 1995; Yamamoto et al.,
2000) and ryanodine receptors (RyRs; Hoesch et al., 2002; Kato and Rubel, 1999; Poulsen et
al., 1995; Sandler and Barbara, 1999). Refill of intracellular Ca®* stores from the cytosol is
accomplished by the Ca**-ATPase pump (Kato and Rubel, 1999; Krizaj et al., 1999;
Nakamura et al., 2000; Poulsen et al., 1995; Sandler and Barbara, 1999; Shmigol et al., 1995).
Application of Ad2 to cells pre-incubated with blockers for Ca?* release and refill of stores
(Table 14) did not result in a Ca** increase (Fig. 54 C, D). Thus, blockage of intracellular
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stores abolished the effect of Ad2, suggesting that intracellular Ca?* is required for this
process.

This result raises the question of whether Ad2 influences an intracellular signaling pathway or
whether CAR acts directly on Ca®* stores.

In order to compare Ca®* release from intracellular Ca®* stores between CAR KO and WT
cells, Ca** release has to be activated. It has been reported that metabotropic glutamate
receptor (MGIuR) activation or muscarinic acetylcholine receptor (AChR) stimulation can
increase intracellular Ca** concentration via IP3- and ryanodine-sensitive Ca”* stores in
neurons (Bianchi et al., 1999; Congar et al., 1997; Fagni et al., 2000; Kato and Rubel, 1999;
Ohta et al., 2002; Rose and Konnerth, 2001; Sakaki et al., 1996; Simpson et al., 1996;
Yamamoto et al., 2000). Therefore, the release of Ca** from intracellular Ca** stores by
application of glutamate was investigated in CAR KO and WT cells. In the presence of
blockers for iontropic glutamatergic receptors (APV for NMDA receptors and DNQX for
AMPA and kainate receptors) acute application of glutamate (1 mM) would stimulate only
metabotropic glutamatergic receptors. Activation of mGIuRs evoked a Ca** increase in both
types of cells (Fig. 56 A). However, responses in CAR cells were smaller (although not
significantly) than in WT cells, suggesting that Ca?* stores might be affected in CAR-
deficient neurons (Fig. 56 B; WT n =18; CAR KO n = 22 cells).
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Fig. 54: Ad2 induces Ca** release from intracellular Ca?* stores. (A) Ad2 increases
intracellular Ca** concentration. (B) Blockage of VGCCs (Table 11) and Ca?*-free EC
solution did not prevent an increase of Ca** due to Ad2 (n = 44 cells). (C) Block of Ca®*
release (and refill) from intracellular stores (Table 14) abolished the effect of Ad2, indicating
that intracellular Ca®* stores are required in the process induced by Ad2 (n = 56 cells). (D)
Quantification of the Ad2 effect presented as the ratio of AF (difference between maximal
Ca®* increase at given time) to F (the base Ca*" concentration) plotted against time (min).
Ad2 was added at time 0.
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Fig. 55: VGCCs are not affected in CAR-/- cells. (A) Short application of 40 mM KCI to
CAR KO and WT cells resulted in a similar increase in intracellular Ca**, suggesting that
function of VGCCs is not impaired in CAR KO cells. (B) Quantification of the Ca®* increase
due to application of KCI (WT n = 44 cells; CAR KO n = 48 cells).
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Fig. 56: Activation of intracellular Ca?* stores in CAR KO and WT cells. (A) Example traces
of increasing [Ca*']; after application of 1mM glutamate in CAR KO (right trace) and WT
cells (left trace). (B) Glutamate-induced Ca* responses were smaller in CAR-deficient
neurons, which, however, did not reach statistical significance (WT n =18 cells; CAR KO n =
22 cells).

Final Reference

concentration

Target Blocker

IP3Rs u73122 20 uM (Hoesch et al., 2002) IP3,

Activation

2-aminoethoxydiphenyl borate
(2-APB)

100 pM

(Simpson et al., 1996)

(Sakaki et al., 1996)
(Ascher-Landsberg et al., 1999)
(Missiaen et al., 2001)
(Lievremont et al., 2005)
(Jaimovich and Carrasco, 2002)

PCL,
mAChR,
MGIuUR,
ATP

RyRs

Ryanodine

Dandrolene

25 uM

30 uM

(Hoesch et al., 2002)
(Irving et al., 1992)
(Sandler and Barbara, 1999)
(Kato and Rubel, 1999)
(Simpson et al., 1996)
(Fohrman et al., 1993)

Increase in
[Ca™];

Ca**-ATPase

Thapsigargin (TG)

1uM

(Poulsen et al., 1995)
(Simpson et al., 1996)
(Sandler and Barbara, 1999)
(Svichar et al., 1997)
(Sakaki et al., 1996)

Table 14: Modulators of intracellular Ca“" stores.
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In addition to VGCCs and intracellular Ca?* stores, intracellular Ca?* could change due the
activity of gap junctions. These channels allow the passage of ions or small molecules such as
short peptides or second messengers e.g. CAMP or IP3 (Bruzzone and Dermietzel, 2006;
Charles et al., 1991; Christ et al., 1992; Lampe and Lau, 2004; Rozental et al., 2001; Saez et
al., 1989; Sanderson et al., 1990). Gap junctions have also been shown to be essential for
spreading of Ca** waves and the coordination of Ca®* oscillations (Boitano et al., 1992;
Bruzzone et al., 1996; Bruzzone and Dermietzel, 2006; Charles et al., 1991; Stauffer et al.,
1991). Since the movement of IP3 seems to be very frequent rather than Ca?* itself, IP3 may
activate a Ca** release from intracellular stores by gap junction communication (Bruzzone et
al., 1996;Charles et al., 1991). However, application of the commonly used blocker for gap
junctions CBX (Table 12), did not inhibit the Ca?* increase evoked Ad2 (Fig. 57 B, C). This
result suggests that connexins do not participate in the Ad2 induced Ca?* elevation, which is
in agreement with results presented in chapter 3.5.1, showing no modulation of gap junctional
communication by Ad2.

Furthermore, the influence of different synaptic blockers on the Ad2 induced Ca®* increase
was analyzed. Application of TTX (100 pM), a blocker for voltage-gated Na* channels, which
are essential for action potentials, did not affect the Ca®" increase induced by Ad2 (Fig. 57 D,
E), further indicating that Na* channels are not involved in Ad2-mediated effects (see also
chapters 3.4.2).

The influence of blockers of GABAAa and glycine receptors on Ad2-mediated changes was
also studied. The application of the GABAA receptor antagonists biccuculine and picrotoxin
as well as the glycine receptor antagonist strychnine, did not influence changes in intracellular
Ca’* caused by treatment with Ad2 (Fig. 57 F, G). This result suggests that synaptic activity
mediated by GABAA or glycine channels do not participate in Ad2 induced Ca®* increase.
This finding is consistent with data presented in chapter 3.5.2, on Ad2-mediated changes in

membrane conductance.
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Fig. 57: Effects of different modulators on intracellular Ca** increase induced by Ad2. (A)
Increase in intracellular Ca?* due to the acute application of Ad2. (B) Treatment of cells with
the gap junction blocker CBX did not prevent Ad2-induced Ca?* increase. (C) Quantification
of the Ca®" increase caused by Ad2, before and after CBX treatment (n = 5 cells). The ratio of
AF/Fy plotted versus time (min) is shown. Ad2 was added at time 0. (D, F) Application of
TTX (D) and GABAA and gylcine receptor blockers (F) did not influence the effect of Ad2 on
intracellular Ca**. (E, G) Quantification of the Ca** increase due to Ad2 before and after
treatment with TTX (E, n = 27 cells) and blockers for GABAA and glycine receptors (G, n =
34 cells). Ratio of AF/F, plotted against time (min). Ad2 was added at time 0.

3.7.3 CAR-CAR mediated increase in intracellular Ca?

In order to test whether homophilic CAR-CAR binding, may influence the intracellular Ca?*
concentration, Ca?* imaging experiments using extracellular CAR domains were performed.
Application of 250 pg/ml of CAR-D1D?2 to cultivated cortical neurons (WT, E15, DIV 14)
resulted in an increase of intracellular Ca** (Fig. 58 A, B; n = 32 cells). Application of CAR-
D1D2 evoked a weaker Ca** response compared to Ad2 (compare Fig. 53 B or 54 D with Fig.
58 B).

Nonetheless, this result suggests that homophilic CAR-CAR interaction might mediate Ca**

signals between cells and thus might influence intracellular Ca®*-dependent pathways.
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Fig. 58: Application of an extracellular CAR fragment increases intracellular Ca?*. (A)
Application of 250 pg/ml of CAR-D1D?2 to cortical neurons (WT, E15, DIV 14) increased
intracellular Ca** concentration. (B) Quantification of Ca** increase due to CAR-D1D2 (DIV
14, n = 32 cells). Ratio of AF/Fy plotted against time (min).

3.8 Ad2 disturbs homophilic CAR-CAR interaction

Ad2 binds to the first Ig domain of CAR (D1; Bewley et al., 1999; Xia et al., 1994; Xia et al.,
1995) with a higher affinity than CAR to itself (Freimuth et al., 1999; van Raaij et al., 2000;
Walters et al., 2002). Binding of Ad2 to CAR inhibits CAR-CAR homotypic interaction
(Walters et al., 2002), resulting in a disruption of CAR-mediated cell-cell contacts.

In order to test long-lasting effects of Ad2 on cultivated neurons, 500 pg/ml of Ad2 was
added to dissociated chick telencephalic and tectal chick neurons and then cultivated for 48
hours. Application of Ad2 resulted in the formation of less aggregates compared to control
conditions (cells cultivated without Ad2; Fig. 59 A). The number of cells in aggregates was
significantly lower in cultures treated with Ad2 (Fig. 59 B). Furthermore, the total sum of
neurite length measured per view field significantly increased in Ad2 treated cells in
comparison to control cultures (Fig. 59 A, C). These results suggest that Ad2 might disrupt
homophilic CAR-CAR interaction between neurons. The increased neurite length might be a
result of an Ad2-specific induced neurite outgrowth mechanism or of an inhibited cell-cell
adhesion, allowing neurites to extend on the immobilized laminin.

A similar observation was made after application of Ad2 (500ug/ml) to cultivated cortical
mouse neurons (E15, WT, 48 hours in culture). Ad2 treated cells showed a significantly lower
number of aggregates (Fig. 59 D, E) and a higher total number of measured neurite length
(not significant, Fig. 59 D, F).
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Fig. 59: Disruption of homophilic CAR-CAR binding by treatment with Ad2. Application of
500 pg/ml of Ad2 to the chick (A-C) or to the mouse (D-F) neuronal cell culture resulted in a
significantly lower number of cells forming aggregates (chick: A, B, mouse: D, E) and a
significantly higher sum of total length of measured neurites in chick neurons (C) and a
higher, however, not significantly, sum of total neurite length in mouse neurons (F).
Abbreviation: fv — field of view

3.9 Consequences of the absence of CAR on synaptic activity and

on action potential generation

3.9.1 Changes in passive membrane properties in CAR-deficient neurons

and Ad2 treated cells affect action potential generation

Neurotransmitter release at synapses is caused by APs and therefore APs are important for
fast communication between neurons. The properties, as well as the density of voltage-gated
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Na" and K* channels have been reported to play an essential role in the generation and
propagation of APs (Kole et al., 2008; Rothe et al., 1999; Viswanathan and Balser, 2004).
Passive membrane properties play an important role in the establishment and maintenance of
the RMP and thus determine whether membrane depolarization due to synaptic input reaches
a critical threshold voltage, resulting in an AP or not. Thus, considering the changes in
membrane resistance in the absence of CAR, changes in the electrotonic membrane properties
and a change in firing pattern of neurons could be expected.

The generation and the firing frequency of APs in CAR-deficient neurons and in Ad2 treated
neurons were therefore investigated. Two different approaches were chosen. Spontaneous
APs were recorded in the current-clamp mode at the physiological V, or alternatively APs
were evoked by prolonged square pulse current injections (20 steps, each 20 pA for 200 ms).
A significantly higher frequency of spontaneous APs was observed in CAR KO cells than in
WT cells (Fig. 60 A, B, n = 34-36; p < 0.05). Similar to this result, the frequency of APs
evoked by current injection was also significantly higher in CAR-deficient neurons (Fig. 60 E,
F). In contrast, cells treated with Ad2 showed a significantly lower firing frequency of
spontaneous APs compared to controls (Fig. 60 C, D; n = 27-28) as well as a significantly
lower frequency of evoked APs by current injection (Fig. 60 G, H; p < 0.05). Thus, cells with
higher R, and lower membrane conductance (CAR KO cells) showed higher frequency of
recorded APs, whereas cells with low Ry, and larger membrane conductance (Ad2 treated
cells) yielded a lower frequency of APs. These data suggest that a higher Ry, and a less leaky
cell membrane results in a higher frequency of APs (Barrett and Crill, 1974; Yang et al.,
2005). Enhanced membrane conductance, through passive ion channels, causes a decrease in
depolarization magnitude due to the loss of current through the membrane, and thus does not
allow reaching the threshold potential required for the generation of action potentials.
Moreover, as mentioned in chapter 3.4.1 and 3.4.2, the properties of voltage-gated Na* and K*
ion channels, which are essential for the generation of APs, were neither changed in CAR-
deficient neurons nor in Ad2 treated cells, suggesting that the observed differences in
frequency of APs were indeed due to changes in passive membrane conductance and not due
to properties of voltage-gated ion channels.
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Fig. 60: CAR-deficient neurons showed higher firing frequency than WT cells, whereas in
Ad2 treated cells a lower number of APs could be recorded. (A, E) Example traces of
spontaneous APs (A) and injected APs (E) recorded in CAR-deficient neurons (right trace)
and WT cells (left trace) are shown. (B, F) CAR KO cells showed a significantly higher firing
frequency of both spontaneous APs (B) and injected APs (F) than WT cells (DIV 16-18, n =
34-36). (C, G) Example traces of spontaneous APs (C) and injected APs (G) recorded in Ad2
treated neurons (right trace) and control cells (left trace) are shown. (D, H) Firing frequency
of spontaneous APs (D) and injected APs (H) recorded in Ad2 treated cells was significantly
lower compared to the control cells (DIV 14, n = 27-28).

3.9.2. The absence of CAR influences neuronal network activity

To address the question of whether the absence of CAR might influence synaptic
communication, cultivated CAR-deficient neurons were used to study the development of
synaptic activity that might reflect the maturation of the neuronal networks and the properties
of postsynaptic currents. Synaptic events recorded by whole-cell patch-clamp recordings in
the voltage-clamp mode, represent neurotransmitter-mediated intercellular communication.
Inhibitory and excitatory postsynaptic current as well as spontaneous (AP- dependent and -

independent) or miniature (AP-independent) postsynaptic currents and their properties were
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analyzed in CAR-deficient neurons at different cultivation periods and compared with WT
cells.

Current amplitudes, frequency and kinetic properties (10-90 % rise time and decay time
constant) of synaptic events were measured and analyzed. The amplitude and the frequency of
synaptic currents indicates the amount and at which rate the neurotransmitter or vesicle is
released from the presynapse as well as giving hints about the functionality of postsynaptic
receptors.

Kinetic properties of synaptic events were investigated to test whether the structure and/or
composition (organization) and sensitivity of channels mediating recorded synaptic currents
might be affected in CAR KO cells (Clements et al., 1992; Gardner et al., 1999; Hollmann et
al., 1991; Jones and Westbrook, 1997; Maconochie et al., 1994; Magleby and Stevens, 1972;
Melnick, 1993; Melnick and Baev, 1993; Rubio and Wenthold, 1997; Trussell and Fischbach,
1989).

Recorded postsynaptic currents were distinguished by application of appropriate synaptic
receptor blockers (Table 9, 15).

3.9.2.1 Excitatory postsynaptic currents show a higher frequency in CAR-

deficient neurons

After 10 DIV cultivated neurons (E10.5) began to display spontaneous excitatory postsynaptic
activity (SEPSCs; Fig. 61 A, B). In order to distinguish spontaneous excitatory events from
inhibitory currents, recordings were performed in the presence of biccuculine, a GABAA
receptor antagonist (Table 15). Recorded currents were inward at a negative holding potential
(Vr=-70 mV), having a rapid rising phase (rise time) followed by a slower decay with the
time constant (tau) of a few milliseconds (Fig. 61 C, D).

The averaged peak amplitudes of recorded SEPSCs were very similar in CAR KO and WT
cells (Fig. 61 A). The mean amplitudes, which appeared at DIV 10, resembled those of more
mature neurons at DIV 24 (Fig. 61 A). In contrast to the developmental stability of SEPSC
amplitudes, the SEPSC frequency showed an explicit change, increasing progressively during
the cultivation period. Moreover, the frequencies of recorded SEPSCs were significantly
higher in CAR-deficient neurons than in WT cells (Fig. 61 B). At prolonged cultivation
periods, a characteristic burst pattern of recorded currents was often observed (Fig. 61 G). The
burst activity occurred more frequently in CAR KO cells than in WT neurons.

Furthermore, the kinetic properties of recorded SEPSCs were investigated. A 10-90 % rise
time and the decay time constant (tau) revealed no significant differences between CAR KO
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and WT neurons (Fig. 61 C, D), suggesting that there are no changes in the channel properties

between both genotypes. Both, the rise time and tau of SEPSCs increased to a similar extent

during the cultivation period.

Synaptic currents Blocker Blockage of Final concentration
spontaneous Excitatory Postsynaptic Biccuculine GABA receptors 20 uM
Currents (SEPSCs)
miniature Excitatory Postsynaptic TTX Voltage-gated Na™ channels | 100 uM
Currents (MEPSCs) Biccuculine GABA, receptors 20 uM
spontaneous Inhibitory Postsynaptic DNQX AMPA/kainate receptors 10 uM
Currents (SIPSCs)
miniature Inhibitory Postsynaptic TTX Voltage-gated Na™ channels | 100 uM
Currents (mIPSCs) DNQX AMPA/kainate receptors 10 uM
Table 15: Blockers for synaptic receptors.
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Fig. 61: Spontaneous excitatory postsynaptic currents (SEPSCs) showed a higher frequency in
CAR KO cells compared to WT cells. (A) Amplitudes of recorded currents were similar in
both genotypes. (B) CAR-deficient neurons showed a significantly higher frequency of
SEPSCs compared to WT cells throughout the cultivation period. The frequency of recorded
currents increased progressively during the cultivation period. (C, D) The kinetic properties of
measured SEPSCs events were similar in both WT and KO cells. Both, the rise time value (C)
and tau (D) increased during the cultivation period. (E, F) Example traces of recorded sEPSC
in CAR-deficient neurons (F) and WT neurons (E). (G) Example traces of burst activity of
SEPSCs recorded in CAR KO cells (A-D: DIV 10-2 n = 20-21, DIV 14-16 n = 20-22, DIV 20-

25 n = 25-34).
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Similar to results obtained for SEPCSs, recordings of miniature postsynaptic currents
(mEPSCc) revealed a significantly higher frequency in CAR KO cells compared to WT cells
(Fig. 62 B). Although the frequency of mEPSCs progressively increased during the
cultivation period (Fig. 62 B), mEPSCs showed a lower frequency than sEPSCs, since
mMEPSCs contain only AP-independent events, whereas SEPSCs consist of both AP-dependent
and independent currents (Table 15).

The averaged amplitude, rise time and decay time revealed no differences between CAR KO
and WT cells (Fig. 62 A, C, D). Similar to SEPSCs, the rise time and tau of mEPSCs
increased, whereas the amplitude remained stable during the cultivation period.

The obtained results, which reveal an increase in the frequency and changes in the kinetic
properties, but no increase in the amplitude, were in agreement with published reports
(Blanton et al., 1989; Blanton and Kriegstein, 1991b; Brown and Johnston, 1983; Johnston
and Brown, 1983; McCormick and Prince, 1987; Sommer et al., 1990).

Table 16 presents the success rate of recorded currents (% of cells with synaptic activity in

proportion to all recorded cells) in both cell types. No significant differences were observed.
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Fig. 62: The frequency of mEPSCs was significantly higher in CAR KO cells. (A)
Amplitudes of recorded currents were similar in both types of cells. (B) CAR-deficient
neurons showed a significantly higher frequency of mEPSCs. The frequency of recorded
currents increased during the cultivation period. (C, D) Kinetic properties of recorded
MEPSCs events were similar in both WT and KO cells. Both the rise time value (C) and tau
(D) increased during the cultivation period. (E, F) A burst pattern of SEPSCs was often
observed in CAR KO cells (F), but only rarely in WT cells (E; A-D: DIV 10-25 n = 20-25).
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mMEPSCs SEPSCs mIPSCs sIPSCs
DIV WT CAR -/- WT CAR -/- WT CAR -/- WT CAR -/-
7-8 41 % 50 % 54 % 39 %
10-14 25 % 28 % 28 % 25 % 82 % 40 % (*) 77 % 65 %
16-20 45 % 48 % 47 % 48 % 90 % 75 % 89 % 2%
20-24 58 % 60 %

Table 16: Success rate of cells with synaptic currents (** p < 0.05 chi® test)

3.9.2.2 Inhibitory postsynaptic currents show a lower frequency in CAR-

deficient neurons

Spontaneous inhibitory postsynaptic currents (SIPSCs) appeared after 7 days in culture, earlier

than SEPSCs. Recorded currents at V,=-70 mV were inward and showed a rapid rise time,

but a much longer decay time compared to SEPSCs (Fig. 61 D compared to 63 D). In contrast

to SEPSCs, the sIPSCs showed a change in the mean amplitude during the cultivation period

(Fig. 61 A, B compared to Fig. 63 A, B). The decay time constant (tau) decreased within time

(Fig. 63 D). These results were in accordance with published reports (Blanton et al., 1987;
Blanton and Kriegstein, 1991a; Blanton and Kriegstein, 1991b; Hahm et al., 2005;Melnick,

1993).

The amplitude (Fig. 63 A) and frequency (Fig. 63 B) of recorded sIPSCs were significantly

higher in WT cells compared to CAR-deficient neurons. These findings might be a result of

impaired synaptic properties, or of a lower success rate of recorded currents in CAR KO cells

(Table 16). Rise time (Fig. 63 C) and tau (Fig. 63 D) of recorded sIPSCs yielded no

differences between CAR KO and WT cells.
Similar to results obtained for sIPSCs, recordings of miniature inhibitory postsynaptic

currents (mIPSCs) revealed a higher amplitude and frequency in WT cells compared to CAR-

deficient neurons (Fig. 64 A, B) whereas the kinetic properties of recorded currents were

similar in both cell types (Fig. 64 C, D).

No differences in the Kinetic properties of either IPSCs or EPSCs between CAR KO

cells and WT cells could be observed, suggesting no changes in the properties of ion channels

mediating these currents. Tau was much shorter in EPSCs than in IPSCs and increased during

cultivation period in contrast to IPSCs (Fig. 61-64).
The frequency of recorded EPCS, in both CAR KO and WT cells, was much higher

than that of IPSCs although IPSCs occurred earlier in the culture. Interestingly, the frequency
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of recorded EPSCs in CAR-deficient neurons was significantly higher than in WT cells, while
the frequency of recorded IPSCs was significantly lower, suggesting that the absence of CAR

causes an imbalance in the ratio of inhibitory and excitatory synaptic activity.
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Fig. 63: CAR-deficient neurons revealed lower amplitude and frequency of sIPSCs. (A, B)
Averaged amplitudes (A) and frequency (B) of recorded sIPSC were smaller in CAR-
deficient neurons compared to WT cells. (C, D) No significant differences were observed in
kinetic properties. The rise time (C) showed a slightly increasing trend during cultivation
period, while tau (D) decreased. (t test: * for p < 0.05, DIV 7-8 n = 18-20, DIV 10-14 n = 34-
35, DIV 16-20 n = 46)
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Fig. 64: CAR-deficient neurons revealed a lower amplitude and frequency of mIPSCs. (A, B)
Averaged amplitudes (A) and frequency (B) of recorded mIPSC were smaller in CAR-
deficient neurons compared to WT cells. Amplitude and frequency increased within the
cultivation period in both cell types. (C, D) No significant differences were observed in
kinetic properties: rise time (C) and tau (D) were similar in both genotypes (DIV 7-8 n = 20-
21, DIV 10-14 n = 35-36, DIV 16-20 n = 59-75).
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4. Discussion

The aim of this study was to investigate the physiological function of CAR in cultivated
neurons. The CAR protein was identified as a cell surface protein enabling coxsackie viruses
B and a number of adenoviruses to attach to host cells (Bergelson et al., 1997; Carson and
Chapman, 2001; Mapoles et al., 1985; Tomko et al., 1997), however its physiological function
is largely unknown, especially in the developing nervous system. CAR seems to be involved
in many different cellular processes (Anders et al., 2003; Bowles and Towbin, 1998; Coyne et
al., 2004; Excoffon et al., 2004; Fuxe et al., 2003; Honda et al., 2000; Okegawa et al., 2001,
Zen et al., 2005). CAR as a cell-cell adhesion molecule (Bruning and Runnebaum, 2003;
Cohen et al., 2001; Honda et al., 2000; Mirza et al., 2006) plays an essential role in heart
development (Asher et al., 2005; Chen et al., 2006; Dorner et al., 2005) and appears to be
associated with TJs (Cohen et al., 2001; Raschperger et al., 2006). An important role of CAR
during the development of the nervous system has also been suggested because of its strong,
developmentally regulated expression pattern (Honda et al., 2000). However, no specific
function of CAR has been characterized so far.

In the present work an electrophysiological approach was chosen to investigate the role of
CAR in developing neurons. The aim was to characterize CAR-deficient telencephalic
neurons prepared at E10.5 and compare them to WT neurons. Different passive and active
membrane parameters and synaptic currents were investigated in order to test the
consequences of CAR absence on neuronal membrane properties and network formation. In
parallel the effects of proteins binding to CAR such as the fiber knob of adenovirus (Ad2) and
antibodies against CAR were investigated. These proteins might modulate the function of
CAR and thereby help to characterize its function.

4.1 The absence of CAR results in an increased R,

Whole-cell patch-clamp recordings revealed a significantly higher Ry, in CAR-deficient
neurons than in WT cells (E10.5; Fig. 18). This result suggests that the absence of CAR, and
thus CAR-mediated interactions, influences passive membrane properties such as leak
conductance at the RMP.

On the other hand, treatment of cortical neurons with Ad2 which binds directly to CAR,
showed an opposite effect and resulted in a significantly lower Ry, (Fig. 19). The Ad2 effect is
CAR-dependent, because Ad2 influenced the Ry, in WT cells, but not in CAR KO cells (Fig.
20). These results suggest that specific binding of Ad2 to CAR induces an intracellular
mechanism which results in a lower Ry, whereas in the absence of CAR this intracellular
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process can not be induced (does not exist). Differences in Ry, in both CAR-deficient neurons
and Ad2 treated cells remained significant during all analyzed cultivation periods, even
though R, decreased over the cultivation periods. This general decrease of Ry, due to the
maturation of cells during the cultivation period is in agreement with published reports
(Cameron and Nunez-Abades, 2000; Hohnke and Sur, 1999; McCormick and Prince, 1987;
Ramoa and McCormick, 1994; Tepper and Trent, 1993). Other parameters such as
capacitance and properties of voltage-gated ion channels were not affected, suggesting that
changes in Ry, were not due to delayed (e.g. in CAR KO cells) or accelerated (e.g. by Ad2)
differentiation of cells. Furthermore, differences in the calculated specific Ry, (Rnm specific;
Fig. 19, 20), representing R, in relation to cell size (capacitance, Cp), indicate that changes in
Rm were not due to different cell size (Kandel et al., 1996; Zomorrodi et al., 2008). The
affected R, in CAR KO and Ad2 treated neurons represents changes in passive membrane
properties (see chapter 4.2).

As mentioned in the introduction, Ad2, the most distal part of adenovirus, binds directly to
D1, the membrane distal Ig domain of CAR, and initiates CAR-mediated internalization of the
virus into the host cell (Bewley et al., 1999; Freimuth et al., 1999; Kirby et al., 2000;
Roelvink et al., 1999; Wang and Bergelson, 1999). At normal physiological conditions,
without virus infection, D1 mediates homotypic CAR-CAR interaction between two adjacent
cells (Excoffon et al., 2005; Jiang et al., 2004; van Raaij et al., 2000, Patzke et al., 2009,
submitted). Thus, the fiber knob of adenovirus (Ad2) uses the same surface of the D1 domain
for binding CAR as CAR uses for the formation of a CAR homodimer (Excoffon et al., 2005;
van Raaij et al., 2000). Binding of Ad2 to CAR might therefore mimic homophilic CAR
binding. Surprisingly, application of extracellular CAR domains D1 and/or D2, to cortical
neurons did not influence the Ry, (Fig. 23). This could be explained by the fact that Ad2 binds
with 1000-fold greater affinity to CAR than CAR does to itself (van Raaij et al., 2000) and the
effect of Ad2 might be much stronger and thus more easily detectable in contrast to CAR
domains. Additionally, fiber knob is a trimetric protein and has three identical binding sites
for CAR D1 which can be occupied simultaneously (Bewley et al., 1999; Lortat-Jacob et al.,
2001; Xia et al., 1995) and therefore might result in a clustering of CAR polypeptides on the
same membrane. Nevertheless, it is also possible, although Ad2 and CAR bind to the same
D1 domain, that both proteins evoke different intracellular effects. Under normal
physiological conditions CAR domains are involved in contact formation between cells,
whereas Ad2 disrupts cell-cell contacts. Thus, the effects mediated by Ad2 or by CAR
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domains may be different or may show a different magnitude and may therefore not be
detectable by the same method.

Furthermore, antibodies against CAR (Rb80; Fig. 22) were applied to cortical neurons in
order to test their effect on passive membrane properties. After 1h pre-incubation with anti-
CAR ABs, neurons showed a significantly higher Ry, and higher Ry, specific compared to
control cells (Fig. 22 D, F). The effect of anti-CAR ABs was similar to the observation made
in CAR-deficient neurons (Fig. 18), suggesting that the anti-CAR ABs block the interaction of
CAR with other proteins and thus might prevent the induction of CAR-mediated intracellular
signaling pathways, which would be activated by binding of physiological interaction partners
(e.g. D1, Ad2). Similarly, the absence of CAR also prevents all CAR-mediated processes. In
both cases, blockage of CAR-mediated intracellular cascades resulted in changes of passive
membrane properties and an increased Ry, Alternatively, binding of Ad2 to CAR might
induce an intracellular pathway resulting in the decrease of Rn. Thus, interaction of Ad2 with
CAR would evoke opposite effects compared to these observed in absence or blockage of
CAR.

In addition, the effect of fibronectin — also a ligand of CAR (Patzke et al., 2009, submitted) -
on R, was investigated (500 pg/ml, 1h preincubation, data not shown). Fibronectin binds to
the D2 domain of CAR (Patzke et al., 2009, submitted). As observed for D1 or D2, no
differences in the Ry, could be observed in the presence of fibronectin.

These results suggest that an Ad2-induced decrease in Ry, is an Ad2-specific effect.

4.2 Possible reasons for the measured changes in R, in the
absence of CAR or after treatment with Ad2

The membrane resistance (Rm; input resistance) represents the relationship between current (1)
flowing through the membrane and the voltage (V, potential) across the membrane. How
much current flows through the membrane at a given potential depends on the number of ion
channels and transport proteins, which are incorporated in the neuronal membrane. The higher
the number of active channels, the more current will flow and the lower Ry, will be (and Ri,
specific). Thus the Ry is inversely proportional to membrane conductance (g; Rm = 1/g,
chapter 1.6.2; Hammond, 2001; Kandel et al., 2000).

A significantly higher Ry, (and Rn, specific) in CAR-deficient neurons indicates a
lower membrane conductance, suggesting a lower number of ion channels in the membrane or

altered properties of ion channels. On the other hand, the significantly lower Ry, in Ad2
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treated cells suggests enhanced membrane conductance and might indicate a positive effect of
Ad2 on ion channel activation (opening probability).

Changes in Ry, were observed at the RMP, when no voltage-gated ion channels are
activate (linear 1-V plot in Fig. 18 C and 19 C), suggesting that the difference in Ry, represents
altered leak (resting) membrane conductance. Therefore, to characterize the increased R, in
the absence of CAR I investigated the ionic conductance (Na*, K*, CI" and Ca®*) across the
neuronal membrane and | characterized specific ion channels, transport proteins and pumps,
which are directly and non-directly involved in the establishment and maintenance of the
RMP.

4.2.1 Voltage-gated and neurotransmitter-gated channels are not
modulated by CAR

Voltage-gated K*, Na* and Ca** channel properties were investigated in WT and CAR KO
neurons as well as in control and Ad2 treated cells. No differences in the maximal voltage-
gated K*, Na* or Ca** currents, their current density or their activation voltages could be
observed between CAR-deficient and WT neurons, as well as between Ad2 treated and
control cells (Fig. 24-32). Furthermore, the blockage of these currents did not influence the
differences in R, in CAR-deficient and Ad2 treated cells (Fig. 28; 45). These results suggest
that voltage-gated K*, Na" and Ca?* channels are not involved in the observed R, changes.
Similar to voltage-gated ion channels, neurotransmitter—gated receptors (ionotropic and
metabotropic receptors) are, most probably, also not implicated in Ry, differences between
CAR KO and WT neurons, and Ad2 treated and control cells (blockage of GABAA receptors
did not influence Ry, differences, Fig. 39). Neurotransmitter-gated channels open only when a
neurotransmitter is bound; otherwise they are closed at the RMP. In none of the experiments
conducted neurotransmitters were applied and therefore no activation was evoked. If there
was a spontaneous release of neurotransmitters in cultivated neurons, it occurred uncontrolled
and independently in WT, but also in CAR-deficient neurons (see chapter 3.9.2). Furthermore,
spontaneous synaptic activity at DIV 7 is very rare, but the observed differences in R, at this
stage are highly significant, suggesting that spontaneous synaptic activity is not implicated in
the modulation of Ry, In addition, neurotransmitter-gated channels open only for a very short
time (ms). This time scale is too short to permanently influence (change) Ry,. Thus,
neurotransmitter-gated channels seem not to be able to determine passive membrane
properties (Kandel et al., 2000; Purves et al., 2008).
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4.2.2 Gap junctions are not involved in observed changes in R, in CAR-

deficient neurons and Ad2 treated cells

As mentioned in chapter 3.5.1 gap junction proteins were investigated because of several
reasons pointing towards a possible interaction between CAR and connexins.
Pharmacological treatment with several gap junction blockers (Table 12) increased Ry, in WT
but not in CAR KO cells (Fig. 33 A, B). Furthermore, carbenoxolone (a gap junction blocker)
was able to partly abolish the effect that Ad2 had on Ry, (Fig. 33 C). These results suggest that
connexins might be absent or not functional in CAR KO cells and that they might be involved
in the Ad2 induced effect on Ry,. However, aside from these pharmacological findings, no
further evidence for gap junction implication in the function of CAR could be found. Western
blot analysis and immunocytochemical stainings showed similar expression patterns of
different connexins (Cx32, Cx36, Cx43) in CAR KO and WT tissues and cultivated neurons,
suggesting that connexins are also present in CAR-deficient cells (Fig. 33). Dye spreading and
electrical coupling performed in parental HeLa cells and stably transfected HeLa cells with
connexin 36 or 43 were not influenced by Ad2 (Fig. 34-38). Additionally, several side effects
of gap junction blockers have been reported, describing their influence on e.g. Ca** or CI
channels (Leshchenko et al., 2006; Marcet et al., 2004; Reyes et al., 2009; Ross et al., 2000;
Rouach et al., 2003; VVapaatalo et al., 1978; Vessey et al., 2004; Yang and Ling, 2007).
Therefore, the results obtained using gap junction blockers may be due to blockage of
different channels and/or conductance and do not give sufficient evidence for implication of
gap junction in the function of CAR. The involvement of connexins in CAR-mediated

processes in cultivated neurons thus seems to be unlikely.

4.2.3 The Na'/K*-ATPase pump is functional in CAR KO cells

As mentioned in chapter 3.5.3 the Na'/K*-ATPase pump was considered in this study for
several reasons including the possibility that CAR might indirectly modulate the Na*/K*-
ATPase pump via agrin. Therefore the expression pattern of the Na*/K*-ATPase pump and its
functionality in CAR-deficient neurons was studied. Immunocytochemical staining with
antibodies against the a3 subunit of the Na*/K*-ATPase pump (expressed in neurons,
Hilgenberg et al., 2006; Peng et al., 1997) revealed an abundant expression and a similar
distribution in cultivated CAR KO and WT neurons (Fig. 40). Treatment of cells with
ouabain, a common blocker of the Na*/K*-ATPase pump (Michael et al., 1978; Saghian et al.,
1996; Schwartz et al., 1975) increased Ry, in WT, but not in CAR KO cells (Fig. 41 D),
suggesting that, although the Na*/K*-ATPase is expressed, it may not be functional in CAR-

132



deficient neurons. However, application of ouabain to CAR KO and WT cells increased the
frequency of spontaneous postsynaptic currents in both genotypes, suggesting that the protein
is also active in CAR-deficient neurons (Fig. 41 E). These results indicate that the Na'/K"-
ATPase pump is expressed and moreover functional in CAR KO cells. The Na*/K*-ATPase
pump is thus unlikely to be the reason for the significantly higher R, in CAR-deficient
neurons. Additionally, although an ouabain induced increase of the Ry, has been reported
(Matsumoto et al., 2008; Planelles and Anagnostopoulos, 1987), other reports describe an
opposite effect on Ry, or a dose-dependent effect of ouabain (Albrecht et al., 2005; Bonsi et
al., 2004; Molnar et al., 1999; Saghian et al., 1996). These discrepancies may be due to the
fact that the Na'/K'-ATPase pump triggers a complex scenario of cellular events and thereby
affects numerous physiological functions. Blockage of the Na'/K*-ATPase pump leads to an
imbalance in Na* and K* concentrations across the membrane and thus to an increase in Vi,
(Matsumoto et al., 2008; Molnar et al., 1999), which in turn influences synaptic activity
(Glushchenko and lIzvarina, 1997; Reich et al., 2004; Scuri et al., 2007; Wyse et al., 2004) and
membrane conductance e.g. of CI" (Dierkes et al., 2006; Sacchi et al., 2007; Saghian et al.,
1996). Thus, the observed effect of ouabain on Ry, in WT cells may actually be a secondary

effect of ouabain resulting from altered membrane conductance due to blockage of the pump.

4.2.4 Hyperpolarization-activated currents are altered in CAR KO cells
and Ad2 treated cells

The electrophysiological identification of HCN channels is not simple due to their complex
and unspecific properties. In order to test whether HCN channels may be altered in CAR-
deficient neurons or in Ad2 treated cells hyperpolarizing voltage steps were applied to the
membrane of CAR-deficient and WT neurons and Ad2 treated cells. HCN current recorded in
CAR-deficient neurons revealed lower amplitudes compared to WT cells (Fig. 43), whereas
the HCN current recorded in Ad2 treated cells showed higher amplitudes compared to control
cells (Fig. 44). Only maximal currents were significantly different between both genotypes
and between Ad2 treated and untreated cells. Application of the commonly used blocker
ZD7288 (Bedner et al., 2006; Felix et al., 2003; Gasparini and DiFrancesco, 1997; Gonzalez-
Iglesias et al., 2006) reduced the current in WT, but not in CAR KO cells (Fig. 43). After
treatment with the commonly used HCN channel enhancer, gabapentin (Lin et al., 2009;
Wickenden et al., 2009), only a slight increase in the current amplitude in control cells (E15)
was observed (Fig. 42). These results are not sufficient to conclude whether HCN channel
function is impaired in CAR KO cells or whether it is directly influenced by Ad2.
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Application of ZD7288 blocked 52.2% of the measured current, whereas gabapentin could
only slightly increase the amplitude (6.6%), suggesting that, most probably, the measured
current consisted also of other currents. Thus, the observed differences in the recorded current
between CAR KO and WT cells or control and Ad2 treated cells might not be due to
differences in HCN channel properties. Besides HCN channels, other channels have been
reported to become activated at highly negative membrane potentials: e.g. members of the
KIR superfamily, inwardly rectifying potassium channels (Abraham et al., 1999; Clark et al.,
1998) or hyperpolarization-activated CI" channels (Clark et al., 1998; Smith et al., 1995;
Tarran et al., 2000). Therefore, it is difficult to conclude whether HCN channels are involved
in CAR-mediated changes in membrane properties or whether the observed differences in
membrane conductance at high negative membrane potentials, in CAR KO cells and Ad2

treated cells, result from current flowing through other ion channels.

4.2.5 Analysis of ion flow across the neuronal membrane in the absence
of CAR

Investigating particular ion channels and transport proteins may be helpful to characterize
neuronal properties of CAR-deficient neurons and Ad2 treated cells. However, the high
diversity of these proteins, their complexity, unspecific ionic properties and an often
unspecific pharmacology make it difficult to electrophysiologically identify the protein which
is responsible for observed changes in Ry,. Therefore, another approach for further
investigation was chosen. Using different intra- and extracellular solutions during patch-
clamp recordings, conductance of a single ion type through the membrane was investigated.

4.2.5.1 K* conductance is not responsible for higher R, in CAR KO cells

The neuronal membrane at the RMP is most permeable for K* ions (Hammond, 2001; Kandel
et al., 2000) and therefore K* conductance was investigated. Blockage of K* conductance, by
removal of K* ions from the IC solution, resulted in a slight increase in Ry, in both CAR-
deficient and WT cells, as well in Ad2 treated and untreated cells, indicating that K*
conductance was efficiently blocked and plays an important role in the establishment of the
Rm (Cameron et al., 2000; Crill and Schwindt, 1983). However, after removal of K* from the
cell, the differences in R, between CAR KO and WT, cells as well as between Ad2 treated
and control cells, still remained significant (Fig. 45). This suggests that K*, although generally
implicated in the establishment of the Ry, is not responsible for CAR-mediated differences in
Rm.
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These results would also suggest that the afore mentioned HCN channels, permeable for K*
ions, are unlikely to be involved in the observed changes in Rp,.

4.2.5.2 CI" conductance is impaired in CAR KO cells and enhanced in Ad2
treated cells

Experiments presented in chapter 3.6.2 provide evidence that CI" conductance is responsible
for the observed changes in Rn,. Recordings made under CI™ free conditions (removal of CI
from IC solution) revealed no difference in R, between CAR KO and WT cells (Fig. 46 A, B)
and no reduction of Ry, after treatment with Ad2 (Fig. 46 C, D). On the other hand, under
conditions when mainly CI" conductance was measured (blockage of other conductances by
application of blockers) CAR-deficient neurons showed significantly lower current
amplitudes compared to WT cells (Fig. 47 A-C), whereas currents measured in Ad2 treated
cells were significantly larger than in control cells (Fig. 47 D-F). Blockage of CI” currents, by
application of commonly used CI" channel blockers (DIDS, NPPB), reduced the current in
WT, but not in CAR KO neurons (Fig. 48 C, D). Furthermore, under conditions when all ion
conductances were possible, subtraction of the measured current in WT neurons, from the
current recorded in CAR KO neurons, resulted in electrophysiological identification of a
current, which does not exist in CAR-deficient neurons and whose Erev was very similar to
the calculated Erev of CI" (Fig. 49 A-C; Table 13). A similar result was obtained by
subtraction of the current recorded in Ad2 treated cells, from the current measured in control
cells, indicating that the additional current measured after treatment with Ad2 was due to
enhanced CI" conductance (Fig. 49 D-F). The strongest result pointing to an implication of CI
in CAR-mediated changes in membrane conductance resulted from an experiment where Erev
of different ions was shifted. By simultaneously lowering concentrations of CI"and Na® ions
in the recording solutions, Erev of both Na™ and CI” shifted in two different directions. Erev of
ClI' shifted to a more positive direction and Erev of Na* to a more negative direction (Table
13). Under these experimental conditions the Erev of the additional current recorded in Ad2
treated neurons and Erev of the current lacking in CAR KO neurons, were both shifted in a
more positive direction, towards the Erev of CI" (Fig. 50). Results of all these experiments
suggest that CI" conductance, which is enhanced in Ad2 treated cells, but impaired in CAR-
deficient neurons, is responsible for the observed differences in Ry,.

Additionally, the results from the Erev shift experiment exclude Na® ions to be implicated in

the observed changes in membrane conductance.
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It is important to mention that some blockers commonly used for blocking CI” currents also
block gap junctions e.g. NPPB (Eskandari et al., 2002; Kotsias and Peracchia, 2005) or
conversely, that common gap junction blockers: carbenoxolone and alcohol-based blockers
were reported to influence CI" currents (Leshchenko et al., 2006; Marcet et al., 2004; Reyes et
al., 2009; Ross et al., 2000; Rouach et al., 2003; Vapaatalo et al., 1978; Vessey et al., 2004;
Yang and Ling, 2007). This fact would explain why, after application of several gap junction
blockers, the Ry, increased in WT neurons, but not in CAR KO neurons, suggesting that the
applied gap junction blockers at least partly blocked CI" conductance in WT cells.
Furthermore, although Ad2 was able to reduce Ry, in HeLa and HeLaCx36 cell (Fig. 35 A, C),
the presence of CI" currents in HelLa cells has been reported (Diaz et al., 1993; Shibata et al.,
2005; Stutzin et al., 1998), suggesting that the effect of Ad2 on Ry, could be due to enhanced
CI" conductance and not due to changes in connexin properties.

Regarding the unclear situation of HCN channels, the results on CI" ions showed that neither
K" nor Na* seems to be involved in the observed changes in R, suggesting that HCN
channels are not implicated in CAR-mediated processes. Another channel which is activated
at negative membrane potentials is the hyperpolarization-activated inwardly rectifying
chloride channel (Clark et al., 1998). This channel has been identified in different neuron
types (Madison et al., 1986; Staley, 1994) and belongs to the voltage-gated chloride channel
family (Thiemann et al., 1992). It is therefore possible that the application of negative
potentials to neurons activated both HCN and hyperpolarization-activated chloride channels.
Consequently the differences measured between CAR KO and WT cells, and Ad2 treated and
untreated cells, where rather due to CI" conductance than to K™ and/or Na* currents.

The differences in Ry, in WT, but not in CAR KO neurons after application of ouabain
(blockage of the Na*/K*-ATPase pump) could also be the reason for the secondary effect of
the blockage of the Na*/K* ATPase on CI conductance (Dierkes et al., 2006; Sacchi et al.,
2007; Saghian et al., 1996).

As mentioned in chapter 3.6.2, the recorded CI" current I-V relationship is outwardly
rectifying. Such characteristic outward rectification has been reported for two different CI
currents: Ca”*- activated CI' current (lcics); Ca**-activated CI” channels (CaCCs; Arreola et
al., 2002; Eder et al., 1998; Herness and Sun, 1999; Matchkov et al., 2004; Mignen et al.,
2000;Nilius et al., 1997b; Schroeder et al., 2008; Zholos et al., 2005; Kotlikoff and Wang,
1998) and volume-regulated CI" current (I(civol; Volume-regulated CI channels (VRCCs);
Diaz et al., 1993; Kelly et al., 1994). VRCCs are activated by hypoosmotic stress e.g. by
application of hypotonic solution and have an essential role in fluid transport and volume
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regulation in a number of non-excitable cells e.g. renal cells, osteoclasts and epithelia cells
(Braun and Schulman, 1996; Chan et al., 1994; Kelly et al., 1994; Kubo and Okada, 1992;
Solc and Wine, 1991; Worrell et al., 1989), but also in excitable cells such as cardiac
myocytes (Sorota, 1992; Tseng, 1992).

Activation of CaCCs may occur by direct binding of Ca** (Arreola et al., 2002; Hartzell et al.,
2005; Kuruma and Hartzell, 2000; Reisert et al., 2003) or via activation of Ca®*-binding
proteins (e.g. CaMKII). Activation of CaCCs requires a rise [Ca*'];, which can occur either by
Ca”" influx through VGCCs or through the release of Ca?* from intracellular Ca** stores
(mobilization through 1P3 receptors and another store-operated calcium entry; Frings et al.,
2000; Zholos et al., 2005). Ca** binding to CaCCs seems to be voltage-dependent and [Ca®*];-
dependent. Ca** appears to bind more efficient to CaCCs at high positive membrane
potentials (e.g. at + 50 mV) than at low negative potentials (e.g. at -100 mV). The resulting I-
V relationship shows outward rectification at physiologically low [Ca*']; (< 500 nM). This
rectification decreases (or is lost) by raising [Ca*']; to > 1uM. At a higher [Ca*'];, Ca®*-
dependent opening predominates, even at a negative potentials (Arreola et al., 1996; Arreola
et al., 2002; Eggermont, 2004; Evans and Marty, 1986; Hartzell, 2008; Kuruma and Hartzell,
2000; Qu et al., 2003; Reisert et al., 2003).

The CI' current identified in this study showed outward rectification and thus, could belong to
either one of these two channel groups. VRCCs are unlikely to be involved because the
osmotic stress (or hypotonic solution application) activating VRCCs, was avoided during all
electrophysiological experiments, by adjusting the osmolality of the recording solutions and
pH values carefully. Thus, stable osmotic conditions during recordings reduced the possibility
of evoking volume-activated (swelling-activated) CI" currents.

Based on the following interesting observation further investigations focused on CaCCs:
recordings, under conditions when mainly CI conductance was measured, resulted in an
enhanced CI' current in Ad2 treated cells and a loss of outward rectification (Fig. 46 E, F).
Ca’*-dependency of the measured outward rectification could be shown by increasing or
decreasing the [Ca?*];, which resulted in a decrease and increase in outward rectification,
respectively (Fig. 51 A, B). Further evidence suggesting that the recorded CI" current belongs
to CaCCs, was the observation of a higher permeability of CI" channels for different halides
(Br’, I'; Fig. 51 C-E; Eggermont, 2004, Frings et al., 2000; Greenwood and Large, 1999;
Matchkov et al., 2004; Mignen et al., 2000; Rychkov et al., 1998). Substitution of CI" by Br-
ions significantly increased current in WT cells, but not in CAR KO neurons (Fig. 52 A-D),
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indicating that impaired CI" conductance in CAR-deficient neurons may indeed be due to
impaired CaCCs function.

The observed loss of outward rectification after treatment with Ad2 suggests also that Ad2
might be able to modulate the [Ca®'];.

4.3 CAR-mediated increase in intracellular Ca?*

Two independent methods, calcium imaging and whole-cell patch-clamp recordings, revealed
the ability of Ad2 to increase the [Ca?*]; (Fig. 53). The effect of Ad2 occurred within seconds
and lasted for over 10 min, gradually increasing, if Ad2 was not washed out (data not shown).
The Ad2-induced increase in [Ca*']; was independent of blocking different voltage-gated ion
channels, synaptic receptors or gap junctions (Fig. 54 A, D, Fig. 57), confirming data obtained
by means of whole-cell patch-clamp recordings (see chapters 3.4, 3.5.1, 3.5.2). In addition,
this effect was independent of extracellular Ca**, EC-Ca?*-free solution and blockage of
different VGCCs did not prevent the Ad2-induced increase of Ca®*. Ad2 appears to trigger a
release of Ca?* from intracellular stores (Fig. 54), because blockage of IP3Ry and RyRs
completely abolished its effect. Several types of intracellular organelles are currently believed
to serve as intracellular Ca** storage compartments including the endoplasmic reticulum (ER),
mitochondria and the nuclear envelope (Gerasimenko et al., 2003; Verkhratsky and Petersen,
1998). Ca”* flux into the cytosol from calcium stores is mediated by two important Ca**
permeable channels: IP3Rs (Hoesch et al., 2002; Kato and Rubel, 1999; Nakamura et al.,
2000; Poulsen et al., 1995; Yamamoto et al., 2000) and RyRs (Hoesch et al., 2002; Kato and
Rubel, 1999; Poulsen et al., 1995; Sandler and Barbara, 1999). The endoplasmic reticulum
Ca”*-ATPase pump (SERCA) is subsequently responsible for the refilling of intracellular Ca®*
stores with cytosolic Ca** (Kato and Rubel, 1999; Krizaj et al., 1999; Nakamura et al., 2000;
Poulsen et al., 1995; Sandler and Barbara, 1999; Shmigol et al., 1995). Release of Ca?* from
stores requires activation of at least one of the mentioned channels, IP3Rs may be activated
by binding of IP3, whose formation can be stimulated by activation of metabotropic glutamate
(mGIuRs) and M3-muscarinic cholinoergicreceptors (Ms-mAChRs; Milani et al., 1993;
Simpson et al., 1996; Whitham et al., 1991). Ca®* release via RyRs is activated by an increase
in [Ca?']i (Ca®" induced Ca** release (CICR)).

In cultivated cortical neurons (E15), Ca** could be released from intracellular Ca?* stores by
application of 1 mM glutamate (Fig. 56) or 100 pM acetylcholine (data not shown) by
activation of mGIluRs or mAChRs respectively (in the presence of blockers for ionotropic
receptors for these neurotransmitters), suggesting that IP3Rs are, most probably, present in
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these neurons (WT, E15). In contrast, application of caffeine, a commonly used RyRs
activator (Friel and Tsien, 1992; Sandler and Barbara, 1999; Sitsapesan and Williams, 1990),
did not evoke a Ca®* increase (data not shown), leaving the presence of RyRs in these neurons
unclear. Nevertheless, it is possible that Ad2 may activate only one type of Ca?* store e.g.
IP3-gated stores, and that Ca*'released from this store subsequently activates other stores by
CICR. This fact may be a reason for the gradually increasing [Ca®*]; after Ad2 application that
lasted for at least 10 min (Fig. 53, 54, 57).

Two questions arise: 1) which intracellular pathway is affected by the Ad2-CAR-mediated
mechanism to activate Ca* receptors on intracellular Ca** stores, and 2) are the intracellular
Ca’* stores affected in CAR KO neurons. Application of glutamate to CAR KO and WT
neurons revealed lower Ca?* responses in CAR KO neurons (not significant, Fig. 56),
suggesting that Ca** stores in CAR KO cells might be affected and could contain either less
Ca”" or alternatively less Ca**-releasing receptors. However, to confirm this, further
experiments are required.

Activation of mGIluRs e.g. mGIuR1, leads to activation of G-proteins, which are coupled to
the receptor (e.g. Gaq, Gall). This is followed by the activation of the phospholipase Cb
(PLCDb), which cleaves phosphatidyl-4,5-bisphosphate (P1P2) into IP3 and DAG
(diacylglycerol). By binding to its receptor (IP3R) in the endoplasmic reticulum membrane,
IP3 releases Ca’*-ions from this intracellular Ca®*-store (Fagni et al., 2000; Hartmann and
Konnerth, 2008; Hermans and Challiss, 2001). The same pathway for activation of IP3Rs on
intracellular Ca** stores has been reported for different receptors e.g. purinergic receptors
(Parikh et al., 1997; Sakaki et al., 1996) and muscarinic receptors (Clapham et al., 2001,
Tobin et al., 2009; Whitham et al., 1991). Thus, Ad2-binding to CAR could also activate or
influence this, or similar pathways, to release Ca?* from intracellular stores. The blocker U-
73122 (Table 14, Fig. 54) was applied to inhibit agonist-induced IP3 formation by suppressing
the activity of PLC (Alter et al., 1994; Bleasdale et al., 1990; Pulcinelli et al., 1998; Smith et
al., 1990), suggesting that PLC-activated Ca** release from intracellular stores may be
involved in the Ad2-induced increase of [Ca®*]i. However, to clarify this aspect further
experiments are required.

In addition to the Ad2-mediated increase of Ca**, application of extracellular CAR domains
also resulted in an increase of [Ca?*]; (Fig. 58), although the effect was only half as strong as
that caused by Ad2.
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The weaker effect of CAR domains might provide an explanation for there being no effect of
CAR domains on the R, For example, either the increase in [Ca*']; due to CAR domains is
not sufficient to induce changes in membrane conductance e.g. to activate the CaCCs or that
both proteins (Ad2 and CAR domains) influence different Ca**-dependent processes in the
cell. Nevertheless, these results suggest that both Ad2 and extracellular CAR domains, by
binding to CAR, induce an increase in [Ca?*]i. These results suggest that CAR may play an
important role in intracellular Ca?*-mediated mechanisms as e.g. modulation of chloride
conductance by influencing the CaCCs. Ad2 induces a Ca?* release from intracellular Ca?*
stores and so leads to the activation of CaCCs, resulting in enhanced membrane conductance
and therefore lower Ry,. Ca?* released from intracellular stores has been reported to activated
CaCCs (Zholos et al., 2005). However, since Ca?* triggers many different processes in the
cell, changes in the CI" conductance due to an Ad2-induced increase of Ca**, may be one of
many possible effects.

Several other cell adhesion molecules such as neural cell adhesion molecule (NCAM) or L1,
have also been reported to mediate intracellular signaling pathways via multiple Ca®*-
dependent mechanisms (Doherty et al., 1991b; Kiryushko et al., 2006; Walmod et al., 2004;
Zhukareva et al., 1997). This suggests that CAR-mediated intracellular mechanisms presented
in this work are not uncommon properties for cell adhesion molecules. Being a cell adhesion
molecule may be the key to being a mediator in intracellular signaling pathways. This ability
of cell adhesion molecules to transduce cell surface signals into intracellular responses is
thought to be critical for developing neurons, particularly for axonal pathfinding and targeting
as well as neurite outgrowth (Doherty and Walsh, 1994; Green et al., 1997; Zhukareva et al.,
1997).

4.4 CAR as an adhesion molecule

CAR is an adhesion molecule and due to its homo- and heterophilic interactions mediates
cell-cell contacts and cell-extracellular matrix (ECM) protein contacts (Bruning and
Runnebaum, 2003; Cohen et al., 2001; Honda et al., 2000; Mirza et al., 2006; Patzke et al.,
2009, submitted).

In the present work several observations were made confirming the ability of CAR to form
contacts between cells and between cells and ECM proteins.

Treatment of cortical neurons with anti-CAR ABs for several days resulted in cell detachment
from the substrate and cell death of detached cells (Fig. 21). This result suggests that ABs
disrupt CAR-mediated cell-substrate interaction. A similar observation was made in HelLa
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cells, where application of anti-CAR ABs to the cultivated CAR-positive HeLa cells resulted
in detachment of these cells from the substrate (fibronectin; fibulin; Patzke et al., 2009,
submitted). Anti-chick CAR antibodies also blocked the adhesion of retinal and tectal chick
neurons on fibronectin and laminin (Patzke et al, 2009, submitted). Another report showed
that C6 cells transfected with CAR cDNA aggregated homophilically, and this aggregation
was inhibited by specific antibodies against the extracellular domain of CAR (Honda et al.,
2000). These data suggest that antibodies against CAR are able to disturb CAR-mediated
homophilic and heterophilic (with ECM gylocproteins) interactions. Binding of ABs to CAR
prevents CAR interaction with other molecules e.g. D1, another CAR, Ad2 or ECM proteins.
Furthermore, application of Ad2 to tectal and telencephalic chick or cortical mouse neurons
resulted in a significantly lower number of cell aggregates and a significantly higher sum of
neurite length (Fig. 59). These results suggest that Ad2 was able to disrupt the homophilic
CAR:CAR interaction between cells. This may be explained by the assumption that fiber knob
binding is predicted to have a ~1,000-fold greater affinity allowing viral disruption of CAR
D1:D1 dimers (van Raaij et al., 2000). Interactions between CAR and ECM proteins seemed
not to be affected and all cells stayed attached to the substrate.

These results confirm the role of CAR as a cell-adhesion molecule, suggesting its important
role in the development of the nervous system, where formation of contacts between cells and
cell-ECM proteins appears to be essential.

Although a significantly lower number of cells forming aggregates due to Ad2 is clearly a
result of disturbed homophilic CAR interactions, a significantly higher sum of neurite length
is not that evident. From this experiment it is difficult to conclude whether longer neurites are
due to an Ad2-specific induced process or due to disruption of cell-cell contacts, which itself
could promote neuronal outgrowth in order to stay in contact with other cells. To answer this
guestion an experiment would be necessary, where the neurite length of a single neuron

before and after Ad2 treatment would have to be measured.

4.4.1 Ad2-induced Ca*" increase might stimulate neurite outgrowth

Ca®* is an important second messenger that is involved in the triggering and regulation of
many neuronal processes, including neurotransmitter release (Borst and Sakmann, 1996;
Mulkey and Zucker, 1991), synaptic plasticity (Bear and Malenka, 1994), transcription
control (Hardingham et al., 1997) and neurite outgrowth (Ciccolini et al., 2003; Kocsis et al.,
1994; Ronn et al., 2002; Williams et al., 1992). The process of neurite outgrowth depends
upon the functional interplay between a vast array of environmental cues provided by
components of the ECM, different molecules present on the surface and numerous
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intracellular processes (Bixby and Harris, 1991; Doherty and Walsh, 1989; Lumsden and
Cohen, 1991). Several cell adhesion molecules have been reported to be involved in this
process e.g. L1 (Schuch et al., 1989; Williams et al., 1992), neuronal-cell adhesion molecules
(NCAM; Doherty et al., 1991a; Kiryushko et al., 2004; Ronn et al., 2002; Schuch et al., 1989)
or synaptic adhesion-like molecules (SALMs; Wang et al., 2008) by activation of diverse
intracellular signaling pathways leading to an increase in intracellular Ca?* concentration
(Kiryushko et al., 2006; Kolkova et al., 2000; Schuch et al., 1989). Therefore, CAR as an
adhesion molecule with the ability to modulate intracellular Ca** concentration might also be
a good candidate for inducing intracellular signals promoting neuronal outgrowth. Ad2-
mediated increase of [Ca?*]; and neuronal outgrowth might involve a PLC-dependent pathway
(see chapter 3.7.2 and 4.3).

An Ad2-induced intracellular increase of Ca** and a significantly higher sum of neurites in
Ad2 treated cells may suggest that CAR could play a role in the development of neuronal
cells and in neurite formation and/or outgrowth. However, the presented data (Fig. 59) are not
sufficient to confirm this assumption and further experiments are required to clarify this

aspect.

4.5 Changes in membrane conductance influence network activity
and action potential generation

Synaptic potentials arriving at neurons must propagate from their synaptic input sites to the
axon hillock to participate in the generation of APs. This passive potential propagation
depends on passive electrical properties of the neuronal membrane (Elmslie, 2005). Thus,
passive membrane properties play an important role in the integration of synaptic and intrinsic
neuronal input as well as in the generation and propagation of synaptic output — APs (Ruben,
2001; Surges et al., 2004; Waters and Helmchen, 2006). Changes in membrane resistance and
membrane conductance may affect network activity and generation of APs. Therefore,
consequences of altered membrane properties on synaptic activity in CAR-deficient neurons
and in Ad2 treated cells were investigated.

Recordings of spontaneous and induced action potentials (APs) revealed a
significantly higher frequency in CAR KO cells compared to WT neurons (Fig. 60 A, B, E,
F). In contrast, APs recorded in Ad2 treated cells showed a significantly lower frequency (Fig.
60 C, D, G, H). These results suggest that passive membrane properties indeed play an
important role in the generation of APs. The higher the Ry, and the less leaky the cell
membrane (the lower the conductance through the membrane), the larger fraction of the
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currents from distant dendritic synapses will be transmitted electrically to the spike-initiating
zone. This results in a higher probability of APs arising and thus in a higher frequency of APs.
In contrast, when the Ry, is low, very little of the current from distant synapses will reach the
soma and the initial AP generation-segment, resulting in a low probability to induce APs and
thus lower firing frequency (Barrett and Crill, 1974; Yang et al., 2005). Thus, the higher Ry, in
CAR KO neurons results in a higher excitability compared to WT cells. In contrast, enhanced
membrane conductance induced by Ad2 causes a slight decrease in the magnitude of
depolarization due to the loss of ions through the membrane, and thus does not allow the
threshold potential required for the generation of APs to be reached, resulting in a lower AP
frequency than in control cells.

In addition, an interesting observation was made in CAR-deficient cultivated cardiomyocytes,
which showed a significantly higher beating frequency compared to WT cells, (Patzke, 2009).
This hyperexcitability of CAR-deficient cardiomyocytes might suggest similar properties of
these cells compared to CAR KO neurons.

Similar membrane properties as presented in this work for CAR-deficient neurons have been
previously reported for muscle cells affected by myotonia diseases. Myotonia reflects a state
of muscle fiber hyperexcitability (Mankodi, 2008). Clinical symptoms in myotonia are
stiffness and delayed relaxation of muscles after sustained contraction. Genetic and
physiological studies have shown that myotonia is caused by mutations in the gene encoding
CIC-1, a chloride channel that is highly expressed and specific to skeletal muscle. Thomsen's
and Becker's congenital myotonias are the most common chloride channel disorders (Koch et
al., 1992; Zhang et al., 1996). A mutation in CIC-1 leads to impaired CI" conductance across
the membrane (Barchi, 1975; de Diego et al., 1999; Gurnett et al., 1995; Liu and Lin-Shiau,
1992; Mankodi and Thornton, 2002; Torbergsen et al., 2003). Furthermore, myotonia has
been associated with an increase in membrane (input) resistance (Rm) of muscle cells (Barchi,
1975; Barchi, 1978; Gruener et al., 1979; Liu and Lin-Shiau, 1992).

In addition to APs, neuronal network activity in CAR-deficient neurons was
investigated and compared to WT cells. It has been reported that different adhesion proteins
might be involved in synaptogenesis, formation and maturation of neuronal networks
(Biederer et al., 2002; Bredt and Nicoll, 2003; Brose, 1999; Cotman et al., 1998; Fannon and
Colman, 1996; Fields and Itoh, 1996; Hoffman, 1998; Husi et al., 2000; Kim and Sheng,
2004; Kohmura et al., 1998; Lin et al., 2003;Luthi et al., 1996; Scheiffele et al., 2000; Uchida
et al., 1996). Thus, in order to test whether CAR, as an adhesion molecule, might also
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influence synaptic activity and network formation, inhibitory and excitatory postsynaptic
currents were recorded and compared between CAR KO and WT neurons.

The frequency of recorded EPSCs (spontaneous Fig. 61 and miniature Fig. 62) in CAR-
deficient neurons was significantly higher than in WT cells, while the frequency of recorded
IPSCs (spontaneous Fig. 63 and miniature Fig. 64) was significantly lower. These results
suggest an imbalance in the inhibitory to excitatory synaptic input ratio. The relative balance
between excitatory and inhibitory (E/I) system is an important determinate of functional
neuronal circuits (Blanton and Kriegstein, 1991b;Kirkwood and Bear, 1994; Levinson and El
Husseini, 2005; Schummers et al., 2002; Somers et al., 1995; Traub et al., 1987a; Traub et al.,
1987b; van Vreeswijk and Sompolinsky, 1996). The total number of formed synapses and the
ratio of excitatory-to-inhibitory synaptic inputs a neuron receives, are critical factors for
determining neuronal excitability and function (Chih et al., 2005; Levinson et al., 2005;
Levinson and EIl Husseini, 2005; Schummers et al., 2002). Different adhesion molecules are
involved in synaptogenesis and circuit formation and are thought to bridge the pre- and
postsynaptic compartments of synapses in the central nervous system. Adhesion proteins such
as neuroliginl, SynCAM or L1 have been reported to be involved in balancing of the
excitatory and inhibitory ratio (Biederer et al., 2002; Levinson et al., 2005; Levinson and El
Husseini, 2005; Prange et al., 2004; Scheiffele et al., 2000). According to the results presented
here, CAR might also be implicated in regulating the balance between the E/I system.
Additionally, an epileptic activity has been described to be a common outcome of synaptic E/I
imbalance (Abegg et al., 2004;Chagnac-Amitai and Connors, 1989; Dalby and Mody, 2001;
Sutula and Steward, 1986; Yang et al., 2005a). Epileptic neurons are thought to have
abnormal intrinsic properties, e.g. intrinsic hyperexcitability, that are released or triggered by
several extrinsic factors and are based on disruption of the balance between depolarizing and
hyperpolarizing factors (Schwartzkroin and Wyler, 1980). Moreover, a correlation between
epileptogenesis, imbalance in synaptic E/I ratio, changes in intrinsic membrane properties, as
well Ca?*- activated currents have been reported (Schwartzkroin and Wyler, 1980; Yang et
al., 2005). This suggests that higher Ry, higher frequency of APs and EPSCs as well as lower
inhibitory synaptic input in CAR-deficient neurons may also lead to the generation of
epileptiform activity. However, CAR KO animals die at an embryonic stage and the
consequences of CAR absence for animal behavior can not be investigated.

Observed changes in CAR-deficient neurons including higher Ry, higher excitability
(hyperexcitability) and impaired CI" conductance are all related to each other and seem to play

an essential role in neuronal development and network formation.
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4.6 Conclusions

In the present work mainly electrophysiological approaches were taken to investigate the role
of CAR in developing neurons. Consequences of the absence of CAR in neurons and CAR
interactions with different CAR-binding molecules (Ad2, D1, CAR-D1D2, Rb80) on neuronal
passive and active membrane properties, membrane conductance, synaptic activity (intrinsic
and extrinsic inputs) and Ca”* signaling were studied. Several interesting observations were
made leading to a model, which is schematically presented in Fig. 65. The absence of CAR
results in a significantly higher Ry, due to impaired CI" conductance across the membrane.
Reduced CI" conductance in CAR KO neurons is, most probably, a reason for a higher
excitability and an imbalance of the E/I ratio in these cells. Lower CI" conductance in CAR
KO cells might be caused by impaired Ca** release from intracellular Ca** stores leading to
inhibition of e.g. CaCCs and thus lower CI" conductance. However, independent of Ca**
signaling, a lower number of CI" channels or their impaired functionality in CAR-deficient
neurons is also possible.

On the other hand, binding of Ad2, the fiber knob of adenovirus, to the membrane distal Ig
domain of CAR (D1), results in a significantly lower Ry, due to enhanced CI conductance
across the membrane. This change in membrane permeability is caused, most probably, by
activation of Ca? release from intracellular Ca?* stores that leads to an Ad2-induced increase
in [Ca®*]; and an activation of lc’ cs). Ad2 may activate Ca** release from intracellular stores
by activation of a similar pathway, as described for different metabotropic receptors or by
influencing a particular step in such a pathway (intracellular pathway leading to release of
Ca’* is presented as X in Fig. 65). Enhanced membrane conductance due to Ad2 also results
in lower excitability of Ad2 treated cells.

Extracellular CAR domains simulate homophilic CAR binding and are also able to induce
intracellular Ca** increase. Although CAR domains did not influence membrane conductance,
homophilic CAR-mediated pathways might be similar to these specifically induced by Ad2
but with lower amplification or they may activate other Ca”*-dependent mechanisms
(presented as Y in Fig. 65). In contrast, antibodies against CAR block homo- and heterophilic
interactions and thus block all CAR-mediated processes in the cell.

Results presented in this work suggest that CAR may play an important role in the
development of neurons, influencing intracellular Ca®* homeostasis and thus e.g. CI
conductance across the membrane, the excitability of neurons and the formation of balanced
synaptic circuits. CAR as an adhesion molecule mediating cell-cell contacts appears to be

involved in transduction of intracellular signaling pathways.
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Fig. 65: Schematic model of CAR-mediated intracellular pathway. Binding of Ad2 to D1 of
CAR induces Ca?* release from intracellular Ca®* stores. This Ad2-induced Ca*" increase
leads to enhanced CI” conductance across the membrane, most probably, by activation of
CaCCs. Ad2-induced activation of Ca?* stores may be direct or via activation of intracellular
pathway (presented as X). Homophilic CAR interaction also seems to mediate Ca®* signals
with either lower amplification compared to Ad2 or to other intracellular targets (presented as
Y). Ad2-dependent pathway presented as X may be similar to this described for mGIuRs.
Ca”* can be released from intracellular Ca** stores via G-protein and PLC-dependent
pathway. Activation of metabotropic glutamate receptor (mGIuR), which is coupled to G-
protein, leads via PLC, to the synthesis of IP3. Binding o IP3 to IP3Rs releases Ca** from
intracellular Ca* stores. Abbreviation; PLC — phospholipase C.
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5. Summary

How cell adhesion proteins of the Ig superfamily modulate intracellular signaling cascades
and thereby influence neuronal communication is not well understood. In contrast to other
CAMs, the coxsackie virus and adenovirus receptor (CAR) is strongly expressed in the
embryonic and early postnatal brain. Initially it is found on all neural cells but becomes
concentrated in axon- and dendrite-rich areas, suggesting that it might play a role in the
development of neuronal circuits.

Here, | investigated the function of CAR by patch-clamp recordings using CAR-deficient
neurons or reagents binding to CAR (fiber knob Ad2, anti-CAR antibodies, recombinant
extracellular CAR domains). Initially I studied passive membrane properties of cultivated
neurons. Unexpectedly, | observed an increased R, in CAR-deficient neurons. In parallel, a
decrease of Ry, was measured in wild type neurons in the presence of the fiber knob Ad2 —a
trimeric protein binding to CAR that disrupts cell-cell contacts.

Most likely CAR-mediated changes in membrane resistance (Ry,) are the result of an altered
CI" conductance across the membrane, which is impaired in CAR-deficient neurons and
enhanced in Ad2 treated neurons. This conclusion is based on several electrophysiological
recordings including the comparison of the CI" conductance between CAR-deficient and WT
neurons, the CI ion substitution in the recording solution, the pharmacological block of the
CI' current as well as shifting the reversal potential of CI'. In addition, investigations on the
conductance of other ions such as Na* and K* across the membrane as well as investigations
on gap junctions or on Na*/K*-ATPase, HCN or voltage-gated Na*, K*, Ca** channels
revealed no evidence for their implication in the deficits observed in CAR KO neurons.
Furthermore, it could be shown that Ad2 is able to increase the [Ca**];, by releasing Ca** from
intracellular Ca** stores. An Ad2-mediated increase in the [Ca®*]; leads, most probably, to
activation of the Ca”**-activated CI” channels (CaCCs). Several characteristical properties for
the CaCCs could be observed including outward rectification, voltage- and Ca*-dependency
and specific halide selectivity for these channels. This enhanced CI" conductance in Ad2
treated neurons results in a significantly lower Rp,.

The absence of CAR and the Ad2-mediated changes in the membrane conductance influence
also neuronal network activity. CAR-deficient neurons showed a significantly higher
frequency of action potentials (APs) compared to WT cells, whereas Ad2 treated neurons
revealed a significantly lower frequency of APs than control cells. Furthermore, investigation
of neuronal network formation and synaptic activity in CAR-deficient neurons revealed an
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imbalance in the excitatory and inhibitory input ratio, suggesting a function of CAR in the
formation of neuronal networks.

The data presented in this work lead to the conclusions that CAR plays an important
role during the development of neurons by modulating the [Ca®*];, the membrane conductance
as well as synaptic activity and action potential generation.

6. Zusammenfassung

Wie die Zelladhesionsproteine der Ig Superfamilie intrazelluldre Signalkaskaden modulieren
und dabei neuronale Kommunikation beeinflussen, ist gegenwartig nicht gut verstanden. In
Gegensatz zu anderen CAMs (cell adhesion molecules) ist der Coxsackie- und Adenovirus-
rezeptor (CAR) intensiv im embryonalen und postnatalen Gehirn exprimiert. Anfanglich ist es
auf allen neuronalen Zellen zu finden, dann aber vorwiegend in Axon- und Dendriten-reichen
Regionen exprimiert. Dies lasst sich vermuten, dass CAR bei Bildung von neuronalen
Schaltkreisen von Bedeutung ist.

In dieser Arbeit habe ich die Funktion von CAR mittels elektrophysiologischer Techniken
untersucht. Dabei habe ich sowohl CAR-defiziente Neurone als auch Reagenzien, die an CAR
binden (fiber knob Ad2, Anti-CAR Antikorper, rekombinante extrazellulare Doméanen von
CAR), verwendet.

Anfanglich habe ich passive Membraneigenschaften von kultivierten Neuronen untersucht.
Dabei beobachtete ich unerwarteterweise eine Zunahme des Membranwiderstandes (Rm) in
CAR-defizienten Neuronen. In parallelen Experimenten konnte ich eine Abnahme von Ry,
nach Applikation von Ad2 beobachten. Ad2 ist ein trimeres Protein, das an CAR bindet und
Zell-Zellkontakte unterbricht.

Elektrophysiologische Untersuchungen an CAR-defizienten Neuronen zeigten, dass CAR in
die Regulation der CI" Leitfahigkeit neuronaler Membrane involviert ist. CAR-defiziente
Neurone zeigten im Vergleich zu Wildtyp Zellen eine verminderte CI” Leitfahigkeit, und
dadurch einen signifikant hoheren Ry,. Zusatzlich zu dem Ergebnis in CAR-defizienten
Neuronen, wiesen Ad2 behandelte Neurone, einen signifikant niedrigeren R, auf, was auf
eine erhohte CI" Leitfahigkeit in diesen Zellen schlie3en l&sst. Dieser Befund wurde durch
verschiedene elektrophysiologische Messungen unterstiitzt, wie z.B. CI" lonen Substitution,
pharmakologischer Block von CI Strdmen oder Verschiebung von CI" Umkehrpotentialen.
Zusétzlich wurden andere lonen wie K* und Na*, gap junctions, HCN Kanéle oder die
Na'/K*-ATPase untersucht. Keines dieser Proteine oder lonen ist danach an den CAR-
vermittelten Effekten beteiligt.

148



Der CI" Strom, der in CAR-defizienten und Ad2 behandelten Zellen identifiziert wurde, zeigte
charakteristische Merkmale eines Ca?*-aktivierten CI” Stromes: Ca?*-Abhéangigkeit, nach
aullen gerichtete Leitfahigkeit und hohere Permeabilitét flr verschiedene Halogenid lonen. Im
Einklang mit diesen Ergebnissen steht, dass, wie mittels Ca®*-Imaging festgestellt wurde, die
Applikation von Ad2 die intrazelluldre Ca** Konzentration erhdht, indem Ca** aus
intrazellularen Ca®* Speichern freigesetzt wird. Die durch Ad2 Applikation erhohte [Ca?'];
Konzentration stimuliert Ca®*aktivierte CI" Kanale, wodurch die CI” Leitfahigkeit in Ad2
behandelten Zellen steigt und der Ry, sich verringert.

Die Abwesenheit von CAR und die dadurch veradnderte CI Leitfahigkeit beeinflusst die
Generierung von Aktionspotentialen und die Entstehung von neuronalen Netzwerken. Es
kommt zu einer Storung der exzitatorisch-inhibitorisch Balance.

In dieser Arbeit konnte gezeigt werden, dass CAR eine wichtige Rolle wéahrend der
Entwicklung embryonaler Neurone spielt, indem es in Ca®*-ahbangiger Weise die CI
Leitfahigkeit durch die Membran und somit die synaptische Aktivitat und Generierung von

Aktionspotentialen beeinflusst.
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8. Abbreviation list

-/- - CAR-deficient mice (neurons)
[Ca®*]i - intracellular Ca?* concentration
UF — micro Farad (10° F)

ul — microliter (10° 1)

MM — micomolar (10-6 M)

A - ampere

AB - antibody

Ad2 — recombinant fiber knob of Adenovirus Ad2 C428N
AP(s) — action potential(s)

C - degree Celsius

CaCCs — Ca**-activated CI  channels
CAM(s) — cell adhesion molecule(s)
CAR KO — mouse/neurons with CAR gene deletion
CAR-/- - CAR-deficient (neurons)

Cm — whole-cell capacitance

Cx — connexin

DIV - days in vitro

E.coli - Escherichia coli

EC — extracellular (solution)

ECM - extracellular matrix

Erev — reversal potential

F - Farad
Fig. — figure
fv — filed of view

g - conductance

G; — junctional conductance
GST - glutathione S-transferase
h — hour(s)

| - current

IC- intracellular (solution)
lci-cay — Ca®*-activated CI” current
Ig — immunoglobulin

I; — junctional current

IP3 - inositol 1,4,5-trisphosphate
IP3Rs - inositol 1,4,5-trisphosphate receptors
I-V — current-voltage relation

K- Kelvin

kb — kilo base

kDa kilodalton (mol. Masse)
KO - knock-out

kOhm - kilo Ohm (10° Ohm)
LY — lucifer yellow

m - meter

M - mol

min — minute(s)

mM — millimolar (10 M)

mm? — square millimeter

MOhm — mega Ohm (10° Ohm)
ms — millisecond(s)
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mV — millivolt (102 V)

nm — nanometer (10 m)

osmo. — osmolality

P — permeability

pA — pico ampere (107% A)

PCR - polymerase chain reaction

pF — pico Farad (10" F)

PLC - phospholipase C

R, — access resistance

Rm — membrane resistance

Rm specific — specific membrane resistance
RMP — resting membrane potential

rpm — revolutions per minute

Rs — series resistance

RT- room temperature, approximately 23°C
RyRs — ryanodine receptors

SDS-PAGE - sodium dodecyl sulfate polyacrylamide gel electrophoresis
sec — second(s)

TJ — tight junction(s)

U - voltage

V —volt

V' — holding potential

V; — junctional voltage

Vm — membrane potential

WT — wild type
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