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Introduction 1

1 Introduction 

The human nervous system consists of hundreds of billions of neurons, and each neuron 

receives and creates tens of thousands of connections. To guarantee an appropriate devel-

opment and maintenance of such a complex structure, a precisely regulated net of cellular 

processes and functional pathways is essential. Neurogenesis, neuronal migration, neurite 

outgrowth, neuritogenesis, and synaptogenesis begin at an early embryonic stage and most 

processes are completed during young adulthood. However, some cellular contacts can still 

be altered, to a certain extent, during adulthood to enable pivotal processes such as neuronal 

regeneration and synaptic plasticity, including learning and memory consolidation (Wil-

liams and Herrup, 1988; for review see Amaral, 2000). 

Cell adhesion molecules (CAMs) and neurotrophic factors with their respective receptors 

are involved in these processes by establishing various neuron–neuron and neuron–glial 

cell interactions from the embryonic age until adulthood (Kaplan and Miller, 2000; Diestel 

et al., 2004; Williams et al., 2005). Over the past decade, neurotrophic factors have been 

considered as potential therapeutics as they improve neuronal degeneration in many model 

systems for neurological disorders, including multiple sclerosis, schizophrenia, Parkinson’s 

disease, Alzheimer’s disease, and amyotrophic lateral sclerosis. However, poor stability and 

penetration of neurotrophins in the central nervous system (CNS) are currently the limiting 

factors during therapeutic application. Recently, mimetics of neurotrophins were developed 

to overcome these limitations (Massa et al., 2003). So far, a causal role for mutations in 

neurotrophins or neurotrophin receptors in human neurodegenerative diseases has been 

mostly missing (Kruttgen et al., 2003). Neurotrophins and their respective receptors have 

been implicated as key modulators of neuronal survival, neurite outgrowth, and synaptic 

connectivity, from development to adulthood (for review see Huang and Reichardt, 2003). 

CAMs are also well known for their involvement in various neurological disorders, includ-

ing hydrocephalus, schizophrenia and Alzheimer’s disease (Rentzos et al., 2005). Similar to 

the neurotrophins and their receptors, CAMs influence neurogenesis, neuronal migration, 

neurite outgrowth, neuritogenesis, axon pathfinding, axon fasciculation, synaptogenesis, 

and myelination (Cotman et al., 1998; Diestel et al., 2004; Williams et al., 2005). CAMs 

not only act as attractive or repellent modulators of recognition and adhesion functions be-

tween cells, but also activate multiple signaling cascades. CAMs undergo homophilic and 

heterophilic cell–cell and cell–extracellular matrix (ECM) interactions (Crossin und Krus-

hel, 2000). They can be divided into four groups: (1) integrins (Hynes, 1992; Reichardt and 
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Tomaselli, 1991), (2) cadherins (Takeichi, 1991), (3) molecules of the ECM (Reichardt and 

Tomaselli, 1991), and (4) cell surface glycoproteins of the immunoglobulin (Ig) super-

family (Williams and Barclay, 1988; Crossin and Krushel, 2000). 

1.1 The neural cell adhesion molecule (NCAM) 

NCAM is the best-characterized member of the Ig superfamily of cell recognition mole-

cules, typically containing several Ig-like domains (Brummendorf and Lemmon, 2001). 

NCAM was the first member of this family to be isolated and completely characterized 

(Brackenbury et al., 1977). It was first described by Jørgensen and Bock (1974). However, 

antibodies (Edelman et al., 1969) and MHC molecules (Orr et al., 1979) have been de-

scribed as the prototypical members of this superfamily. The majority of CAMs are 

characterized by repetitive Ig-like domains followed by other repetitive motifs such as the 

fibronectin subtype III repeat (FNIII domain), as shown in Fig. 1. FNIII domains have been 

shown to participate in cell–ECM interactions. Typical members of the Ig superfamily pre-

sent in the nervous system are depicted in Fig. 1. Originally, NCAM was characterized as a 

mediator of cell–cell adhesion, but now it is also considered as a signaling receptor (Fig. 2) 

responding to both homophilic and heterophilic cues (Paratcha et al., 2003; Hinsby et al., 

2004). The extracellular domain (ED) of NCAM is well known to be a modulator of vari-

ous cell–cell and cell–ECM interactions. Its intracellular domain (ID) is mainly involved in 

multiple signaling cascades, including pathways of receptor tyrosine kinases and non-

receptor kinases (Williams et al., 1994a; Williams et al., 1994b; Williams et al., 1995; 

Beggs et al., 1997; Kolkova et al., 2000; Paratcha et al., 2003; Diestel et al., 2004; Hinsby 

et al., 2004). NCAM is also involved in the activation of voltage-dependent Ca2+ channels 

(Povlsen et al., 2003) and in the regulation of inwardly rectifying K+ channels of the Kir3 

family (Rogalski et al., 2000; Delling et al., 2002). It plays a pivotal role in neurogenesis, 

neuronal migration, neurite outgrowth, axon fasciculation, and synaptic remodeling (Do-

herty et al., 1990; Schachner, 1991; Doherty et al., 1992; Doherty and Walsh, 1992; 

Jørgensen, 1995; Fields and Itoh, 1996; Cremer et al., 1997; Ronn et al., 1998; Paratcha et 

al., 2003). NCAM is not only involved in homophilic interactions in “cis” (i.e. on the same 

cell membrane) and in “trans” configuration (i.e. on different cell membranes) (Hoffman 

and Edelman, 1983; Walmod et al., 2004) but also in heterophilic binding, like all members 

of the Ig superfamily. Homophilic binding takes place between NCAM molecules (Walmod 

et al., 2004), whereas the CAM L1 (Horstkorte et al., 1993), heparin a major component of 

the ECM (Cole et al., 1986a; Cole and Glaser, 1986) and collagen (Probstmeier et al., 
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1989) are examples for heterophilic binding partners of NCAM. For cell recognition func-

tions, individual domains of NCAM or the unglycosylated protein are sufficient. NCAM 

proteins undergo transcriptional and posttranslational modifications. Additionally, a single 

gene encodes for several NCAM isoforms. Alternative splicing results in the expression of 

three major isoforms, the 180- and 140-kDa transmembrane isoforms and a 120-kD isoform 

that is linked to the plasma membrane by a glycosylphosphatidylinositol (GPI) anchor 

(Cunningham et al., 1987).  

 

Figure 1. Examples of members of the Ig superfamily in the nervous system. 

CAMs belong to the Ig superfamily. They consist of an ED with IgG-C2 domains, fibronectin type III repeats, 
a single-spanning transmembrane region or a GPI anchor, and, in most cases, an ID (Cunningham et al., 
1987). 

The difference between the IDs of NCAM140 and NCAM180 only consists in the presence 

of an additional 261-amino acid insert in the cytoplasmic region of NCAM180, encoded by 

exon 18. All three NCAM isoforms are characterized by an ED containing five Ig domains 
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and two FNIII-domains, a single-spanning transmembrane region or a GPI anchor, and, in 

most cases, an ID (see Fig. 1). NCAM120 is mainly expressed in glial cells, while the 180- 

and 140-kDa isoforms are primarily expressed in neurons (Keilhauer et al., 1985; Nybroe et 

al., 1985). NCAM140 is mainly expressed in growth cones of immature neurons, distrib-

uted on pre- and postsynaptic membranes, and promotes neurite outgrowth. In contrast, 

NCAM180 is particularly found in the postsynaptic densities of synapses of mature neurons 

and is responsible for the stabilization of cell–cell contacts (Pollerberg et al., 1985; Persohn 

et al., 1989; Dityatev et al., 2000). Examples for posttranslational modifications are glyco-

sylation of asparagines in the ED and palmitoylation of cysteine residues in the ID (Little et 

al., 1998; Niethammer et al., 2002). According to a recent publication, not only serine and 

threonine residues in the cytoplasmic domain (Mackie et al., 1989) but also the only cyto-

plasmic tyrosine at position 734 of human NCAM180 is posttranslationally phosphorylated. 

The physiological relevance of the intracellular modifications, for instance the tyrosine 

phosphorylation, has not yet been entirely elucidated (Diestel et al., 2004). One has to em-

phasize that all isoforms of NCAM can carry high amounts of the developmentally 

regulated carbohydrate α-2,8-linked polysialic acid (PSA). The embryonic brain contains 

30% PSA relative to the NCAM moiety, which gradually decreases to 10% in the adult 

brain (Hoffman et al., 1982; Rothbard et al., 1982; Schachner and Martini, 1995). The 

negatively charged PSA moiety on NCAM not only prevents homophilic NCAM–NCAM 

adhesion, but also serves generally as a negative regulator of cell–cell interactions. Promo-

tion of neurite outgrowth seems to be increased by PSA. If PSA is removed from NCAM 

by endoneuraminidase N (Endo-N), myelination is increased four- to fivefold (Rutishauser, 

1990; Charles et al., 2000). PSA is likely to participate in synaptic plasticity and regenera-

tion (Regan and Fox, 1995; Muller et al., 1996; Becker et al., 1996; Kiss and Muller, 

2001). Beyond this, PSA was hypothesized to be involved in the recruitment of brain-

derived neurotrophic factor (BDNF) to the neurotrophin receptor TrkB (Muller et al., 2000; 

Vutskits et al., 2001). 

1.1.1 NCAM-deficient mice 

NCAM-deficient (NCAM–/–) mice present only mild morphological changes in the adult 

nervous system (Cremer et al., 1994; Cremer et al., 1997). A smaller olfactory bulb has 

been reported in NCAM–/– mice (Cremer et al., 1994) and in adult mice deficient for 

NCAM180 (Tomasiewicz et al., 1993) compared to wild-type (NCAM+/+) mice. The fol-

lowing morphological changes of the hippocampus have been observed in NCAM–/– mice: 

disarray of the hippocampus including reduced fasciculation and a decreased number of 
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mossy fibers and their terminals, in addition to impaired long-term plasticity (LTP) (Cre-

mer et al., 1994; Stork et al., 1997). Deficient LTP found in brain slices prepared from 

NCAM–/– mice and in organotypic slice cultures treated with Endo-N (an enzyme that clea-

ves the PSA moiety of NCAM) can be rescued by BDNF. Exogenous application of PSA 

residues or recombinant PSA-modified NCAM (PSA-NCAM) also prevents LTP. Further-

more, TrkB phosphorylation, and thus BDNF signaling, is reduced in both NCAM–/– mice 

and Endo-N-treated slice cultures. This suggests that one action of PSA-NCAM could be to 

sensitize neurons to BDNF, thereby modulating activity-dependent synaptic plasticity 

(Muller, 2000; Vutskits et al., 2001). Behavioral studies on NCAM–/– mice showed altered 

exploratory activity, deficits in spatial learning, increased anxiety-like behavior (Stork et 

al., 1999), and an increased intermale aggression (Jørgensen, 1995). 

1.1.2 Intracellular NCAM signaling 

Beyond cell–cell adhesion through homophilic NCAM binding, NCAM is also considered 

as a signaling receptor based on the response to heterophilic cues (Paratcha et al., 2003; 

Hinsby et al., 2004). NCAM-mediated adhesion leads to the activation of second-

messenger cascades (Schuch et al., 1989) and of various intracellular signal transduction 

pathways. One pathway is dependent on the fibroblast growth factor receptor (FGFR). Af-

ter homophilic NCAM interaction, FGFR is activated, resulting again in an activation of 

phospholipase Cγ (PLCγ) and diacyl glycerol (DAG) lipase in order to release arachidonic 

acid (AA) and inositol trisphosphate (IP3). Activated voltage-dependent Ca2+ channels are 

responsible for Ca2+ entry into cells, and IP3 releases Ca2+ from intracellular stores. The 

receptor tyrosine kinase FGFR is one of the main initiators in NCAM-dependent signal 

transduction resulting in neurite outgrowth (Williams et al., 1995; Crossin and Krushel, 

2000; Niethammer et al., 2002). Another intracellular signal transduction pathway includes 

the Ras–mitogen-activated protein kinase (MAPK) cascade leading to the phosphorylation 

of the cAMP response element-binding (CREB) protein in the nucleus (Schmid et al., 

1999). Particularly, the activation of the non-receptor tyrosine kinase Fyn and the focal ad-

hesion kinase (FAK)-dependent MAPK pathway is only achieved by NCAM140, in 

contrast to the above-described pathway that can be initiated by NCAM180 and 

NCAM140. Furthermore, NCAM also initiates the PI3K/Akt pathway (Ditlevsen et al., 

2003). In addition, NCAM stimulation has been shown to activate the transcription factor 

NF-κB (Krushel et al., 1999). These signal transduction pathways, illustrated in Fig. 2, de-

termine the NCAM-mediated neurite outgrowth. An intense interplay among the said 

pathways and cross-talk between the individual mediators take place (Doherty et al., 2000; 
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Povlsen et al., 2003). Neurite outgrowth is one of the essential events in neural develop-

ment and it is mediated by multiple CAMs of the Ig superfamily, as for example NCAM 

(Doherty et al., 2000). Receptor tyrosine kinases use signaling pathways similar to those 

utilized by NCAM (Figs. 2 and 4), including common interaction partners such as the non-

receptor tyrosine kinase Fyn (Beggs et al., 1997; Iwasaki et al., 1998). In order to fully un-

derstand the complexity of the NCAM signaling pathways, other potential intracellular 

interaction partners have to be identified. 

 
Figure 2. Intracellular signaling pathways in NCAM-dependent neurite outgrowth. 

Homophilic interaction of NCAM results, beyond Ca2+ release, in heterophilic interaction and activation of 
FGFR. Consequently, the Ras–MAPK pathway is initiated leading to phosphorylation of CREB and PLCγ 
modulates voltage-dependent Ca2+ channels via DAG and AA. These signal transduction pathways determine 
the NCAM-mediated neurite outgrowth (Povlsen et al., 2003). 

1.2 The receptor tyrosine kinase TrkB 

TrkB was discovered as the second member of the receptor tyrosine kinase family that also 

includes TrkA and TrkC (Klein et al., 1989; Middlemas et al., 1991). The name of the Trk 

family originates from the oncogene that led to its discovery (Martin-Zanca et al., 1986; 

Barbacid et al., 1991). This oncogene was isolated in gene transfer assays from a carcinoma 

and, when cloned, was found to consist of the first seven of the eight exons of nonmuscle 

tropomyosin fused to the transmembrane and cytoplasmic domains of a novel tyrosine ki-

nase. Therefore, the kinase proto-oncogene was called tropomyosin-related kinase (trk) and 
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is referred to as trkA. The trkB and trkC genes were identified because of their high homol-

ogy to trkA. The three Trk receptor tyrosine kinases are glycoproteins and form the Trk 

family of neurotrophin receptors. This family is characterized by strong similarities in both 

the extracellular region, with 37% amino acid sequence identity, and the intracellular re-

gion, with 75% sequence identity (Klein et al., 1989, Klein et al., 1990; Martin-Zanca et 

al., 1990; Middlemas et al., 1991; Lamballe et al., 1991). All members of this family share 

a rather uniform array of structural motifs (Fig. 3). They possess a highly conserved ED, a 

single-spanning transmembrane domain (TMD), and an ID containing a catalytic tyrosine 

kinase domain as well as regulatory sequences frequently located near the C terminus. The 

ED exhibits a complex subdomain organization consisting of a signal peptide, two cysteine-

rich clusters framing a tandem array of three leucine-rich motifs, and two Ig-like domains 

adjacent to the membrane (Schneider and Schweiger, 1991; Windisch et al., 1995). The ED 

has structural homology with the CAMs of the Ig superfamily and is therefore capable of 

homophilic adhesion, and it is involved in ligand recognition. In early studies, two distinct 

domains of TrkB have been identified as functional neurotrophin-binding sites; one corre-

sponds to the second leucine-rich motif and the other is located in the vicinity of the second 

Ig-like domain (Windisch et al., 1995; Haniu, 1997). After gaining structural information 

on all Trk receptors, the location of the neurotrophin-binding site of the Trk receptors was 

narrowed down to the C-terminal part of the second Ig-like domain (Ultsch et al., 1999; 

Banfield et al., 2001). A distinguishing characteristic of the Trk receptors is that they have 

an ID which contains a catalytic tyrosine kinase domain with several potential sites for ty-

rosine phosphorylation – for instance TrkB has 13 (Segal et al., 1996) – and regulatory 

sequences frequently located near the C terminus. In response to receptor activation, the 

phosphorylation state of the Trk catalytic domain changes. Neurotrophins can interact inde-

pendently (Chao, 1992; Chao and Hempstead, 1995) or simultaneously (Bibel and Barde, 

2000) with two transmembrane glycoproteins, the above-mentioned Trk receptors and the 

p75 neurotrophin receptor (p75NTR). In addition, neurotrophin receptors can interact with 

each other (Bibel and Barde, 2000). p75NTR belongs to the tumor necrosis factor (TNF) re-

ceptor family (Mallett and Barclay, 1991) and to the neurotrophin receptor family.  
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Figure 3. Members of the neurotrophin receptor family including the Trk family of receptor 
tyrosine kinases and the p75

NTR
 receptor. 

Trk receptors belong to the neurotrophin receptor family and the Ig superfamily. Extracellular motifs found in 
the Trk family are two cysteine-rich clusters, three repeats rich in leucine and two IgG-like domains, followed 
by a single-spanning TMD and an ID containing the tyrosine kinase domain (shown in red). The ID of the 
truncated isoform of TrkB (TK– TrkB; depicted in green) lacks the catalytic tyrosine kinase domain, in con-
trast to full-length TrkB (TK+ TrkB). The p75NTR receptor, which belongs to the TNF receptor family and to 
the neurotrophin receptor family, is characterized by four cysteine-rich repeats with six conserved cysteine 
residues (Allendoerfer et al., 1994; Segal et al., 1996).  

Neurotrophic factors were originally identified based on their ability to support the survival 

of neuronal cells (Levi-Montalcini and Angeletti, 1968), but nowadays it is known that they 

have various effects on developing neurons in vivo and in vitro (Lewin and Barde, 1996). 

Beyond the “classical” effects of neurotrophins, like promotion of cell survival and preven-

tion of apoptosis, they also influence the commitment to a specific lineage (Knusel et al., 

1991) and stimulate neurite elongation (Davies et al., 1986; Cohen et al., 1994). For exam-

ple, BDNF as prototypical neurotrophin plays a pivotal role in neuronal survival and 

differentiation (Lewin and Barde, 1996; Huang and Reichardt, 2001), regulates neuronal 

activity and neurotransmitter release and participates in synapse development and plasticity 

(Thoenen, 1995; Poo, 2001; McAllister et al., 1999). Moreover, neurotrophins are also in-

volved in rapid signaling by changing multiple cellular functions such as synaptic 
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transmission and activity-dependent synaptic plasticity. Prerequisite for these fast modula-

tions is the interaction of Trk receptors with ion channels in the plasma membrane (Blum 

and Konnerth, 2005). In particular, TrkB binds to various ion channels such as the non-

voltage-gated cation channel TRPC3 (Li et al., 1999) and the sodium channel Nav1.9 

(Balkowiec et al., 2000). Furthermore, the inwardly rectifying K+ channel Kir3.4 is tyro-

sine-phosphorylated by TrkB (Wischmeyer et al., 1998; Rogalski et al., 2000; Ippolito et 

al., 2002). 

 

Figure 4. The main functions of the Trk receptors. 

Activation of Trk receptors by neurotrophins mediates neuronal survival, proliferation, neurite outgrowth, 
synaptic connectivity, assembly and remodeling of the cytoskeleton, membrane trafficking, and receptor 
cross-talk. A number of receptors, i.e. p75NTR, GPCR, VR1 and c-Ret, communicate with the Trk receptors 
(Huang and Reichardt, 2003). 

Beyond the regulation of ion channels, the main functions of the Trk receptors include mo-

dulation of neuronal survival, proliferation, neurite outgrowth, synaptic connectivity, 

assembly and remodeling of the cytoskeleton, membrane trafficking, and receptor cross-

talk (Fig. 4). The co-receptor p75NTR, G protein-coupled receptors (GPCRs), the vannilloid 

receptor (VR1), the receptor tyrosine kinase c-Ret, and the N-methyl-D-aspartate (NMDA) 

receptor are representative examples for cross-talk partners of Trk receptors (Marini et al., 

1998; Chao, 2003; Huang and Reichardt, 2003). Trk receptors can, alternatively, be acti-

vated in the absence of neurotrophin binding via a GPCR mechanism. Two GPCR ligands, 
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adenosine and pituitary adenylate cyclase-activating polypeptide (PACAP), can activate 

Trk receptors to guarantee the survival of neural cells and thereby compensate the lack of 

neurotrophins (Lee and Chao, 2001; Rajagopal et al., 2004). 

TrkB undergoes transcriptional and posttranslational modifications. TrkB is highly glycosy-

lated and contains 33.3% carbohydrate moieties. The 12 potential N-glycosylation sites of 

TrkB account for the fact that although the unglycosylated full-length and truncated TrkB 

isoforms have predicted molecular weights of only 93 and 57 kDa, respectively, they have 

apparent molecular weights of 145 and 95 kDa, respectively (Klein et al., 1990; Haniu et 

al., 1995). Early in development, TrkB possesses high-mannose oligosaccharides, which 

lack sialic acid or N-acetyl-D-glucosamine. However, later in development, a switch occurs 

so that the full-length receptor is synthesized with complex oligosaccharide side chains 

possessing sialic acid and/or N-acetyl-D-glucosamine in at least some of the terminal posi-

tions (Fryer et al., 1996). The truncated isoforms, which arise from alternative splicing, 

have the complete extracellular region and the TMD, but differ in their short cytoplasmic 

domain which is characterized by the lack of the catalytic tyrosine kinase domain (Fig. 3). 

The truncated isoform T2TrkB (TK– TrkB), which has the same splice site as T1TrkB but 

has a unique cytoplasmic tail region, has been described in rodent brain and is absent in 

human brain. The IDs of T1TrkB and T2TrkB consist of 23 and 21 amino acids, respec-

tively. The first 12 amino acids of the cytoplasmic tail are identical to the full-length 

isoform, whereas the following 11 and 9 amino acids are specific for T1TrkB and T2TrkB, 

respectively (Klein et al., 1990; Middlemas et al., 1991). The T–Shc isoform is the only 

one of the truncated isoforms that contains, additionally, a Src homology domain-

containing transforming protein (Shc)-binding site in the juxtamembrane domain, similar to 

TK+ TrkB (Chao, 1992). 

TrkB is expressed in lung, the CNS, and in multiple structures of the PNS such as dorsal 

root ganglia and sympathetic plexus (Klein et al., 1989). TrkB and TrkC occur as the major 

Trk receptors in the mammalian CNS (Allendoerfer et al., 1994; Fryer et al., 1996; Mini-

chiello and Klein, 1996). TrkB and BDNF are highly expressed in the cerebellum (Kaplan 

et al., 1991; Segal et al., 1995; Lindholm et al., 1997; Ohira et al., 1999; Rico et al., 2002), 

the cerebral cortex (Klein et al. 1990), and the hippocampus (Minichiello and Klein, 1996; 

Yan et al., 1997; Shimada et al., 1998; Rabacchi et al., 1999). TrkB is expressed in both 

pre- and postsynapses (for review see Chao, 2003). The two truncated receptors T1TrkB 

and T2TrkB (TK– TrkB) are characterized by differential distribution in the rodent nervous 

system; however, both are co-expressed with the signal-transducing TK+ TrkB. The ex-
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pression of T2TrkB parallels that of TK+ TrkB and seems to be exclusively neuronal, 

whereas T1TrkB is found mainly in non-neuronal cells such as the ependymal linings of the 

cerebral ventricles, the choroid plexus, astrocytes and, to a lesser extent, in a subpopulation 

of hippocampal neurons (Klein et al., 1990; Armanini et al., 1995; Fryer et al., 1996). So 

far, it is known that T–Shc is the only isoform that is neuron specific. This isoform is 

highly conserved between humans and mice, which indicates that T–Shc plays an important 

role in TrkB signal transduction. Neurotrophins as well as their receptors are developmen-

tally regulated (Klein et al., 1989; reviewed by Davies et al., 1994; Jungbluth et al., 1997). 

TK– TrkB becomes more prevalent with increasing age whereas TK+ TrkB is the predomi-

nant form during development. In the rat brain, TK+ TrkB and TK– TrkB are present at 

equal levels by embryonic day 15 (E15). Rat TK+ TrkB reaches adult expression levels 

between E18 and E20, while TK– TrkB increases immensely between postnatal day 10 

(P10) and P15 in order to represent the most abundant adult form of TrkB (Klein et al., 

1989; Allendorfer et al., 1994; Escandón et al., 1994; Armanini et al., 1995; Eide et al., 

1996). So far, the functional role of the truncated, non-catalytic TK– TrkB is poorly under-

stood. Some evidence indicates that the truncated isoforms of TrkB could either trap the 

catalytic TK+ TrkB by homophilic interaction or act as dominant-negative receptors by 

sequestering ligands (Fryer et al., 1997). 

1.2.1 TrkB-deficient mice 

Although both the TrkB receptor and the ligand BDNF are required for cell survival and 

differentiation in the developing and adult CNS (for review see Korsching, 1993; Reichardt 

and Fariñas, 1997), only subtle morphological changes in the adult nervous system were 

caused in mice with a targeted disruption of the trkB gene. Transgenic mice with null muta-

tions of the trkB gene show a relatively normal cytoarchitecture in the CNS (Liu et al., 

1995; Fryer et al., 1996). However, minor neuronal deficiencies in the CNS and PNS, neu-

ronal loss due to increased apoptosis especially in the hippocampus (Minichiello and Klein, 

1996), and a reduced number of motor neurons in addition to several nervous system le-

sions have been described (Klein et al., 1993; Piñón et al., 1996; Schober et al. 1998). 

Admittedly, homozygous mutant (TrkB–/–) mice show a high mortality during the early 

postnatal period and barely survive one week (Klein et al., 1993; Rico et al., 2002) in con-

trast to heterozygous (TrkB+/–) mice which survive normally. Adult mice with 

haploinsufficiencies of the trkB and/or trkC genes can be characterized by obvious morpho-

logical deficits in hippocampus and amygdala (von Bohlen and Halbach, 2003). 

Conditional mutant mice without TrkB expression in the cerebellum (Wnt1Cre/trkB mice) 



Introduction 12 

survive to adulthood with a normal cerebellar cytoarchitecture. The absence of TrkB evo-

ked significant deficits in GABAergic enzymes and led to a quantitative reduction of 

GABAergic boutons and synaptic specializations. These results underline the important 

role that TrkB plays in synapse formation and the development of GABAergic neurons and 

axon terminals (Rico et al., 2002). In trkB conditional mutant mice, short-term synaptic 

functions and long-term potentiation in the CA3–CA1 hippocampal region are impaired 

(Patterson et al., 1996; Xu et al., 2000). Behavioral studies on mutant mice deficient for the 

TrkB receptor in the forebrain (trkB/CaMKII-CRE mice) revealed behavioral impairments 

such as cognitive deficits, indicating a dysfunction of the hippocampus and the connected 

forebrain structures (Minichiello et al., 1999). In summary, TrkB regulates both short-term 

synaptic functions and long-term potentiation of brain synapses (Vyssotski et al., 2002). 

1.2.2 Trk-mediated signaling 

The discovery of neurotrophins and the Trk receptors gave enormous insights into neural 

function and was a huge step forwards for the understanding of essential mechanisms of 

intracellular communication in the nervous system. Consequently, multiple tyrosine kinase-

regulated signal transduction pathways initiated by neurotrophins were identified in the 

nervous system (for review see Shooter, 2001). First, neurotrophin-mediated activation of 

Trk receptors includes pivotal positive biological functions (Fig. 4) such as cell prolifera-

tion and cell survival, but also axonal and dendritic growth and remodeling, assembly and 

remodeling of the cytoskeleton, membrane trafficking and fusion, and synapse formation, 

function and plasticity. Second, neurotrophins can bind to p75NTR and mediate neuronal cell 

survival, differentiation, growth, and apoptosis. Trk and p75NTR influence each other. Sig-

nals that are generated by these receptors can be enhanced or suppressed by the others. The 

Trk receptors are well known for promoting neuronal survival, whereas p75NTR mainly 

triggers apoptosis and cell death (Bibel and Barde, 2000). p75NTR can potentiate the NF-κB 

activation by Trk (Kaplan and Miller, 2000). Previous studies have demonstrated that level 

and duration of Trk phosphorylation vary as a function of receptor number (Hempstead et 

al., 1992) and the presence of p75NTR (Barker et al., 1994; Hantzopoulos et al., 1994; Verdi 

et al., 1994). Up to this point, there are three known intracellular signaling cascades that 

mediate TrkB–BDNF signaling: the PLCγ–CaM kinase pathway, the PI3K–AKT pathway 

and the Ras–MAPK pathway (Fig. 5). The Ras and PI3K–AKT pathways induce suppres-

sion of apoptotic proteins and MEK/MAPK activation of anti-apoptotic proteins, to 

stimulate cell survival. The selective activation of these cascades is initiated by the recruit-

ment of adapter proteins that specifically bind to certain tyrosines within the TrkB receptor. 
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The neurotrophin BDNF is released in an activity-dependent manner (Balkowiec et al., 

2000; Hartmann et al., 2001) and is capable of binding two TrkB molecules with high af-

finity, resulting in receptor dimerization. As a consequence, a series of tyrosine 

phosphorylation events follows, starting with the autophosphorylation of tyrosines in 

“trans” of the dimerized receptors (Klein et al., 1991a, Klein et al., 1991b; Jing et al., 1992; 

Philo et al., 1994). Phosphorylation of tyrosine 675 (Y-675) in the TrkB ID, which is lo-

cated in the activation loop of the active site, proceeds to completion in vivo before other 

sites are fully phosphorylated. Other tyrosines within the TrkB ID have been identified as 

autophosphorylation sites as well: Y-701, Y-705 and Y-706. The phosphorylation state of 

Y-705 is considered to be especially important (Segal et al., 1996). Two other tyrosine 

phosphorylation sites outside the catalytic domain create docking sites for proteins such as 

Shc, FGF receptor substrate 2 (FRS2), and PLCγ,  which activate second messengers and 

other downstream effectors (Middlemas et al., 1991; Schneider and Schweiger, 1991). 

These include the transcription factor CREB which activates the transcriptional machinery 

in the nucleus and thereby regulates a wide range of genes (Finkenbeiner et al., 1997; Bibel 

and Barde, 2000; Minichiello et al., 2002). One of these phosphorylation sites outside the 

catalytic domain, Y-515 in the juxtamembrane domain of TrkB, is critical for Shc and 

FRS2 binding and hence for activation of the Ras–MAPK signaling cascade (Postigo et al., 

2002; Stephens et al., 1994). Another site in the C terminus of TrkB, Y-816, has been 

shown to play a functional role in binding PLCγ to TrkB (Postigo et al., 2002; Stephens et 

al., 1994; Llovera et al., 2004). Phosphorylation at the Shc site (Y-515) positively regulates 

the autophosphorylation of TrkB (Postigo et al., 2002). Tyrosine autophosphorylation is 

required for both the catalytic and the signaling activities of the Trk receptors (Obermeier et 

al., 1993, Obermeier et al., 1994; Stephens et al., 1994; Kaplan and Stephens, 1994). 
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Figure 5. Trk receptor signaling pathways. 

Neurotrophin binding (e.g. BDNF, indicated as green ellipse) to Trk receptors (e.g. TrkB) causes dimerization 
and autophosphorylation of the receptors; then, a battery of signaling proteins is recruited to the docking sites 
of the receptors. Trk-mediated signaling triggers three pathways: the PLCγ, the PI3K–AKT and the Ras–
MAPK pathways. The Trks initiate the phosphorylation of PLCγ, Shc and FRS2. This leads to activation of 
gene expression (e.g. via induction of the transcription factor CREB), neuronal survival, and neurite out-
growth. The p75NTR receptor particularly activates NF-κB and Jun N-terminal kinase (JNK), and mediates 
RhoA activity. The biological responses of p75NTR consist of the activation of cell survival, neurite outgrowth, 
growth arrest and cell death (for review see Chao, 2003). 

1.3 Proteolysis 

Proteolysis is a process in which certain enzymes, the proteases, specifically cleave proteins 

into fragments of various sizes. The protease family consists of serine, cysteine and aspar-

tate proteases and metalloproteases (Bode et al., 1999). Nowadays the accepted functional 

role of the proteases is not restricted to the activation of inactive precursor molecules such 

as pro-neurotrophins (Mowla et al., 2001). Through proteolysis, an important kind of post-

translational modification, proteases act as key players in a wide range of biological 

processes. Adequately positioned at the plasma membrane, they regulate many aspects of 

protein function, including tissue remodeling and regulation of activation, modification, 

localization and liberation of biological factors. In addition to remodeling of ECM compo-
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nents and regulating cell migration and adhesion, proteases have also been implicated in the 

activation of signaling pathways of receptors, growth factors, and cytokines (Werb and 

Yan, 1998; Rifkin et al., 1999; Egeblad and Werb, 2002; McQuibban et al., 2002; Hoege, 

2003). Membrane-anchored proteins are subjected to proteolytic processing, thereby releas-

ing, partially or completely, the ED as soluble protein, with the rest of the protein being left 

behind as membrane-associated part. This process is termed ectodomain shedding (Peschon 

et al., 1997; Blobel, 2000). When transmembrane proteins undergo regulated proteolysis, 

metalloproteinases are involved that either belong to the ADAM (a disintegrin and a metal-

loprotease) family, to the family of matrixmetalloproteases (MMPs) or to the family of 

prohormone convertases (PCs). The ADAM family has been implicated in physiological 

processes such as neurogenesis, but also in pathological processes including artheriosclero-

sis and Alzheimer’s disease (Werb und Yan, 1998; Schlondorff and Blobel, 1999; 

Primakoff and Myles, 2000). The family of MMPs are responsible for the degradation of 

ECM components such as Tenascin C and laminin, with some members of this family be-

ing involved in regulated processing. MMPs play an important role in the nervous system 

by mediating neurite outgrowth and participating in cell survival, migration or cell death 

(Schlondorff and Blobel, 1999; Yong et al., 2001; for review see Kalus, 2005). The PCs are 

serine proteases and include neuronal peptide hormones, growth factors,  receptors, and 

enzymes. They are generated as inactive pro-proteins, e.g., the pro-neurotrophins such as 

pro-BDNF (Seidah and Chretien, 1997; Mowla et al., 2001). Furthermore, pro-

neurotrophins bind with a higher selectivity to p75NTR as compared to the mature forms. 

Thereby pro-neurotrophins activate apoptosis more efficiently than the mature proteins 

(Lee et al., 2001). PCs, in general, are involved in synaptic plasticity and LTP (for review 

see Kalus, 2005). Recently, a new mode of processing has been described: the ‘regulated 

intramembrane proteolysis’ (RIP). It involves site-specific, membrane-localized proteases 

and is the proteolytic processing of membrane-bound precursors of multiple regulatory pro-

teins. Examples for these events are Notch signaling, amyloid precursor protein processing 

and sterole regulation. In principle, the first of the sequential steps of RIP involves the 

cleavage of the ED, which seems to be a prerequisite for the second proteolytic event which 

occurs at the TMD. The initial shedding step is necessary for a better accessibility of the 

TMD to the second protease, in order to prepare the substrate for RIP. The released intra-

cellular fragment often migrates to the nucleus as a transcriptional regulator. 

Intramembrane cleaving proteases are the responsible proteases for RIP, which is 

considered as a precisely regulated mechanism that guarantees controlled proteolysis in the 

plane of the membrane (Brown et al., 2000; Hoppe et al., 2001; Urban and Freeman, 2002). 



Introduction 16 

Since the cell membrane is under constant reconstruction, proteolytic processing seems to 

represent an ideal mechanism or tool to ensure dynamic changes in its protein composition. 

The activity of proteases is controlled by a complex system of physiological inhibitors. 

However, when protease expression and substrate proteolysis are altered or out of regular 

control, pathological events follow, leading to several diseases such as Alzheimer’s disease 

or multiple sclerosis. Therefore, proteases and their substrates are more and more recog-

nized as precious drug targets in disease treatment (Werb und Yan, 1998; Blobel, 2000; 

Yong et al., 2001). 

1.3.1 Ubiquitination and ubiquitin-dependent proteolysis 

The ubiquitin-proteasome system (UPS), one of the posttranslational modification systems, 

is known to be classically responsible for targeted protein degradation by the proteasome 

(Hershko und Ciechanover, 1998; Laney and Hochstrasser, 1999). Recent observations 

have shown that ubiquitination of proteins within the proteasome is the major proteolytic 

processing mechanism used by mammalian cells to regulate cytosolic and nuclear protein 

levels (Klimschewski, 2003). UPS has also been implicated as a component of the mecha-

nism that regulates endosomal trafficking of membrane receptors (Levkowitz et al., 1998; 

Kerkhof et al., 2001). Moreover, UPS is involved in the formation of long-term memory 

(Lopez-Salon et al., 2001) and in regulation of protein activation, immune responses, signal 

transduction, DNA repair, and transcription (Pickart, 2001; Hoege, 2002). Furthermore, 

ubiquitin-like modifier systems (UBLs) have recently been discovered (Jentsch and Py-

rowolakis, 2000). Ubiquitin, an 8.5-kDa protein, can be covalently attached to cellular 

proteins via an isopeptide linkage between the C-terminal groups of two glycines of ubiq-

uitin and lysine amino groups on the acceptor protein. This conjugation of ubiquitin (or 

ubiquitin-like proteins) via an isopeptide linkage to target proteins is defined as ubiquitina-

tion or ubiquitinylation (Hoege, 2002). This process often leads to the formation of 

ubiquitin chains which are recognized and degraded by a multicatalytic protease, namely 

the 26S proteasome, which is located in the cytosol or in the nucleus. The 26S proteasome 

is a cylindrical organelle that recognizes ubiquitinated proteins, often degrades the proteins 

and recycles ubiquitin (Enenkel et al., 1999; Russell et al., 1999). Certain proteins are only 

monoubiquitinated, others are polyubiquitinated without any later contact with the protea-

some (Pickart, 1997). Ubiquitin-like proteins such as small ubiquitin-related modifier 

(SUMO) are conjugated to their substrates in analogy to ubiquitin. Both, the UPS and the 

UBLs seem to influence each other, but how exactly is poorly understood (Jentsch und Py-

rowolakis, 2000). For instance, SUMO seems to act as an antagonist to ubiquitin or 
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functions as regulator in protein–protein interactions. It is very likely that SUMO enhances 

the stability or mediates the subcellular location of proteins (for review see Melchior, 2000; 

Müller et al., 2001). The regulatory function of both systems not only includes ubiquitina-

tion but also deconjugation of ubiquitin from the target proteins. As soon as ubiquitin is 

removed from proteins, they have different functions (Hoege, 2002). The UPS provides a 

clue for understanding the molecular mechanisms underlying cancer and various neurode-

generative diseases such as Parkinson’s disease and Huntington’s disease (Doherty et al., 

2002; Ross and Pickart, 2004). 

A new ubiquitin processing pathway termed ‘regulated ubiquitin/proteasome-dependent 

processing’ (RUP) has been recognized for transcriptional control. The first description of 

RUP was the processing of the soluble protein p105, the precursor of the p50 NF-κB tran-

scription factor. Processing of p105 by the proteasome proceeds by a mechanism in which 

the C-terminal half of the molecule is quickly degraded, whereas the N-terminal portion 

(p50) is left intact (Palombella et al., 1994). The transcription factors SPT23 and MGA2, 

relatives of the mammalian NF-κB, are attached to the membrane via their C-terminal tails 

and the N-terminal domains are ‘saved from’ degradation. In most cases, however, protea-

some action leads to complete degradation of the protein into small peptides (Hoppe et al., 

2000; Rape and Jentsch, 2004). Another example for RUP is the Drosophila protein Cubi-

tus interruptus (Ci), a component of the Hedgehog signaling pathway (Noureddine et al., 

2002). However, not much is known about other substrates that undergo RUP. 

1.3.2 NCAM-dependent proteolysis 

Several studies have shown the involvement of NCAM in proteolytic processing. Beyond 

the various soluble NCAM isoforms that have been detected so far, the 110-kDa fragment 

is the most prevalent one (Gennarini et al., 1984; Nybroe et al., 1989; Olsen et al., 1993). 

This NCAM fragment interacts with ECM molecules and can be produced in a calmodulin 

(CaM)-regulated manner when brain membranes are incubated at 37 °C (Probstmeier et al., 

1989). TNFα-converting enzyme (TACE), a metalloprotease and member of the ADAM 

family, is probably one of the responsible enzymes for the shedding of NCAM140 and -180 

EDs. NCAM120 seems to be cleaved by a different mechanism. The matrix metalloprote-

ase inhibitor GM 6001 has an inhibitory effect on the generation of soluble NCAM 

fragments and on NCAM-dependent neurite outgrowth (Kalus, 2005). The tissue-type 

plasminogen activator (tPA), a serine protease, has been shown to proteolytically cleave the 

NCAM-ED. The identified NCAM isoforms had a molecular weight of 65 kDa and 90 kDa 
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(Endo et al., 1999). Soluble NCAM disturbs cell adhesion whereas substrate-coated NCAM 

mediates this process (Olsen et al., 1993). After activation of NMDA receptors, the genera-

tion of 65- and 75-kDa soluble NCAM fragments was increased and caused induction of 

LTP (Hoffman et al., 1998a; Hoffman et al., 1998b). NCAM processing seems to play an 

essential role in certain neurological diseases such as schizophrenia and Alzheimer’s dis-

ease (Poltorak et al., 1995; Vawter et al., 1998). 

1.3.3 Neurotrophin receptor-dependent proteolysis 

The neurotrophin receptor p75NTR was the first member of this family to be found involved 

in proteolysis and ectodomain shedding (DiStefano and Johnson, 1988; Schlondorff und 

Blobel, 1999). It has been shown that p75NTR undergoes RIP. The cleavage of p75NTR is 

modulated by the sequential action of α- and γ-secretase leading to the release of intracellu-

lar fragments into the cytosol. This reveals a new mechanism for transmitting neurotrophin 

signals from the cell surface to intracellular sites. NRH1 and NRH2, two p75NTR homo-

logues, also undergo proteolytic processing, mediated by a different protease, whereby 

soluble ID fragments are released. Soluble IDs of p75NTR and NRH2 are involved in the 

activation of NF-κB, which implicates intracellular and nuclear signaling functions through 

distinct proteases (Chao, 2003; Kanning et al., 2003). TrkA and TrkB have been recognized 

as mediators of p75NTR processing whereas neurotrophins do not regulate this process. 

p75NTR acts as a co-receptor for neurotrophins by creating a high-affinity heteromeric re-

ceptor complex with Trk receptors (Esposito et al., 2001). In the absence of Trks p75NTR 

signals cell death, but potentiates survival in the presence of Trks (for review see Roux and 

Barker, 2002). In the absence of Trks, truncated and intracellular forms of p75NTR more 

effectively induce neuronal cell death (Coulson et al., 2000; Roux et al., 2001). Therefore, 

the regulation of p75NTR cleavage by TrkA and TrkB may be one mechanism by which 

Trks affect p75NTR cell death signaling (Kanning et al., 2003). TrkA forms a molecular 

complex together with either full-length p75NTR or membrane-bound cytosolic fragments 

(Jung et al., 2003). 

Beyond p75NTR, ectodomain shedding has also been described for TrkA, resulting in two 

fragments which contain the TMD and ID (Cabrera et al., 1996; Diaz-Rodriguez et al., 

1999; Diaz-Rodriguez et al., 2000; Diaz-Rodriguez et al., 2002). Cleavage of TrkA was 

induced by a calmodulin (CaM) inhibitor and was highly sensitive to metalloprotease in-

hibitors (Diaz-Rodriguez et al., 2000; Llovera et al., 2004). 
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The p75NTR is a marker for cholinergic neurons in the degenerated forebrain of Alzheimer’s 

disease patients (Auld et al., 2002), and it is speculated that the proteolysis of p75NTR might 

be linked to Alzheimer’s disease or the chronic inflammatory reaction in an autosomal do-

minant disease (Chao, 2003). 
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2 Aim of the study 

Multiple interactions of cell adhesion molecules (CAMs) (Cunningham et al., 1987; Do-

herty et al., 1990; Diestel et al., 2003), and neurotrophic factors (Cohen et al., 1994; 

Williams et al., 2005) influence the development and maintenance of the nervous system. 

Various neuronal functions are impaired in NCAM-deficient (NCAM–/–) mice such as re-

duced hippocampal fasciculation in addition to impaired long-term plasticity (LTP) 

(Cremer et al., 1994; Stork et al., 1997). For example, it has been shown that the phos-

phorylation of the receptor tyrosine kinase B TrkB was reduced in neural CAM deficient 

mice NCAM(–/–). When α-2,8-linked polysialic acid was removed from the NCAM, brain-

derived neurotrophic factor (BDNF) function was reduced. Earlier studies have implicated 

a putative extracellular interaction between TrkB and NCAM via a binding between PSA-

modified NCAM (PSA-NCAM) and BDNF (Mueller et al., 1999; Vutskits et al., 2001).  

This study, however, addressed the question whether the 180-kDa isoform of NCAM 

(NCAM180) and TrkB interact intracellularly. Results from the phage display analysis re-

vealed a peptide in the intracellular domain of NCAM180 (NCAM180-ID) that bound to a 

peptide in the TrkB-ID. The major aim of this work was to characterize the potential bind-

ing between NCAM180-ID and TrkB-ID. For this purpose, biochemical cross-linking, co-

immunoprecipitation assays and binding studies were performed. Beyond that, the func-

tional role of the interaction between these two proteins was scrutinized by investigating 

the effect of BDNF on NCAM-dependent neurite outgrowth. The main focus of this study 

was based on the hypothesis that a cross-talk exists between TrkB and NCAM with the po-

tential of causing convergence and divergence of downstream signaling cascades in various 

ways. 
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3 Materials 

3.1 Chemicals 

All chemicals were obtained from the following companies in p.a. quality: GibcoBRL (Life 

technologies, Karlsruhe, Germany), Qiagen (Hilden, Germany), Calbiochem (La Jolla, Ca-

lifornia, USA), Dynal (Hamburg, Germany), Perbio Science (Bonn, Germany), and Sigma-

Aldrich (Deisenhofen, Germany). 

3.2 Solutions and buffers 

             (in alphabetical order) 

 
ABTS staining solution  2% (w/v) ABTS in 100 mM sodium acetate buffer, pH 4.2  
(ELISA)   0.001% (v/v) H2O2 
    freshly prepared 
 
Antibody buffer   0.3% (w/v) BSA in PBS, pH 7.4  
(Immunocytochemistry)  0.02% (w/v) Triton X-100  
 
BCA-Reagent A   1% (w/v) Bicinchoninacid disodium salt  
(BCA kit)    1.7% (w/v) Na2CO3 x H2O  
    0.16% (w/v) Sodiumtartrat  
    0.4% (w/v) NaOH 
    0.95% (w/v) NaHCO3, pH 11.25 
 
BCA-Reagent B   4% (w/v) CuSO4 x 5 H2O  
(BCA kit)  
 
Blocking buffer  3% (w/v) BSA in 50 mM Tris buffer, pH 7.5 
(ELISA-TrkB-ID)  0.2% (w/v) Tween 20  
 
Blocking buffer  1% (w/v) BSA in PBS or TBS, pH 7.4 
(ELISA-TrkB pepides)   
 
Blocking buffer   3% (w/v) BSA in PBS, pH 7.4  
(Immunocytochemistry)  0.2% (w/v) Triton X-100  
 
Blocking buffer   3-4% (w/v) instant milk powder in TBS  
(Western Blot) 
 
Blotting buffer   25 mM Tris  
(Western Blot)   192 mM Glycin  
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Boston buffer    50 mM Tris, pH 8.0  
(Bacterial lysis)   1% (w/v) Triton X-100  
    50 mM KCl  
    2.5 mM EDTA  
 
Coomasie Blue Solution 0.1% Coomasie Blue Solution 
    250 ml Ethanol 
    50 ml Acetic acid (ad to 500 ml H2O) 
 
Coupling solution   20 mM dimethylpimelimidate  
(Covalent coupling   in 200 mM sodium tetraborate, pH 9.0 

of antibody to beads) 
 
Destaining solution  350 ml Ethanol 
    50 ml Acetic acid (ad to 1l H2O) 
 
Developing solution   0.04% Formaldehyde in 2% Na2CO3 
(Silver stain)    7.5 g Na2CO3 
    30 µl Formaldehyde 
    up to 250 ml H2O (freshly added)  
 
Elution buffer   50 mM NaH2PO4, pH 8.0  
(Protein expression)  300 mM NaCl 
    250 mM Imidazole 
 

Ethidiumbromide-   10 µg/ml Ethidiumbromide in 1x TAE  
staining solution  
(DNA-gels)  
 

Fixation solution   50% (v/v) Methanol  
(Silver stain)   5% (v/v) Acetic acid  
    45% (v/v) H2O 
 
Homogenization buffer  0.32 M Sucrose 
(Isolation of subfractions  1 mM CaCl2  
from brains)   1 mM MgCl2  

    50 mM Tris-HCl, pH 7.4  
 
Hypotonic lysis buffer  10 mM HEPES, pH 7.4  
(Cell lysis)    0.5 mM EDTA  
 
IPTG     resuspending 238 mg/ml results in a 1 M stock solution  
(Protein expression) 
 
Lysis buffer 1   20 mM Na3PO4, pH 7.4  
(Cell lysis for cross-   150 mM NaCl 
linking-TrkB peptides) 1 mM CaCl2  
    1 mM MgCl2  
    1x CompleteTM EDTA-free protease inhibitor mixture 
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Lysis buffer P+  1x PBS, pH 7.4 
(Conditions inhibting  1mM MgCl2  
dephosphorylation)  1mM Mn Cl2  
    1mM EGTA 
    1mM NaF 
    0.5 mM Pervanadate solution freshly prepared 
    20 µM GM 6001  
          1 µM DAPT  
    1x CompleteTM EDTA-free protease inhibitor mixture  
     
Lysis buffer P-  1x PBS, pH 7.4 
(Conditions   5 µM Trk inhibitor K252a  
inhibiting tyrosine  1x CompleteTM EDTA-free protease inhibitor mixture  
kinase phosphorylatioN)   
 
Native lysis buffer   50 mM NaH2PO4, pH 8.0 
(Bacterial lysis)   300 mM NaCl  
    10 mM Imidazole  
 
Pervanadate solution  1 mM Na3VO4 
(Lysis buffer P+)  1 mM H2O2  
    freshly prepared 
 
Phosphate Buffered Saline  150 mM NaCl  
(PBS)     20 mM Na3PO4, pH 7.4 
 
Phosphorylation buffer       50 mM HEPES 
(Preparation of  1 mM ATP 
phosphorylated TrkB-ID) 10 mM MgCl2 

    10 mM MnCl2 

    0.1% (w/v) Tween 20, pH 7.0 
 

Protease-inhibitors  CompleteTM EDTA-free pills resuspending 1 tablet in 1 ml 
solution results in a 50x stock solution (Roche Diagnostics, 
Mannheim, Germany) 

 
RIPA-buffer    50 mM Tris-HCl, pH 7.4  
(Cell lysis)    1% (w/v) Triton X-100 or NP-40 
    150 mM NaCl 
    1 mM EGTA 
    1 mM Na3VO4  
 
Roeder C buffer  10 mM Tris, pH 8.0 
(Nuclear fractions)  10% (v/v) Glycerol  
    300 mM NaCl 
    2 mM MgCl2  
    0.5 mM EDTA 
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Running Gel  8%   4.89 ml deionized water  
(Protein gels)    5.26 ml 1 M Tris, pH 8.8 
    0.14 ml 10% SDS  
    3.73 ml 30% Acrylamide-Bis 29:1  
    70 µl 10% APS  
    7 µl TEMED  
 

Sample buffer (5x)   0.312 M Tris-HCl, pH 6.8  
(Protein gels)    10% (w/v) SDS  
    5% (w/v) β-Mercaptoethanol  
    50% (v/v) Glycerol  
    0.13% (w/v) Bromphenol blue  
 

Sensitising solution  0.02% Sodium thiosulfate 
(Silver stain)   in water 
 

SDS running buffer (10x)  0.25 M Tris-HCl, pH 8.3  
(Protein gels)    1.92 M Glycine  
    1 M SDS  
 

Stacking Gel 5%   3.77 ml Deionized water  
(Protein gels)   0.32 ml 1 M Tris, pH 6.8  
    0.05 ml 10% (w/v) SDS  
    0.83 ml 30% Acrylamide-Bis 29:1  
    25.0 µl 10% APS  
    7 µl TEMED  
 

Staining solution   40% (v/v) Ethanol  
(Protein gels)    10% (v/v) Acetic acid  
    0.1% (w/v) Serva Blue R250  
 

Stripping buffer   0.5 M NaCl  
(Western blots)   0.5 M Acetic acid  
 

Sucrose buffered solutions  1.0 M/1.2 M/2.27 M/2.3 M 
(Sucrose gradient)  1 mM CaCl2 

    1 mM MgCl2  
    5 mM Tris-HCl, pH 7.4  
 

TAE (50x)    2 M Tris-Acetat, pH 8.0  
(DNA gels)   100 mM EDTA TE (10x)  
    0.1 M Tris-HCl, pH 7.5 
    10 mM EDTA  
 

TBF1     100 mM RbCl  
(Competent E.coli)   50 mM MnCl2  
    30 mM Potassium acetate  
    10 mM CaCl2  
    15% (v/v) Glycerol  
    (pH 5.8, sterile-filter) 
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TBF2     10 mM MOPS  
(Competent E.coli)  10 mM RbCl  
    75 mM CaCl2  

    15% (v/v) Glycerol  
    (pH 8.0, sterile-filter) 
 
Tris Buffered Saline (TBS)  10 mM Tris-HCl, pH 8.0  
    150 mM NaCl  
 
TBST    0.2% Tween 20 in TBS, pH 7.4 
(ELISA) 
 
TBST    0.05% Tween 20 in TBS, pH 7.4 
(Western Blot)  
 
Tris plus buffer   5 mM Tris-HCl, pH 7.4  
(Isolation of   1 mM CaCl2 
nuclear fraction)   1 mM MgCl2 

    1 mM NaHCO3 
 
Wash buffer A  50 mM NaH2PO4, pH 8.0  
(Protein expression)  600 mM NaCl 
    10 mM Imidazole 
 
Wash buffer B   50 mM NaH2PO4, pH 8.0  
(Protein expression)  300 mM NaCl 
    20 mM Imidazole 
 
Wash buffer C   50 mM NaH2PO4, pH 8.0  
(Protein expression)  300 mM NaCl 
    40 mM Imidazole 
 
Wash buffer D  50 mM NaH2PO4, pH 8.0  
(Protein expression)  300 mM NaCl 
    60 mM Imidazole 
 
Washing buffer 1  0.5% (w/v) NP-40 
(Co-IP with H28  50 mM Tris-HCl, pH 8.0 
antibody)   500 mM NaCl 
 
Washing buffer 2  0.5% (w/v) NP-40 
(Co-IP with H28  50 mM Tris-HCl, pH 8.0 
antibody)    
 
Washing buffer 3  10 mM Tris, pH 7.5 
(Co-IP with D3   750 mM NaCl 
antibody)   0.5% Triton X-100 
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Washing buffer  0.2% (w/v) Tween 20 in TBS, pH 7.4 (TBST) 
(ELISA-TrkB-ID)  0.1% BSA 
 
Washing buffer  0.05% (w/v) Tween 20 in PBS or TBS, pH 7.4  
(ELISA-TrkB peptides) (PBST or TBST) 

3.3 Synthezised peptides 

3.3.1 NCAM peptides 

            (Synthesis by Dr. Jochen Heukeshoven, Hamburg, Germany) 

 

Peptide    Sequence  

     1     H-DITCYFLNKCGLLMCIAVNLCGKAGPGAKGKDMEEG-OH 

     2     H-KAAFSKDESKEPIVEVRTEEERTPNHDGGKHTEPNETTPLTEPE-OH 

     3     H-KGPVETKSEPQESEAKPAPTEVKTVPNEATQTKENESKA-OH 

 

3.3.2 TrkB peptides 

 (Synthesis by Dr. Jochen Heukeshoven, Hamburg, Germany) 

 

Peptide    Sequence  

     1  H-QHFVHKHPGLSAC-OH   

     2  H-CGMVYLASQHFVHRDLATRNCLVGC-OH  

 

 (Synthesis by Dr. Christian Schafer, Copenhagen, Denmark) 
 

Peptide    Sequence  

     3  H-CSQHFVHRD-OH                  

     4  H-SQHFVHRDLATRNC-OH              

 

The putative binding site from the page display analysis is depicted in bold letters. 
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3.4 Bacterial media 

          (Media were autoclaved and antibiotics were supplemented prior to use) 

LB-medium    10 g/l Bacto-tryptone, pH 7.4  
    10 g/l NaCl  
    5 g/l Yeast extract  
 
LB/Amp-medium   100 mg/l Ampicillin in LB-Medium 
 
Ampicillin stock solution 100 mg/ml in H2O 
 
IPTG/XGAL stock solution 1.25 g IPTG  
(LB/IPTG/XGAL plates) 1 g XGAL in 25 ml Dimethyl formamide 
 
Kanamycin stock solution 25 mg/ml in H2O 
 
LB/Amp-plates   20 g/l Agar in LB-Medium 
    100 mg/l Ampicillin  
 
LB/Kan-plates   20 g/l Agar in LB-Medium  
    25 mg/l Kanamycin  
 

LB/IPTG/XGAL plates  15 g/l Agar in LB-Medium  
    1 ml IPTG/XGAL stock solution  
 

Psi broth   4 mM MgSO4 

    10 mM KCl in LB-Medium 

3.5 Bacterial strains and cell lines  

CHO-K1    Chinese Hamster Ovary  
 
N2a     Mouse neuroblastoma cell line  

Origin: Established from the spontaneous tumor of a strain A 
albino 

 
Escherichia coli  Clontech  
DH5α 
 
Escherichia coli   QIAGEN  
M15pREP4 



Materials 28 

3.6 Cell culture media 

Media were prepared from a 10x stock solution purchased from Gibco GBL  
 
CHO-cell Medium   Glasgow MEM (GMEM) (with nucleotides, L-Glutamine) 

supplemented with  
  10% (v/v) Fetal calf serum (FCS) 
  50 U/ml Penicilline/Streptomycine 
  4 mM L-Glutamine  
 
N2a-cell Medium /  Dulbecco MEM (DMEM) 
LMTK/LMTK-PST   supplemented with 
Medium    10% (v/v) Fetal calf serum (FCS) 
    50 U/ml Penicilline/Streptomycine  
    1 mM Pyruvate  
 
Cerebellar microexplant  Minimum Eagle's medium (MEM)  
culture medium   supplemented with  
    10% (v/v) Horse serum (HS)  
    10% (v/v) Fetal calf serum (FCS)  
    6 mM Glucose 
    200 µM L-Glutamine,  
    50 units/ml Penicilline/Streptomycine 
    10 µg/ml Transferrin 
    10 µg/ml Insulin 
    10 ng/ml Selenium 
 
Cerebellar culture  Basal Eagle's medium (BEM)  
medium (Medium X-1) 50 units/ml Penicilline/Streptomycine 
    0.1% BSA 
    10 µg/ml Insulin  
    4 nM L-Thyroxin  
    100 µg/ml Transferrin  
    0.027 TIU/ml Aprotinin  
    30 nM Sodium selenit  
    optional: 
    1 x Sodium pyruvat  
    1 x L-Glutamine 
 
RPMI medium  PAA Laboratories, Pasching, Austria 
 
Versene    Gibco GBL  
 
Hanks' balanced salt   PAA Laboratories, Cölbe, Germany 
solution (HBSS) 



Materials 29 

3.7 Inhibitors and activators 

All inhibitors were ordered from Calbiochem (LaJolla, CA, USA), recombinant expressed 
brain-derived neurotrophic factor (BDNF) from Sigma-Aldrich (St Louis, MO, USA), and 
the Calmodulin inhibitor CGS9343B from Novartis Pharma (Basel, Switzerland). 
 
K-252a    5 µΜ in DMSO for lysis buffer and 100 nM in cell 
(Norcardiopsis sp. in solution, culture      
a tyrosine kinase inhibitor) 
 
GM 6001    20 µΜ in DMSO for homogenization buffer and  
(Broad-spectrum inhibitor    100 nM in cell culture, 50 µΜ in proteolysis assay  
of matrix metalloproteinases) 
 

DAPT     1 µΜ in DMSO for homogenization buffer and  
(γ-Secretase inhibitor IX)   100 nM in cell culture  
 
CGS9343B     50 µΜ for proteolysis assay  
(Calmodulin inhibitor) 

 
1,10-Phenantroline   10 mM in proteolysis assay 
 
ALLN     50 µΜ in DMSO for proteolysis assay and 100 nM in 
(MG-101; inhibitor of   cell culture 
neutral cysteine proteases,  
calpain and proteasome) 
 
BDNF     50 ng/ml (50 µM stock solution dissolved in ddH2O) 
(brain-derived neurotrophic  
factor; human, recombinantly 
expressed in E. coli) 
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3.8 Molecular weight standards 

6 µl of the BenchMark Prestained Protein Ladder (Life Technologies) (2) or Precision 

Plus Protein Standards Dual Color (Biorad, Hercules, CA, USA) (1) were loaded on the 

SDS-PAGE gel.  

(1) 

Band No.   apparent molecular weight (kDa)  

 

1 250 

2 150  

3 100 

4  75*  

5  50 

6  37 

7  25* 

8  20 

9  15 

10  10 

*Orientation bands (pink in color)  
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(2) 

Band No.   apparent molecular weight (kDa)  

 

1 220 

2 160  

3 120 

4 100  

5  90 

6  80 

7  70 

8  60 

9  50* 

10  40 

11 30 

12 25* 

13 20 

14 15 

15 10 

*Orientation bands (50 kDa and 25 kDa are more prominent) 

3.9 Plasmids 

pQE30  prokaryotic expression plasmid for recombinant expression of proteins carry-
ing a polyhistidine-domain (6xHis) at the 5’ end of the multiple cloning site 
for purification. Amp-resistance (Qiagen). 

 
pcDNA3 mammalian expression vector for transfection. Amp-resistance (Invitrogen). 
 

3.10 Mouse model (Mus musculus domesticus, Linneaus, 1758) 

Developing (postnatal) and adult (> 2 months) C57BL/6J mice, Mus musculus, were taken 

from our breeding colony and raised according to standard protocols. NCAM knockout 

mice (NCAM-/-) (Cremer et al., 1994) were generated either by breeding heterozygous mu-

tant mice kept on a mixed C57BL/6 background or by a homozygous breeding. TrkB 

knock-out mice (TrkB–/–) (Klein et al., 1993) were generated by breeding heterozygous 
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mutant mice kept on a mixed C57BL/6 background. Standard procedures (Laird et al., 

1991) were used for the genomic DNA extraction from tail biopsies of mice. All mice were 

kept in our animal facility. Mice were kept under standard conditions with food and water 

ad libitum and a light:dark cycle of 12:12 h. The animals were sacrificed in a CO2-chamber 

prior to removal of the brain. All animal experiments were approved by the University and 

State of Hamburg animal care committees and were conformed to NIH guidelines. 

3.11 Antibodies 

3.11.1 Primary antibodies 

Kir3.3 rabbit polyclonal Kir3.3 antibody derived from a peptide encoding 
for the C-terminus of  Kir3.3 (kindly provided by Dr. Rüdiger Veh, 
Universitatsklinikum der Humboldt-Universität Berlin, Berlin, Ger-
many).  
IB: 1:1000 (1% milk in TBS)  

 

NCAM 1B2 polyclonal antibody derived from the extracellular domain of mouse 
NCAM-Fact (produced in the lab of Prof. Dr. Melitta Schachner).  
IB: 1:5000 (4% milk in TBS)  
ICH: 1:800  

  
D3 mouse monoclonal antibody recognizes an epitope on 

180 kDa isoform within the intracellular domain encoded by exon 18.  
   IB: 1:2000 (3% milk in TBS) 
   ICH: 1:100 
   ELISA: 1:1000 (0.1% BSA in TBST) 
   IP: 4 µg/ sample 
 
P61  rat monoclonal antibody recognizes an intracellular determinant ex-

pressed by adult and embryonic NCAM140 and NCAM180 (kindly 
provided by Christo Goridis, Developmental Biology Institute of 
Marseille, Marseille, France).  
IB: 1:10 (supernatant in 2% milk in TBS)  
ELISA: 1:100 (0.1% BSA in TBST) 
 

5B8 mouse monoclonal antibody produced against the C-terminus of the 
intracellular domain of NCAM140 and NCAM180 (obtained from 
Developmental Studies Hybridoma Bank, University of Iowa, Iowa, 
USA). 
IB: 1:10 (supernatant in 3% milk/ TBS)  
ELISA: 1:100 (0.1% BSA in TBST) 
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H28 rat monoclonal antibody produced against the C-terminus of the in-
tracellular domain of NCAM180 (kindly provided by Christo 
Goridis, Developmental Biology Institute of Marseille, Marseille, 
France).  
IB: 1:10 (supernatant in 3% milk/TBS) 

   IH: 1:100  
 
Penta His  mouse monoclonal antibody that recognizes five consecutive his-

tidine residues (Qiagen, Hilden, Germany). 
ELISA: 1:1000 (1% BSA in TBST) 

 
PSA (735) mouse monoclonal anti-α-2,8-polysialic acid IgG2a antibody which 

only recognizes long chain PSA (kindly provided by Dr. Rita Ger-
ardy-Schahn, Medizinische Hochschule Hannover, Hannover, 
Germany). 

   ICH: 1:100 
 
PanTrk (C-14) rabbit polyclonal antibody raised against a peptide mapping within 

the highly conserved C-terminus (Santa Cruz Biotechnology, Santa 
Cruz, USA). 
IB: 1:1000 (3% milk in TBS) 

   IP: 4 µg/ sample 
ICH: 1:100 

 
TrkB (H-181) rabbit polyclonal antibody raised against a recombinant protein cor-

responding to amino acids 160-340 located within the extracellular 
domain of TrkB of human origin (Santa Cruz Biotechnology, Santa 
Cruz, USA). 

   IB: 1:1000 (3% milk in TBS) 
ICH: 1:100 

 
TrkB (794) rabbit affinity purified polyclonal antibody raised against a peptide 

mapping adjacent to the C-terminus of the precursor form of TrkB 
gp145 of mouse origin (Santa Cruz Biotechnology, Santa Cruz, 
USA). 
IB: is not to recommend for IB due to lack of specificity and weak  
signal 
ICH: 1:100 

 
Ubiquitin mouse monoclonal antibody against amino acids 1-76 representing 

ull length ubiquitin of bovine origin (Santa Cruz Biotechnology, 
Santa Cruz, USA). 
IP: 2 µg/ sample 

3.11.2 Secondary antibodies  

All horseradish peroxidase-coupled (HRP) secondary antibodies were purchased from Dia-

nova (Hamburg, Germany) and were used in a dilution of 1:10,000. Streptavidin-HRP was 
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obtained from Sigma-Aldrich (Deisenhofen, Germany) and was used in a dilution of 

1:3000. For immunocytochemistry, Cy3 and Cy5 secondary antibodies were obtained from 

Dianova and were used in a dilution of 1:200. 
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4 Methods 

4.1 Molecular biology 

4.1.1 Bacterial strains 

4.1.1.1 Maintenance of bacterial strains 

  (Sambrook et al., 1989) 

Selected bacterial strains were stored as glycerol stocks (LB-medium, 25% (v/v) glycerol) 

at -70 °C. An aliquot of the stock was streaked on an LB-plate containing the corresponding 

antibiotics and was incubated overnight at 37 °C. Agar plates covered with grown bacteria 

were stored up to 6 weeks at 4 °C. 

4.1.1.2 Production of competent bacteria 

  (Inoue et al., 1990) 

DH5α and M15[REP4] bacteria were streaked on LB-plates containing the appropriate an-

tibiotics and incubated overnight at 37 °C. Individual colonies were selected and used for 

inoculation of an overnight culture that was subsequently added to 100 ml pre-warmed LB 

medium. Bacterial growth at 37 °C continued until an optical density (OD600) of 0.5 was 

reached (approximately 90 –120 min). After a cooling period on ice for 5 min the culture 

was transferred to a sterile round-bottom tube and centrifuged at low speed (4,000 x g, 

5 min, 4 °C). The cells were gently resuspended in ice-cold TBF1 buffer and kept on ice for 

another 90 min. To harvest cells a previous centrifugation step was repeated (4,000 x g, 

5 min, 4 °C). Cells were resuspended in 4 ml ice-cold TBF2 buffer. Aliquots were snap 

frozen in liquid nitrogen and stored at -70 °C for no longer than 6 months. 

4.1.1.3 Transformation of bacteria 

  (Sambrook et al., 1989) 

Aliquots of competent DH5 α or M15[REP4] bacteria were thawed on ice for 10 min. 

50-100 ng of plasmid DNA were supplemented to 100 µl of bacteria suspension and incu-

bated for 20 min at 4 °C. After a heat shock at 42 °C for 1 min and consecutive incubation 

on ice for 2 min, 800 µl LB-medium were added to the bacteria following incubation at 

37 °C for 30 min with constant movement. The cells were collected by centrifugation at 

10,000 x g for 2 min at RT. Cells were resuspended in 100 µl LB medium and plated on LB 
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plates containing the appropriate antibiotics. The plates were incubated at 37 °C overnight 

to allow single bacteria colonies to grow. 

4.1.2 Plasmid isolation of Escherichia coli 

     (Sambrook et al., 1989) 

The methods for plasmid DNA purification are based on alkaline lysis of bacteria, on dena-

turation of protein by chaotropic salts, and on the separation of DNA from contaminants 

using a glass fiber matrix. For small scale plasmid isolation (Miniprep) 3 ml LB/Amp-

Medium (100 µg/ml ampicillin) were inoculated with a single colony and incubated over-

night at 37 °C with constant agitation. Bacteria of the overnight culture were pelleted by 

centrifugation at 12,000 x rpm for 1 min at RT. Plasmids were isolated from the bacteria 

according to the manufacturer’s protocol (Amersham Pharmacia Mini preparation kit). The 

DNA was eluted from the glass fiber matrix columns by addition of 50 µl 10 mM 

Tris-HCl, pH 8.0 with subsequent centrifugation (12,000 rpm, 2 min, RT). The concentra-

tion of the eluted DNA was about 0.25 µg/µl as determined by UV spectrometry. To 

quickly obtain higher concentrations of DNA (80 µg total plasmid DNA), the Nucleospin 

kit (Macherey-Nagel) was chosen and the plasmids from a 15 ml bacterial culture were 

purified according to the manufacturer’s instructions with minor modifications. Thus, the 

suggested volume of buffers was doubled and the elution buffer was pre-warmed to 70 °C. 

The concentration of the eluted DNA was about 1.5 µg/µl as determined by 

UV spectrometry. To prepare large quantities with about 500 µg total plasmid DNA, the 

Maxiprep kit (Qiagen) was used. Plasmid isolation from 500 ml bacterial cultures was per-

formed as described in the manufacturer’s protocol. To gain higher purification of plasmid 

DNA, successive precipitation and washing steps of the DNA in 70% ethanol at 4 °C were 

carried out. 

4.1.3 DNA Gel-electrophoresis 

     (Sambrook et al., 1989) 

For separation of DNA fragments agarose gels in horizontal electrophoresis chambers 

(BioRad) were used. The agarose gels were prepared by heating 1-2% (w/v) agarose (Gib-

co) in 1x TAE buffer, depending on the size of DNA fragments. TAE buffer was filled in 

the electrophoresis chambers containing the gel. DNA sample buffer was added to the DNA 

samples, which were pipetted in the pockets of the gel. The gel was run at constant voltage 

(10 V/cm gel length) until the orange G dye reached the end of the gel. As a next step, the 
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gel was dyed in an ethidiumbromide staining solution for 20 min. Having this completed, 

the gels were documented using the E.A.S.Y. UV-light documentation system (Herolab, 

Wiesloh, Germany). 

4.1.4 Determination of DNA concentrations 

An Amersham-Pharmacia spectrometer was used to determine the DNA concentrations. 

The necessary absolute sample volume for measurement was 50 µl. The sample eluate was 

diluted 1:50 with water and the DNA concentration was determined by measuring the ab-

sorbance at 260 nm, 280 nm and 320 nm. The results were considered reliable when the 

measured absorbance at 260 nm was higher than 0.1 but less than 0.6. Sufficient purity of 

the DNA preparation was achieved with a ratio of A260/A280 between 1.8 and 2. 

4.1.5 DNA Sequencing 

DNA sequencing was performed by the sequencing facility of the ZMNH (Step-by-Step 

protocols for DNA-sequencing with Sequenase-Version 2.0, 5th ed., USB, 1990). For prepa-

ration, 1 µg of DNA was diluted in 7 µl ddH20 and 1 µl of the appropriate sequencing 

primer (10 pM) was added. 

4.1.6 Phage display 

A commercial Phage Display Peptide Library (New England Biolabs, Frankfurt, Germany) 

was screened displaying random 12-mer polypeptides at the pili of M13-like phage parti-

cles as fusion protein to the N-terminus of pVIII major coat protein (Hong and Boulanger, 

1995). All in vitro selection processes, such as biopanning, for clones having selectivity 

towards the target, namely the intracellular domain of NCAM180 (NCAM180-ID), were 

performed according the Ph.D.-12TM Phage Display Peptide Library Kit instruction manual 

version 2.0 (New England Biolabs). The Phage Display Peptide Library is characterized by 

a complexity of 1.5 x 1013 plaque forming units/ ml (pfu/ml) with every phage displaying 

on the surface the encoding peptide with constant 12-mer sequence length. All three rounds 

of biopanning and the control by enzyme-linked immunosorbent assay (ELISA) were car-

ried out in Nunc-ImmunoTM MaxiSorp Tubes (Nunc, Wiesbaden, Germany). First, the 

target NCAM180-ID (dissolved in 0.1 M sodium hydrogen carbonate, pH 8.6 containing 

0.02% sodium azide) was immobilized at a concentration of 100 µg/ml and incubated over-

night at 4 °C under constant agitation. Blocking with 0.1 M sodium hydrogen carbonate, 

pH 8.6 containing 5 mg/ml BSA and 0.02% sodium azide for 1 h was followed by a series 

of six final washes with Tris buffer containing 0.1% Tween 20 and 3 µΜ CaCl2 at RT. In 
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parallel, LB medium was inoculated with an individual E. coli ER2738 colony at 37 °C 

under vigorous agitation. An aliquot of peptide (4 x 1010 pfu/ml) from the phage-display 

library was diluted in 1 ml Tris buffer containing 0.1% Tween 20 (TBST) and incubated 

with the target surface for 1 h at RT. After a series of 10 final washes with TBST bound 

phage clones were selected by unspecific elution using 0.2 M Glycine-HCl, pH 2.2, and 

subsequent neutralisation using 1 M Tris-HCl, pH 9.1. This eluate was amplified in an 

20 ml E. coli ER2738culture for 4 h at 37 °C. The precipitation and purification of the am-

plified phages were performed as described in the manual. The purified phage solution was 

used for the next round of biopanning. For the second and third round the washing steps 

were performed with a Tris buffer containing 0.5% Tween 20 (TBST). After the third 

round, the eluate was streaked out on Luria-Bertani/ D-Thiogalactosid/ 5-Bromo-4-chloro-

3-indolyl-β-D-galactopyranosid (LB/IPTG/XGAL) plates. After amplification in E. coli 

ER2738 culture plaques were removed from the plates to test the binding specificity of the 

interaction between NCAM180-ID and the phage peptide by a phage ELISA. The target 

solutions such as NCAM180-ID, CHL1-ID for control of cross-interactions and bovine 

serum albumin (BSA) for control of unspecific binding were immobilized on a polyvinyl-

chloride surface of an ELISA plate (Maxisorb F8, Nunc) for 2 h. Afterwards, the wells 

were blocked with phosphate buffered saline (PBS), pH 7.3 containing 0.5% BSA for 1 h. 

Then diluted phage suspensions were applied to the wells and incubated for 1 h. After 10 

washing steps with TBST a HRP-conjugated anti-M13 antibody (Pharmacia, Cambridge, 

USA) was applied for 1 h. Subsequently, 10 washing steps with TBST followed. Finally, 

visualization of phage binding was performed using an ABTS-solution containing H2O2 

(Sigma) as described in the paragraph ELISA. The complete procedure was performed at 

RT. One clone that selectively bound NCAM180-ID was selected, sequenced and charac-

terized. The criteria for selection was a highly selective interaction between the clone and 

the target NCAM180-ID but no significant binding to the CHL1-ID control. Unspecific 

binding was tested with bovine serum albumin (BSA) as control. The phage display analy-

sis was kindly performed by Dr. Jens Lütjohann and Dr. Jens Franke (ZMNH, Hamburg, 

Germany). Recombinant NCAM180-ID for the phage display screen was kindly provided 

by Dr. Melanie Richter (ZMNH, Hamburg, Germany). 

4.2 Protein-biochemistry 

4.2.1 SDS-polyacrylamide gel electrophoresis 

     (Laemmli, 1970) 
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Proteins were separated by use of discontinuous SDS-polyacrylamide gel electrophoresis 

(SDS-PAGE) using the Mini-Protean III system (BioRad, Munich, Germany). The 

SDS-polyacrylamide gel with a thickness of 1 mm consists of a 0.8 cm stacking gel con-

taining 5% (v/v) acrylamide and covering a 4.5 cm running gel with 8% or 10% 

acrylamide. The stacking gel is responsible for the concentration of the proteins. The run-

ning gel separates the proteins. After complete polymerization of the gel was completed, 

the chamber was set up according to the manufacturer’s protocol. Prior to analysis the pro-

tein samples were heated for 5 min at 95 °C in a sample buffer. The samples were then 

loaded with a maximum volume of 25 µl in the 15 pockets of the gel. Afterwards, the gel 

was run at constant voltage of 80 V for 10 min and then at 140 V until the bromphenol blue 

line migrated to the end of the gel. After completion of the procedure, gels were either 

stained or subjected to Western blot analysis.  

4.2.1.1 Coomassie Blue staining of SDS-polyacrylamide gels 

When SDS-PAGE was completed, the gels were dyed in staining solution for 1 h at RT 

with constant agitation. The gels were then incubated in destaining solution until the back-

ground of the gel almost disappeared. This staining method is sensitive enough to detect 

0.1 µg of protein in a single band. 

4.2.1.2 Silver staining of SDS-polyacrylamide gels 

  (Shevchenko et al., 1996) 

Whenever the Coomassie staining was not sensitive enough the Silver staining was utilized 

which can detect as little as 2 ng of protein in a single band. Following SDS-PAGE, gels 

were fixed and incubated in fixation solution for 30 min at RT with constant agitation. Gels 

were intensively rinsed with water and washed on a shaking platform for another hour. Af-

terwards the gel was quickly sensitised with the reducing sensitising solution for 1 min and 

washed twice with water. Subsequently, the gel was stained in chilled 0.1% AgNO3 for 

30 min at 4 °C. Finally, the gels were briefly incubated in developing solution and the reac-

tion was stopped with 1% acetic acid. 
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4.2.2 Western Blot-analysis 

4.2.2.1 Electrophoretic transfer 

  (Towbin et al., 1979; Burnette, 1981) 

Proteins were transferred from the SDS-gel onto a nitrocellulose membrane (Protran, Nitro-

cellulose BA 85, Schleicher & Schüll, Dassel, Germany) using a Mini Transblot apparatus 

(Biorad) as described in the manufacturer’s protocol. The blotting ‘sandwich’ was assem-

bled according to the manufacturer’s recommendations. Proteins were transferred 

electrophoretically in blot buffer at constant voltage (85 V for 120 min or 35 V overnight at 

4 °C). The pre-stained marker (BenchMark Prestained Protein Ladder, Life Technologies 

or Precision Plus Protein Standards Dual Color, Biorad) was used as a molecular weight 

marker as well as to control the efficiency of the electrophoretic transfer. 

4.2.2.2 Immunological detection of proteins on Nitrocellulose membranes 

  (Towbin et al., 1979; Burnette, 1981) 

After completion of the electrophoretic transfer, the nitrocellulose membrane was removed 

from the blotting sandwich. Then the side of the membrane presenting the protein was pla-

ced right-side up in a glass jar. The membrane was washed once in TBS and blocked in 

non-fat dried milk powder solution (3-4% in TBS) for 1 h at RT. Afterwards, the primary 

antibody was diluted in milk powder solution and incubated either for 2 h at RT or over-

night at 4 °C on a shaking platform. The primary antibody was removed and the 

membranes were washed once for 5 min with TBST and 4 times for 5 min with TBS. The 

appropriate secondary antibody was employed in milk powder solution for 1 h at RT fol-

lowed by further washing. Immunoreactive complexes composed of membrane bound 

target protein, primary antibody and secondary antibody coupled to horseradish peroxidase 

(HRP) were detected using either the enhanced chemiluminescence detection system (ECL) 

or ECL with extended duration (Pierce Biotechnology, Rockford, IL, USA) for detection of 

weak signals. The membrane was covered with detection solution (1:1 mixture of solutions 

I and II) for 2 min. The solution was discarded and the blot was placed between two plastic 

foils. The membrane was exposed to X-ray film (Kodak Biomax-ML, Sigma-Aldrich, 

Steinheim, Germany) for various time periods following development and fixation of the 

film.  
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4.2.2.3 Densitometric evaluation of band intensity 

The band intensities were densitometrically quantified using the image processing software 

TINA 2.09 (raytest Isotopenmeßgeräte GmbH, Straubenhardt, Germany) and the evaluation 

was performed according to the manufacturer’s manual. The developed film was scanned 

and the digitized picture was exported to TINA 2.09. 

4.2.3 Recombinant expression of proteins in Escherichia coli using the  

pQE-system 

     (Ausrubel, 1996; Sambrook et al., 1989; The QIAexpressionist
TM

 handbook,  

     Qiagen, 2001) 

The expression of recombinant proteins in E. coli was achieved by cloning the cDNA of the 

desired protein in frame with an ATG start codon and the purification tag of the corre-

sponding expression plasmid. Appropriate host cells were transformed with the expression 

vector. After host cell growth, the expression of the proteins was induced, and ended with 

cell lysis. Cell lysates were subjected to SDS-PAGE. Plasmids for the rat NCAM140 and 

NCAM180 in the pcDNA3 expression vector were kindly provided by Dr. Patricia Maness 

(University of North Carolina, Chapel Hill, NC, USA) and the plasmid for CHL1 in the 

pcDNA3 expression vector was kindly provided by Dr. Birthe Schnegelsberg (ZMNH, 

Hamburg, Germany) was used. The intracellular domains of NCAM140 (bp.2135-2550) 

and NCAM180 (bp.2135-2850) were amplified by PCR (primers: NCAMIC-

Start/BamHI-up 5’-CTA GGA TCC GCC ACC ATG GAC ATC ACC TGC TAC-3’ and 

NCAMXhoI-Stop-dn 5’-GGC GAA TTC TCG AGG TCA TGC TTT GCT CTC-3’) intro-

ducing BamHI restriction sites at the 5’ and 3’ end. The PCR product was cloned into the 

pQE30 plasmid after BamHI digestion. The intracellular domain of CHL1 was amplified by 

PCR (primers: CHL1-CT/SacI-up 5’-CCC GAG CTC AAG AGG AAC AGA GGT-3’ and 

CHL1-CT/HindIII-dn 5’-CCC AAG CTT TCA TGC CCG GAG TGG-3’) and was also 

ligated to pQE30 after digestion with the appropriate restriction enzymes BamHΙ/HindΙΙΙ. 

The pQE expression vectors encoding the intracellular domains (IDs) of NCAM180 and 

NCAM140, NCAM exon 18 and the cell adhesion molecule CHL1 (Hillenbrand et al., 

1999) (kindly provided by Dr. Markus Delling and Dr. Melanie Richter, ZMNH, Hamburg, 

Germany) were transformed into Escherichia coli M15/ pREP4 to provide the recombinant 

fragments with an N-terminal 6xHis purification tag. Transformed host cells were streaked 

out on LB plates containing the appropriate antibiotics (Ampicillin and Kanamycin). A 

20 ml LB broth pre-culture with antibiotics was inoculated with a single colony and incu-
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bated overnight at 37 °C with constant shaking. The non-induced overnight culture was 

transferred into a 1 l expression culture and incubated at 37 °C under vigorous shaking until 

the culture reached an optical density (OD600) of 0.6. Protein expression from large scale 

preparations was induced by adding 1 mM isopropyl-D-thiogalactopyranoside (IPTG). The 

protein expression was controlled by collecting small aliquots of the culture after IPTG 

induction every hour. After 4 h of growth at 37 °C, the bacteria were harvested (4,000 x g, 

30 min, 4 °C), lysed in sample buffer and applied on a SDS-gel. 

4.2.4 Lysis of bacteria 

4.2.4.1 Sonification 

  (Frangioni and Neel, 1993) 

The bacterial culture was centrifuged (8,000 x g, 4 °C, 10 min) and the pellet was resus-

pended in SDS sample buffer. The suspension was lysed using a sonificator (Branson 

Sonifier B15, level 6, 50% pulse, 5 x 20 s, in ice) and the debris was removed by centrifu-

gation (10,000 x g, 4 °C, 10 min). The supernatant was subjected to SDS-PAGE. 

4.2.4.2 French press 

  (Ausrubel, 1996) 

Prior to the use of the French press, bacteria were resuspended in native lysis buffer (see 

3.2). Subsequently, bacteria were compressed (Spectronic Instruments/SLM Aminco) at 

10,000 psi for 5 min on ice and lysed using a pre-cooled French-Pressure-20K-chamber. 

After centrifugation (20,000 x g, 30 min, 4 °C), proteins were purified in soluble form un-

der native conditions using nickel-chelate-resin (Ni-NTA beads, Qiagen, Hilden, Germany) 

according to the handbook ‘The QIAexpressionistTM‘ (Qiagen). However, washing buffers 

with an increasing imidazole gradient were chosen to modify the washing procedure 

slightly. Following dialysis against PBS, pH 7.3 protein solutions were concentrated using 

Centricon filter devices (Millipore Corp., Bedford, MA, USA) and stored at -20 °C. 

4.2.5 Determination of protein concentration (BCA) 

The protein concentration of cell lysates was determined using the BCA kit (Pierce, Bio-

technology, Rockford, IL, USA). Solution A and B of the BCA kit were mixed in a ratio of 

1:50 to get the final BCA solution. 10 µl of the samples were applied to 200 µl BCA solu-

tion in microtiter plates and incubated for 30 min at 37 °C. All experiments were performed 

with BSA standards with concentrations varying from 100 µg/ml to 1 mg/ml. The absorb-
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ance of each sample was measured at 562 nm using an ELISA reader (Micronaut Skan 

Type 352, Merlin, Bornheim-Hersel, Germany). 

4.2.6 Preparation of phosphorylated intracellular domain of TrkB 

(pTrkB-ID) 

     (Iwasaki et al., 1997, 1998; Rong et al., 2001) 

Native TrkB-ID was prepared in a baculovirus expression system (a kind gift of Dr. Shini-

chi Koizumi, Novartis Pharma K.K., Tsukuba Research Institute, Ibaraki, Japan) and 

phosphorylated at the tyrosine residues in the catalytic site as reported before by Iwasaki et 

al. (1997). The kinase activity of recombinant TrkB-ID was confirmed, the time course of 

autophosphorylation was analyzed and quantified by immunoblotting using anti-P-Tyr an-

tibody and panTrk antibody showing a time-dependent increase of tyrosine phosphorylated 

TrkB in an autophosphorylation assay. Furthermore, the effect of ATP concentration on 

maximal autophosphorylation was tested. Recombinant TrkB-ID at a concentration of 

1.0 µg/ml was phosphorylated by incubation for 30 min at 30 °C in a freshly prepared 

phosphorylation buffer (see 3.2) directly prior to its immobilization in ELISA experiments. 

4.2.7 ELISA (Enzyme-linked immunosorbent assay) 

Unphosphorylated or phosphorylated TrkB-ID (TrkB-ID/ pTrkB-ID) were immobilized on 

a polyvinylchloride surface in a 96-well microtiter plate (Maxisorb F8, Nunc, Wiesbaden, 

Germany) at a concentration of 1.0 µg/ml overnight at 4 °C and under constant agitation. 

After removal of unbound proteins by washing 5 times for 5 min at RT with TBST washing 

buffer (see 3.2) the wells were blocked for 1 h at 37 °C with blocking buffer. From this 

point on, the following steps were performed at RT under constant agitation. Potential bind-

ing proteins such as NCAM180-ID or CHL1-ID for control were diluted in TBST prior to 

incubation for 2 h. Unspecifically bound proteins were removed by five washing steps of 

5 min with TBST. Specific primary antibodies and their respective HRP-coupled secondary 

antibodies were used for the detection of bound proteins. Primary antibodies were incu-

bated for 1 h followed by five washing steps of 5 min with TBST. After an incubation of 

1 h with secondary antibodies, a series of three washes of 5 min with TBST and two with 

TBS followed. NCAM180-ID was detected using the NCAM180 specific antibody D3 and 

antibodies reacting with epitopes specific for the two isoforms NCAM140 and NCAM180 

(5B8 and P61). The TrkB peptide 2 (synthesized by Dr. Jochen Heukeshoven, 

Heinrich-Pette-Institut, Hamburg, Germany) containing the putative binding site (QHFVH) 
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from the page display analysis (see 3.3.2) was dissolved in 50% DMSO and also substrate-

coated. After overnight coating with 250 ng/ml TrkB peptide at 4 °C under constant agita-

tion a blocking solution was added for 1 h at RT. Further incubation steps were again 

performed at RT and under constant agitation. His-tagged NCAM180-ID, NCAM140-ID, 

CHL1-ID were added for 1 h prior to three washes for 5 min with TBST. After bound IDs 

were detected using anti-Penta His antibody a series of three final washes of 5 min with 

TBST and two with TBS followed. For visualization of protein binding in all ELISA ex-

periments, 100 µl of freshly prepared ABTS (Sigma-Aldrich, Taufkirchen, Germany) 

staining solution was applied. The detection reaction of HRP was quantified by measuring 

the absorbance at 405 nm using an ELISA reader (Merlin). 

4.2.8 Epitope mapping 

Using a set of synthetic NCAM peptides (synthesized by Dr. Jochen Heukeshoven, 

Heinrich-Pette-Institut, Hamburg, Germany), encompassing the entire intracellular domain 

of NCAM140, we have mapped on NCAM-ID the regions recognized by various NCAM 

antibodies (D3, P61 and 5B8). The synthesized peptides divide the intracellular domain of 

NCAM140 into three parts: an N-terminal part (NCAM peptide 1), a part in the middle of 

NCAM140-ID (NCAM peptide 2), and a C-terminal part (NCAM peptide 3) (see 3.3.1 and 

5.2). The only difference between NCAM140-ID and NCAM180-ID is characterized by the 

presence of NCAM exon 18, which is specifically recognized by the NCAM180 specific 

antibody D3. In addition, antibodies reacting with epitopes specific for the two isoforms 

NCAM140 and NCAM180 (5B8 and P61) were also used for this epitope mapping. The 

binding specificity of the 3 NCAM140 peptides representing together the complete 

NCAM140-ID was tested separately with the 3 anti-NCAM antibodies in order to deter-

mine the binding site of the said antibodies (see 5.2). In brief, the NCAM peptides were 

dissolved in PBS and immobilized on a polyvinylchloride surface in a 96-well microtiter 

plate (Nunc) at 4 °C under constant agitation. After overnight incubation a blocking step 

followed by adding PBS, pH 7.4 containing 1% BSA for 1 h at RT. After bound 

NCAM140-ID peptides were detected using primary anti-NCAM antibodies (D3, P61 and 

5B8) and the respective secondary antibodies, visualization of peptide binding was per-

formed as described in the paragraph ELISA. 

4.2.9 Brain homogenization 

Mostly brains from 2- to 3-month- old NCAM wildtype mice (NCAM+/+) and NCAM defi-

cient mice (NCAM–/–) (Cremer et al., 1994) were used for homogenization. For 
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experiments in which TrkB deficient mice (TrkB–/–) were needed as controls, brains of 

newly born TrkB wildtype mice (TrkB+/+) and TrkB deficient mice (TrkB–/–) were used 

since TrkB(–/–) mice barely survive one week (Klein et al. 1993). After decapitation of the 

mice the brains were removed from the skulls and immediately homogenized in a Dounce 

homogenizer (Weaton, Teflon pestle, 2 ml, 5 ml or 10 ml) on ice. In the first cross-linking 

experiments using TrkB peptides for coupling to the cross-linker Sulfo-SBED brain ho-

mogenate was prepared either in PBS with the protease inhibitors CompleteTM or in lysis 

buffer 1 (see 3.2). Then the homogenate was centrifuged for 15 min at 1,000 x g and 4 °C 

before adding Triton X-100 at a final concentration of 1%. For later cross-linking experi-

ments and proteolysis assays, mice brains were homogenized at 4 °C in lysis buffer 

inhibiting dephosphorylation (P+) or inhibiting tyrosine kinase phosphorylation (P–). The 

lysis condition inhibiting dephosphorylation (P+) is characterized by the presence of pro-

tein tyrosine phosphatase and protease inhibitors in the lysis buffer (Haier and Nicolson, 

2000; Hyuer et al., 1997). For proteolysis assays and co-immunoprecipitations (see 5.7), 

nuclei were removed by centrifugation for 15 min, at 600 x g and 4 °C after homogeniza-

tion. After re-centrifugation of the supernatant for 45 min at 25,000 x g and 4 °C, the 

membrane pellet was resuspended in RPMI medium (for proteolysis assays) or in P+ lysis 

buffer (for co-immunoprecipitations). For detection of the interaction between full-length 

TrkB and NCAM180-ID using the cross-linking approach (see 5.6) and co-

immunoprecipitations (see 5.7), the P+ lysis buffer additionally contained 20 µM of the 

matrix metalloprotease inhibitor GM 6001 and 1 µM of the γ-secretase inhibitor DAPT 

(Calbiochem, La Jolla, California, USA). The other lysis buffer (P–) inhibiting Trk phos-

phorylation contained the specific Trk inhibitor K252a (Calbiochem) (Tapley et al., 1992). 

4.2.10 Isolation of brain subfractions enriched with synaptosomes, 

synaptosomes from mossy fibers, myelin and nuclei 

    (Huttner et al., 1983; Kleene et al., 2001) 

For subcellular fractionation and enrichment of synaptosomal compartments, synaptosomes 

of mossy fibers, myelin, nuclear or mitochondrial fractions of at least 10 adult C57BL/6J 

mice were sacrificed to collect their brains. The mice brains were removed from the skull 

and were transferred into an ice-cold homogenization buffer. From this point on, the mate-

rial was kept at 4 °C. Each brain was individually homogenized with 12 strokes in a 

Dounce homogenizer (Weaton, Teflon pestle, 10 ml) in 3 ml homogenization buffer con-

taining 0.32 M sucrose without detergent or protease.  
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Figure 6. Isolation of brain subfractions enriched with synaptosomes, synaptosomes from 
mossy fibers, myelin, mitochondria and nuclei using a discontinuous sucrose gradient. 

To gain the particular synaptosomal fraction from the mossy fibers (Syn/MF) a resuspended ‘1,000 x g pellet’ 
(P1) was applied on a sucrose gradient (1). After centrifugation of the supernatant a ‘17,000 x g pellet’ (P2) 
was applied on another sucrose gradient (2) in order to harvest the regular synaptosomal fraction (Syn). An 
ultracentrifugation step of the sucrose gradients followed for 2 h at 100,000 x g and 4 °C. Both subfractions 
(Syn/MF and Syn) were collected at the 1.0/1.2 M interfaces. The nuclei remained as pellet at the bottom of 
both gradients and were pooled. 

The homogenate was centrifuged for 10 min at 1,000 x g and 4 °C. The resulting super-

natant was centrifuged at 17,000 x g for 15 min. The pellet of the 17,000 x g centrifugation 

step (P2) was resuspended in a homogenization buffer and was homogenized 1:2 with 

2.27 M sucrose buffered solution for isolation of myelin, synaptosomes, mitochondria, 

erythrocytes and nuclei (sucrose gradient (2) is depicted in Fig.6). However, the isolation of 

synaptosomes from mossy fibers required the pellet of the 1,000 x g centrifugation step 

(P1) (sucrose gradient (1) is depicted in Fig.6). Both resuspended pellets (P1 and P2) were 

applied to discontinuous sucrose gradients. Fig.6 shows the 4 different layers of a discon-

tinuous sucrose gradient (from top to bottom) consisting of 1.0 M, 1.2 M, 1.6 M (with P1 or 

P2), and 2.3 M buffered sucrose. The interface between the 2.3 M sucrose solution and the 

resuspended pellet (P1/P2) was disturbed by inserting a glass pasteur pipette into the inter-

face several times. After ultracentrifugation for 2 h at 100,000 x g, the turbid material that 
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contained the isolated organelles from the different interfaces was collected, diluted 1:2 

with the homogenization buffer, and pelleted by centrifugation for 30 min at 100,000 x g. 

The pellet of the nuclear fraction was resuspended in Roeder C solution, whereas the other 

pellets of the subfractions were resuspended in Tris plus buffer. 

4.2.11 Preparation of a nuclear extract 

Several sucrose step gradients were performed in order to get a sufficient amount of sub-

fractions enriched with nuclei (see 4.2.10) of brains from 10-20 adult wild-type NCAM(+/+) 

and NCAM(–/–) mice. The subfractions that contained enriched nuclei were resuspended in 

Roeder C solution and were homogenized with 12 strokes in a glass Dounce homogenizer. 

After extraction for 30 min at 4 °C a centrifugation step followed for 30 min at 200,000 x g 

and 4 °C. The resulting supernatant consisting of the nuclear extract was employed for im-

munoprecipitations (see 5.13). 

4.2.12 Biochemical cross-linking with Sulfo-SBED 

     (Das and Fox,1979; Santhoshkumar and Sharma, 2002; Hurst et al., 2004) 

The trifunctional cross-linker sulfo-SBED (Perbio Science, Bonn, Germany) containing a 

biotin moiety, a Sulfo-NHS active ester and a photoactive aryl azid was either coupled to 

TrkB peptides (see 3.3.2) or to recombinant proteins of interest such as the IDs of NCAM. 

Since the cross-linker was light-sensitive the procedure was performed in darkness until 

after photoactivation by using UV light. Sulfo-SBED was separately dissolved in 100% 

DMSO at a concentration of 0.03-0.04 mg/µl before adding dissolved TrkB peptides (1 mg 

in 0.5 ml 0.1 M PBS, pH 7.2) or recombinant IDs (200 µg ID dissolved in 1 x PBS) to 5 µl 

dissolved Sulfo-SBED in each sample. The reaction mixture was incubated for 1 h at RT. 

Unbound cross-linker was removed by using a polyacrylamid column PD-10 (Amersham 

Pharmacia Biotech, Uppsala, Sweden) equilibrated with PBS (4.2.12). After application of 

PBS to the column, 0.5 ml eluted fractions were collected and protein-containing fractions 

were pooled and concentrated to the original volume using Centricon tubes (Milli-

pore GmbH, Schwalbach, Germany). Alternatively, overnight microdialysis in PBS (see 

4.2.13) was chosen to abolish the non-reacted Sulfo-SBED as recommended in the manu-

facturer’s sample protocol. Then the potential binding proteins within either brain 

homogenate, Triton-soluble brain lysate (1%), synaptosomal subfraction or specifically 

prepared brain lysate (4.2.9) were added for conjugation to the peptide-cross-linker-

complex (4.2.12) or protein-cross-linker-complex (4.2.13). Photoactivation for 15 min un-
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der UV (365 nm) resulted in the biotin labels being transferred to the interacting protein. To 

isolate the potential interacting proteins, the conjugated complexes were incubated with 

magnetic streptavidin DYNA-beads (Dynal Diagnostics, Hamburg, Germany) (30 µl 

beads/ sample) for 1 h at 4 °C on a rotating wheel. Afterwards, the Eppendorf tubes con-

taining the sample-beads-suspension were placed into the magnetic tube holder to collect 

magnetic DYNA-beads on one side of the tubes. The supernatant was carefully removed 

without disturbing the bead clot. This procedure was followed by three washing steps using 

PBS. The disulfide bond within the active ester of sulfo-SBED can be photolytically 

cleaved under reducing conditions of the sample buffer resulting in a biotin label attached 

to the binding proteins. These potential binding partners attached to the TrkB peptides (see 

4.2.12) or to NCAM-ID (4.2.13) were isolated and separated by SDS-PAGE under reducing 

conditions resulting in a transfer of the biotin group to the potential binding partner(s). Im-

munoblot analysis was performed using Streptavidin-HRP for detection of biotin labeled 

proteins. For detection of the hypothesized binding proteins such as NCAM and TrkB the 

following antibodies were used: the NCAM180 specific D3 antibody and the anti-NCAM 

1B2 antibody recognizing all NCAM isoforms (4.2.12) and the TrkB specific antibody and 

panTrk antibody recognizing all Trk family members (4.2.13). 

4.2.13 Biochemical cross-linking using TrkB peptides for coupling 

Synthesized TrkB peptides were (kindly synthesized by Dr. Jochen Heukeshoven, 

Heinrich-Pette-Institut, Hamburg, Germany and by Dr. Christian Schafer, Copenhagen, 

Denmark) employed in the first cross-linking experiments (see 5.4). Brain homogenate, 

Triton-soluble brain lysate (1%) (4.2.9) or isolated synaptosomal subfraction (4.2.10) from 

2- to 3-month-old C57BL/6J mice was added so that the potential binding partners within 

this prepared brain material bind to the eluted fractions containing the TrkB peptide–

cross-linker–complex. The samples were incubated for 30 min at RT before photoactivation 

(in contrast to 4.2.13). 

4.2.14 Biochemical cross-linking using NCAM-ID for coupling 

Recombinant intracellular domains of NCAM180 (NCAM180-ID), NCAM140 

(NCAM140-ID), and CHL1 (CHL1-ID) for controls were utilized for coupling to the 

cross-linker sulfo-SBED (Perbio Science). In the first series of cross-linking experiments 

brain homogenate was prepared under P+ and P– lysis buffer (see 4.2.9) before adding to 

the IDs and incubated for 30 min at RT.  
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Figure 7. Principle of optimized cross linking protocol using Sulfo-SBED. 

The trifunctional cross-linker sulfo-SBED containing a biotin moiety, a Sulfo-NHS active ester and a photo-
active aryl azid was coupled to the His-tagged intracellular domains of NCAM180 (indicated in green for 
NCAM180-ID and purple for the respective His-tag) or CHL1 for control. Isolated brain membranes contain-
ing potential binding partners to NCAM180-ID (180) were incubated at 37 °C for 2 h before adding 
complexes of cross-linker and intracellular domain. After cross-linking under UV light, Triton X-100 
(TX100) was added to the samples followed by a brief centrifugation to remove nuclei. Subsequently, two 
purification steps were performed: First, using Ni-NTA beads and then, using magnetic streptavidin beads. 
The potential binding partner(s) conjugated to the intracellular domains were isolated and separated by SDS-
PAGE under reducing conditions resulting in a transfer of the biotin group to the potential binding partner(s). 
Immunoblot analysis was performed using a specific antibody (depicted as X antibody) for detection of the 
potential binding protein and Streptavidin-HRP for detection of the biotin labels transferred to these binding 
proteins. 

According to a subsequent and optimised cross-linking protocol (Fig.7) brain membranes 

were not only isolated under P+ lysis conditions but also in the presence of 1 µM the 

γ-secretase inhibitor DAPT and 20 µM matrix metalloprotease inhibitor GM 6001 (Calbio-

chem, La Jolla, California, USA) followed by centrifugation for 45 min at 25,000 x g and 

4 °C. The pellet was resuspended in RPMI medium (PAA Laboratories, Pasching, Austria) 

containing additionally the following inhibitors: DAPT, GM 6001, CompleteTM EDTA-

free. The isolated membranes containing the potential binding partners (Fig.7, one potential 

binding partner is indicated as a red rectangle) were incubated for 2 h at 37 °C before add-

ing the complexes of coupled cross-linker-ID. After photoactivation under UV 

Triton X-100 was added to the samples at a final concentration of 1%. After 45 min incuba-

tion on ice membranes were centrifuged for 5 min at 200 x g and 4 °C for removal of 
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nuclei. Subsequently, two purification steps were performed for 1 h at 4 °C on a rotating 

wheel: First, Ni-NTA beads (350 µl beads/ sample) (Qiagen) were used for isolation of all 

complexes carrying the ID with the His-tag and then magnetic streptavidin DYNA-beads 

(Dynal Diagnostics) were applied as described before (see 4.2.12) in order to isolate the 

potential binding proteins with the attached biotin label. 

4.2.15 Immunoprecipitation 

4.2.15.1 Coupling of antibodies to Protein A/G Sepharose beads 

  (Schnegelsberg, 2001) 

To couple covalently monoclonal anti-NCAM H28 antibody to Protein A/G Sepharose 

beads 200 µg of the antibody was incubated with 400 µl beads overnight at 4 °C followed 

by 3 washing steps with 200 mM sodium tetraborate, pH 9.0. All incubation steps were 

performed under constant agitation on a rotating wheel. Coupling solution was added to the 

bead-antibody-mixture and incubated for 3 h at RT. The reaction was stopped by 2 washing 

steps and an incubation of 2 h with 0.2 M ethanolamin, pH 8.0. Finally, the coupled anti-

bodies were washed twice with PBS and were stored in PBS containing 0.02% NaN3 at an 

H28 antibody concentration of 1 µg/ µl at 4 °C for up to 2 weeks. 

4.2.15.2 Co-immunoprecipitation after covalent coupling of anti-NCAM H28 anti-

body to Protein A/G Sepharose beads 

25-50 µl of coupled beads were added to either brain lysate, cerebella lysate or homogenate 

with varying detergent conc. (0.2%, 0.5% or 1%) and were diluted in RIPA buffer up to a 

total volumen of 1 ml. After 1-2 h incubation under constant agitation at 4 °C the samples 

were briefly centrifuged for 1 min at 14,000 rpm. The remaining pellet was washed twice 

with ice-cooled washing buffer 1 and 3 times with washing buffer 2. Beads were extracted 

with 5 x SDS-PAGE sample buffer. After boiling at 95 °C for 5 min samples were sepa-

rated by SDS-PAGE and subsequent immunoblotting. 

4.2.15.3 Co-immunoprecipitation without antibody coupling using Protein A/G 

agarose beads 

For immunoprecipitations using either an NCAM180 specific D3 antibody or a panTrk an-

tibody for precipitation, brain lysate was prepared according to the optimized cross-linking 

protocol (see 4.2.9 and 4.2.13). After 2 h of incubation at 37 °C, brain membranes were 

pre-cleared by incubation with Protein A/G agarose Plus (Santa Cruz Biotechnology). Tri-
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ton X-100 was added to the pre-cleared supernatant at a final concentration of 0.5%. A 

panTrk antibody or an NCAM180 specific D3 antibody was applied for precipitation and 

samples were incubated for 3 h on a rotating wheel at 4 °C. Prewashed Protein A/G agarose 

beads were added and incubated overnight at 4 °C under constant agitation. Beads were 

then washed once with a washing buffer 3 (3.2) and three times with PBS. Proteins were 

eluated from the beads with 2 x SDS-PAGE sample buffer. After boiling at 95 °C for 

5 min, samples were separated by SDS-PAGE and subjected to immunoblotting (4.2.2). 

The primary antibodies were either an NCAM180 specific D3 antibody or a panTrk anti-

body which were incubated overnight at 4 °C followed by incubation of the secondary 

HRP-conjugated goat anti-mouse or anti-rabbit antibodies for 1 h at RT. 

4.2.15.4 Immunoprecipitation using an ubiquitin antibody and brain lysate 

For immunoprecipitations using an ubiquitin antibody for precipitation, the above immuno-

precipitation protocol (see 4.2.15.3) was followed, except that before immunoprecipitation 

the brain lysate was incubated in the absence or the presence of the following proteasome 

inhibitors ALL, MG262 and MG132 at a concentration of 50 µΜ for 2 h at 37 °C. 

4.2.15.5 Immunoprecipitation using NCAM180 specific D3 antibody and nuclear 

brain extract 

Prior to the immunoprecipitations the nuclear brain extract was incubated with sodium do-

decyl sulfate (SDS) at a final concentration of 1% for 5 min at 95 °C. Afterwards, the 

nuclear extract was diluted in freshly prepared P+ lysis buffer followed by the incubation 

with the NCAM180 specific D3 antibody for 3 h on a rotating wheel at 4 °C, the above 

immunoprecipitation protocol (see 4.2.15.3) was followed. After SDS-PAGE immunoblot 

analysis was performed the NCAM180 specific D3 antibody was used for detection of in-

tracellular NCAM fragments in the nuclear extract. 

4.2.16 Proteolysis assay using isolated brain membranes 

     (modified according to Probstmeier et al., 1989) 

Brain membranes of adult C57BL/6J mice brains were isolated under either P+ or P– lysis 

conditions as described before (see 4.2.9). Various proteasome inhibitors such as ALLN, 

MG262 (kind gift from Dr. Ingolf Bach, ZMNH, Hamburg, Germany) and MG132 (Cal-

biochem) were added to the resuspended membranes and incubated for 2 h at 37 °C. For 

control, one sample was kept at 4 °C and another at 37 °C without inhibitors. After incuba-

tion, the samples were separated into supernatant and membrane fraction by centrifugation 
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for 1 h, at 100,000 x g and 4 °C. The supernatants were subjected to acetone precipitation 

by incubating 1 volume of the sample with 7 volumes of ice-cold acetone overnight at 

-20 °C. After centrifugation for 30 min, at 4,100 x g and 4 °C the pellets were dried for 

15 min at RT and resuspended in a 2 x sample buffer. After an incubation time of 20 min 

the samples were finally boiled at 95 °C for 15 min. Proteins from the supernatants and the 

membrane fractions (pellets) were subjected to immunoblot analysis using the NCAM spe-

cific antibody and panTrk antibody. 

4.3 Cell culture 

4.3.1 LMTK-/LMTK-PST cell culture 

The original LMTK cells were adherent mouse fibroblasts (ATCC, LGC Promchem, We-

sel, Germany) which were stably transfected into polysialyltransferases expressing 

fibroblast cells (LMTK-PST) (pFlagHa-ST8SiaIV, full length, N-terminally, FlagHa-tagged 

PST) by Martina Muehlenhoff (a kind gift of Martina Muehlenhoff and Dr. Rita Gerardy-

Schahn, Medizinische Hochschule Hannover, Hannover, Germany). PST (ST8Sia IV) and 

STX (ST8Sia II) are the two polysialyltransferases responsible for NCAM polysialylation 

(Close and Colley, 1998). LMTK-/LMTK-PST cells were cultured in DMEM with 10% 

FCS (fetal calf serum) and 2% Penicillin/Streptomycin (P/S) 37 °C, 5% CO2 and 90% rela-

tive humidity in 75 cm2 flasks (Nunc) with 15 ml medium or in six-well plates (d = 35 mm; 

area = 9,69 cm2) with 2 ml medium. After 2-3 days when cells had reached approximately 

95% confluency, they were passaged. Therefore, medium was removed and cells were de-

tached by incubation with 2 ml versene for 5 min at 37 °C. The cells were centrifuged 

(200 x g, 5 min, RT) and the pellet was resuspended in 10 ml new medium. The cells were 

split 1:10 for maintenance or seeded in six-well plates for transfection (1 ml per well). For 

immunocytochemical experiments coverslips (d=14 mm) were coated with poly-L-lysine to 

seed the cells on. First, the coverslips were cleaned by vigorous shaking with acetone and 

then dried for 2 h at 160 °C. Afterwards, coverslips were cooled down before adding the 

sterile filtered coating solution poly-L-lysine (50 µg/ml in PBS). Coating of the coverslips 

was performed by constant agitation at 4 °C overnight. Finally, the coverslips were gently 

washed three times with ddH2O and dried under a sterile hood. At last an incubation of 

30 min under UV light followed. The cells were seeded with a density of 30% confluency 

24 h before use. 
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4.3.2 Transfection of CHO cells, N2a cells and LM-TK cells 

     (Lipofectamine Plus manual, Life technologies; Shih et al., 1997) 

The Lipofectamine Plus kit (Life Technologies) was chosen for transient transfection of 

LMTK-/LMTK-PST cells, CHO cells and N2a cells (Hawley-Nelson et al., 1993). One day 

before transfection, 2 x 105 cells were seeded per 35 mm dish. Equal amounts of DNA were 

used for double transfection. When the cells had grown to 80-90% confluency (usually after 

18-24 h), they were washed with HBSS and the medium was exchanged against DMEM 

without FCS and any antibiotics. The cells were transfected with 2 µg total DNA per 

35 mm well. 6 µl Plus reagent and 4 µl Lipofectamine were used in each transfection assay 

as described in the manufacturer’s transfection protocol. After 4 h the transfection was 

stopped by adding 1 ml DMEM containing 10% FCS and 2% P/S and cells were incubated 

for 24 h. To detach the cells, 500 µl versene were added per well. The suspension was split 

either 1:2 for biochemical analysis or 1:6 for immunocytochemistry to seed on coverslips. 

4.3.3 Primary hippocampal cell culture 

     (Lochter et al., 1991; Brewer et al., 1993) 

For preparation of the dissociated hippocampal cultures, several mice of postnatal day 1-3 

were used. Hippocampal preparation was performed by Galina Dityateva (ZMNH, Ham-

burg, Germany) as described in the above-said literature. First, the mice were decapitated, 

their brains removed from the skulls and cut along the midline. The dissected hippocampi 

were split into 1 mm thick pieces. Second, the hippocampi were washed twice with dissec-

tion solution and digested with trypsin and DNAseΙ for 5 min at RT. After removal of the 

digestion solution, hippocampi were again washed twice and the reaction was stopped by 

adding trypsin inhibitor afterwards. Third, hippocampi were resolved in dissection solution 

containing DNAseI. Various glass pasteur pipettes with successively smaller diameters 

were used to dissociate hippocampal cells by trituration to a homogeneous suspension. The 

last step of the procedure was the removal of cell debris and the plating of the cells. The 

hippocampal suspension was centrifuged (80 x g, 15 min, 4 °C) and the pellet resuspended 

in dissection buffer. Cells were counted in a Neubauer cell chamber and plated to provide a 

density of 1,000 cells/mm2. 



Methods 54 

4.3.4 Primary cerebellar cell culture 

     (Lochter et al., 1991; Müller-Husmann et al., 1993) 

C57BL/6J mice of postnatal day 6-8 were decapitated to prepare dissociated cerebellar 

granule cells for culture. The skull was cut along the midline and the cerebella were dis-

sected from the brains. The cerebella were transferred to ice-cold Hanks' balanced salt 

solution (HBSS) (PAA Laboratories, Cölbe, Germany) in order to clean them from men-

inges, choroid plexus, and blood vessels. After cutting the cerebella into several big pieces 

cell separation followed. First, the cerebella were washed with ice-cold HBSS. Second, the 

cerebella were digested with trypsin/DNAseI solution for 15 min at RT. After removal of 

the trypsin/DNAseI solution, Cerebella were again washed three times with ice cooled 

HBSS. Third, the cerebella were dissociated in DNAseI solution using glass pasteur pi-

pettes with successively smaller diameters. The suspension was centrifuged for 15 min, at 

100 x g and 4 °C and the pellet resuspended in dissection buffer. As a last step the cells 

were counted in a Neubauer cell chamber. The cell suspension (1 or 2 x 105 cells/ml) was 

distributed to a 12-well plate (Nunc, Roskilde, Denmark). Each well contained one glass 

cover slip (15 mm in diameter; Hecht, Sondheim, Germany) substrate-coated with 

poly-L-lysine (PLL) (Sigma-Aldrich, Taufkirchen, Germany), which was covered with 

1 ml of cell suspension and cultured in chemically defined serum-free medium. As positive 

control, laminin (Sigma-Aldrich; 2 µg/ml) was coated in addition to PLL while as negative 

control only PLL was given as substrate for neurite outgrowth. For investigation of 

NCAM-induced neurite outgrowth, PLL-coated coverslips were additionally coated with 

10 µg/ml native mouse NCAM (kindly provided by Achim Dahlmann, ZMNH, Hamburg, 

Germany), which was immunoaffinity-purified from adult mouse brain (Rathjen and 

Schachner, 1984). Two hours after seeding cells were stimulated for 30 min with 50 ng/ml 

BDNF (50 µM stock solution dissolved in ddH2O) (Sigma-Aldrich, St Louis, MO, USA) 

(Lee and Chao, 2001; Kong et al., 2001; Snider, 1994) followed by inhibitor treatment. The 

proteasome inhibitor MG132 was added for 1 h at a concentration of 100 ng/ml (Calbio-

chem) and the matrix metalloprotease inhibitor GM 6001 was applied for 1 h at a 

concentration of 1 µM and 10 µM (1 mM stock solution dissolved in DMSO) after BDNF 

stimulation. The cells were allowed to grow for 24 h at 37 °C and 5% CO2. After this time 

period, cells were fixed with 25% glutaraldehyde in PBS, pH 7.3 for at least 30 min and 

stained with 1% toluidine blue and 1% methylene blue in 1% borax (pH 7.4) for 1 h at RT. 

After three final washes with H2O and the cells were dried at RT. They were imaged with a 

Kontron microscope (Zeiss, Jena, Germany) and analysed with Carl Zeiss Vi-
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sion KS 400 V2.2 software. For each experimental value, the length of total neurites per 

cell was measured. In each experiment at least 50 cells with neurites longer than the cell 

body diameter were separately measured on two coverslips. Analysis only included cells 

that were not in contact with other cells. 

4.3.5 Cerebellar microexplant culture 

     (Fischer et al., 1986) 

Cerebella were taken from 6- to 8-day-old C57BL/6J mice and transferred to ice-cold 

HBSS (PAA Laboratories). Meninges, choroid plexus, and blood vessels were removed. 

The cerebellar tissue was forced through a Nitrex net with a pore width of 300 µm. The 

small cerebellar pieces were washed twice with Hanks' balanced salt solution, followed by 

a washing step with cerebellar microexplant culture medium (see 3.6.) (Sigma-Aldrich, 

Steinheim, Germany) (Bix and Clark, 1998). The tissue pieces were collected by sedimen-

tation and 30-40 pieces were first only plated onto PLL-coated glass coverslips (15 mm 

diameter) for negative control. Secondly, PLL-coated coverslips were additionally coated 

with 2 µg/ml laminin (Sigma-Aldrich) for positive control and thirdly additionally coated 

with 10 µg/ml mouse NCAM that was immunoaffinity-purified from adult mouse brain 

(Rathjen and Schachner, 1984) in ~150 µl of culture medium/coverslip. Native mouse 

NCAM was obtained from Achim Dahlmann (ZMNH, Hamburg, Germany). Just before 

plating, the coating solution was removed, and the coverslips were rinsed once with HBSS. 

To guarantee adhesion microexplants were incubated for 16 h. Afterwards, 1 ml of culture 

medium lacking fetal calf serum was added to the explants. Cells were stimulated for 

30 min with 50 ng/ml BDNF (50 µM stock solution dissolved in ddH2O) (Sigma-Aldrich) 

(Lee and Chao, 2001; Kong et al. 2001). Endoneuraminidase N that specifically degrades 

α−2,8-polysialic acid attached to NCAM (kindly provided by Dr. Rita Gerardy-Schahn, 

Medizinische Hochschule Hannover, Hannover, Germany) was applied at 85 ng/ml 

(85 µg/ml stock solution dissolved in PBS). After further maintenance for 24 h, the explants 

were fixed with 2% glutaraldehyde and 2% paraformaldehyde in PBS. Then explants were 

stained with 1% toluidine blue and 1% methylene blue in 1% borax, pH 7.4. Microexplants 

were only analyzed if they had had no contact to other microexplants. Neurite outgrowth 

was analyzed and quantified by measuring the lengths of the 10 longest neurites of 15 ex-

plants in each experiment with an IBAS Image analysis system (Kontron, Zeiss, Jena, 

Germany). 
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4.4 Immunocytochemistry 

4.4.1 Immunocytochemistry of living cells 

Twenty-four hours after transfection, LM-TK cells were seeded on 6-well dishes with a 

confluency of ~ 30% so that they reach a density of about 60% the next day. Then, they 

were washed once with 1 ml of serum free DMEM and then incubated with 1 ml of serum 

free media for either for 6 h or overnight in the CO2-incubator. Coverslips with the attached 

cells were rinsed with DMEM without FCS and placed in a humid chamber covered with 

Parafilm. 150 µl of pre-warmed DMEM without FCS containing the primary antibody in 

the appropriate dilution were added on the coverslips followed by incubation for 15 min at 

37 °C in the CO2-incubator. Afterwards, coverslips were put into 12-well dishes and was-

hed three times with DMEM without FCS. After putting the coverslips again in a humid 

chamber covered with Parafilm, the coverslips were covered with 100 µl DMEM without 

FCS containing the fluorescent dye-coupled secondary antibody in a 1:200 dilution. This 

was followed by incubation for 15 min at 37 °C in the dark. After rinsing three times with 

DMEM without FCS, the coverslips were fixed and mounted with Aqua Poly-Mount me-

dium (Polysciences Inc., Warrington, PA, USA) on glass slides. 

4.4.2 Immunocytochemistry of fixed cells 

To investigate whether TrkB and NCAM were closely located within the cell membrane, 

immunocytochemistry of fixed LM-TK cells co-transfected with NCAM and TrkB and 

hippocampal neurons was performed. The incubation was carried out in a humid chamber 

covered with Parafilm. Blocking was performed using 150 µl PBS containing 3% BSA and 

0.02% Triton X-100 for 30 min at RT. After removal of the blocking buffer, the coverslips 

were covered with 150 µl antibody solution containing the appropriate primary antibody 

and incubated for 1 h at 4 °C (for hippocampal neurons overnight). The bound primary an-

tibody was detected with secondary antibodies labeled with fluorescent dye Cy3 (later 

Cy5). The medium was removed from the coverslips and they were washed three times 

with PBS. The cells were fixed with 1 ml 4% ice-cold paraformaldehyde in PBS for 15 min 

at RT. After two rinses with PBS the coverslips were incubated with 150 µl second primary 

antibody solution for 1 h at RT in darkness. After having been washed three times with 

PBS, the coverslips were incubated with 150 µl antibody solution containing the fluores-

cent dye-labeled secondary antibody (Cy5) for 1 h at RT in darkness. Finally, the cells were 

washed three times with PBS, fixed and mounted on glass slides with Aqua Polymount 

(Polysciences Inc.). Glass slides were stored in darkness at 4 °C. 
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4.4.3 Confocal laser-scanning microscopy 

All images of LM-TK cells and hippocampal neurons were obtained with a Zeiss LSM510 

argon-crypton confocal laser-scanning microscope equipped with a 60 x oil-immersion ob-

jective lens. Images were scanned with a resolution of 512 x 512. The detector gain and the 

pinhole were adjusted to give an optimal signal to noise ratio. 

4.5 Computer-based sequence analysis 

Computer-based sequence analysis and alignments of DNA sequences and protein se-

quences was performed using the Lasergene-programe (DNASTAR, Inc., 

www.dnastar.com). For the search of SUMOlation sites the SUMOplotTM Prediction was 

chosen (ABGENT, San Diego, CA, USA, www.abgent.com). The following databases 

were used: Medline-, BLASTN- and BLASTP Server of NCBI (National Center for Bio-

technology Information, www.ncbi.nlm.nih.gov). 
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5 Results 

5.1 Phage display analysis revealed a TrkB peptide showing se-

lective binding towards NCAM180-ID 

To find specific binding partners for the ID of the 180-kDa isoform of NCAM 

(NCAM180-ID), a commercial phage display peptide library (New England Biolabs) was 

screened for selectivity towards the target NCAM180-ID (kindly performed by Dr. Jens 

Lütjohann and Dr. Jens Franke (ZMNH, Hamburg, Germany)). The library consists of in-

serts of random 12-mer peptides fused to the minor N terminus of the M13 phage VIII 

major coat protein. 

 

Figure 8. Schematic representation of the ID of mouse TrkB (TrkB ID). 

The sequence of the peptide (highlighted box in red) discovered by phage display analysis using 
NCAM180-ID as bait shows significant similarity to a sequence in TrkB-ID (highlighted box in green). This 
sequence is located in the tyrosine kinase domain, contains the active site aspartate (D) and is flanked by the 
potential tyrosine autophosphorylation sites (Y*). The sequence contains five identical amino acids (|), one 
highly conserved amino acid (:) and four weakly conserved amino acids (.). 
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Each phage displays one 12-mer peptide on the surface (Hong and Boulanger, 1995). One 

clone with excellent selectivity in binding to NCAM180-ID was selected, sequenced and 

characterized. The criterion for selection was a highly selective interaction between the 

phage and the target NCAM180-ID but no significant binding to the CHL1-ID control; ad-

ditionally, no unspecific binding to the BSA control was shown by phage ELISA. By 

means of sequence alignment, the sequence of the displayed peptide of this selected phage 

(Fig. 8, highlighted box in red) showed similarity to a peptide sequence in TrkB-ID (Fig. 8, 

highlighted box in green). This peptide sequence within TrkB-ID is located in the tyrosine 

kinase domain, contains the active site aspartate (Fig. 8; underlined D) and is flanked by the 

autophosphorylated tyrosine residues (Fig. 8; Y*). It contains five identical amino acids 

(QHFVH), one highly conserved amino acid (R) and four weakly conserved amino acids 

(D, A, R, N). This TrkB peptide identified by phage display analysis was used for future 

binding studies and biochemical experiments. 

5.2 Epitope mapping 

 

Figure 9. Epitope mapping. 

Binding of various NCAM antibodies to NCAM peptides representing NCAM140-ID was tested by using an 
ELISA approach. All NCAM peptides were substrate-coated and incubated with the anti-NCAM antibodies 
P61, 5B8 and D3. The antibody P61 (A) only showed binding with the N-terminally located peptide 2 within 
NCAM140-ID, whereas the antibody 5B8 (B) specifically recognized the C-terminally located peptide 3. The 
NCAM180/exon 18-specific antibody D3 did not bind to any of the peptides (C). 
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After the identification of a peptide within TrkB-ID that binds to NCAM180-ID, the next 

step was to find the exact binding site within NCAM180-ID that binds to the discovered 

TrkB peptide (see 5.1). For this purpose, a set of synthetic peptides (kindly synthesized by 

Dr. Jochen Heukeshoven, Heinrich-Pette-Institut, Hamburg, Germany) encompassing the 

entire ID of NCAM140 was mapped with various NCAM antibodies specific to NCAM-ID 

(Figs. 9 and 10). The only difference between the IDs of NCAM140 and NCAM180 is the 

presence of an additional 261-amino acid insert in NCAM180-ID, encoded by NCAM 

exon 18. Three synthesized peptides (1–3) were used for epitope mapping of different 

NCAM antibodies (D3, P61 and 5B8) (Fig. 10) and subsequently for binding studies.  

 

Figure 10. Comparison of the IDs of mouse NCAM180 and NCAM140. 

The only difference between the IDs of NCAM140 and NCAM180 is the presence of an additional 261-amino 
acid insert in the intracellular region of NCAM180, encoded by NCAM exon 18. The three synthesized pep-
tides 1–3 used for epitope mapping of the three different anti-NCAM antibodies D3, P61 and 5B8 are 
indicated. The epitopes of P61 and 5B8 were mapped by using peptides covering aa 766–810 and aa 811–
849/1077–1115. D3 recognizes an epitope within the coding sequence of exon 18. A sequence at the extreme 
C terminus of the Kir3.3 channel shows high similarity to a sequence present in the C-terminal part of 
NCAM180-ID and NCAM140-ID. 
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The specific binding between the antibody P61 and peptide 2 (Fig. 9A) determined the ex-

act epitope of P61 as covering aa 766–810 of NCAM140/180. The 5B8 antibody 

specifically bound and recognized peptide 3 covering aa 811–849 and 1077–1115 of 

NCAM140 and NCAM180, respectively (Fig. 9B). As expected, D3 did not show any bind-

ing to the NCAM140 peptides since the antibody is known to recognize an epitope within 

the coding sequence of exon 18 (Fig. 9C). Furthermore, thanks to the epitope mapping, a 

peptide motif in NCAM180 and NCAM140 was discovered (Fig. 10) as having similarity 

to the C-terminal part of one of the inwardly rectifying potassium channels, namely the 

Kir3.3 isoform (personal communication Dr. Ralf Kleene, ZMNH, Hamburg, Germany). 

After identifying the exact epitopes of the anti-NCAM antibodies D3, P61 and 5B8 by epi-

tope mapping, these antibodies were subsequently used for binding studies (see 5.3). 

5.3 Binding study of recombinant NCAM180-ID to TrkB-ID and a 

TrkB peptide using an ELISA approach 

An ELISA, i.e. an in vitro assay, was decided on to prove a direct binding of NCAM180 

and TrkB. For this purpose, recombinant NCAM180-ID, NCAM140-ID, NCAM exon 18 

and CHL1-ID proteins were expressed and produced in E. coli. Native TrkB-ID was pre-

pared in a baculovirus expression system (Iwasaki et al., 1997) (a kind gift of Dr. Shinichi 

Koizumi, Novartis Pharma K.K., Tsukuba Research Institute, Ibaraki, Japan) and phos-

phorylated at the tyrosine residues in the catalytic site as reported by Iwasaki et al. (1997, 

1998).  

First, a TrkB peptide (kindly synthesized by Dr. Jochen Heukeshoven, Heinrich-Pette-

Institut, Hamburg, Germany) discovered in the phage display analysis as containing the 

putative NCAM180–ID binding site was substrate-coated at a concentration of 250 ng/ml 

on absorbent plastic surfaces (see 3.3.2; TrkB peptide 2). The TrkB peptide was then incu-

bated with the putative binding partner NCAM180-ID containing a His-tag in addition to 

His-tagged NCAM140-ID and CHL1-ID and BSA that were used as negative controls. De-

tection of the potential interaction partner was performed using a specific mouse anti-

Penta His antibody that recognizes five consecutive histidine residues in proteins. 

NCAM180-ID specifically bound to the TrkB peptide, in contrast to the other isoform, 

NCAM140-ID, or CHL1-ID (Fig. 11A). Second, based on the results from the epitope 

mapping, the respective anti-NCAM antibodies (D3, P61 and 5B8) were targeted in ELISA 

binding studies, in order to determine where the specific binding site of the TrkB peptide is 

located within NCAM180-ID. The TrkB peptide was immobilized at a concentration of 
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2.5 µg/ml on an absorbent surface and subsequently incubated with NCAM180-ID 

(Fig. 11B), NCAM140-ID, or NCAM exon 18 (data not shown since there was no binding). 

Binding of NCAM180-ID to the TrkB peptide was assessed using the exon 18-specific an-

tibody D3 and the antibodies P61 and 5B8 recognizing specific epitopes within the IDs of 

NCAM180 and NCAM140. Dose-dependent binding was detected between NCAM180-ID 

and the TrkB peptide when bound NCAM180-ID was assessed by either the exon 18-

specific antibody D3 or the P61 antibody with the N-terminally located epitope. Surpris-

ingly, when the antibody 5B8 with the C-terminally located epitope was used for detection, 

there was no specific binding signal (Fig. 11B). This indicates that the antibody 5B8 could 

not bind either because the epitope was occupied by the TrkB peptide or because the pep-

tide was in competition with the antibody 5B8 for the common substrate NCAM180-ID. 

Third, recombinant TrkB-ID was substrate-coated at a concentration of 1 µg/ml on an ab-

sorbent surface and incubated with the putative binding partner NCAM180-ID or with 

NCAM exon 18. Binding of NCAM180-ID or exon 18 to TrkB-ID was assessed using the 

NCAM180/exon 18-specific antibody D3. Interestingly, only NCAM180 bound to 

TrkB-ID, but not exon 18 alone (Fig. 11C). This result again confirms that the binding site 

is definitely located within the shared parts of NCAM180- and NCAM140-ID. 

To investigate the influence of the phosphorylation state of TrkB on the binding to 

NCAM180-ID, unphosphorylated and phosphorylated TrkB-ID (TrkB-ID/pTrkB-ID) was 

used after in vitro preparation. Unexpectedly, no difference in binding to NCAM180-ID 

was observable between TrkB-ID and pTrkB-ID (data not shown). This indicates that the 

binding between NCAM180-ID and TrkB-ID may not depend on the phosphorylation state 

of TrkB-ID. Furthermore, binding between TrkB and NCAM180-ID was only detectable 

when TrkB-ID or TrkB peptide was used for immobilization, and not vice versa (data not 

shown). 

In summary, a direct interaction of NCAM180-ID and TrkB-ID or TrkB peptide was shown 

in different ELISA assays. Since the antibody D3 recognizes an epitope within the coding 

sequence of exon 18 but the NCAM exon 18 did not bind to TrkB-ID, the binding site of 

NCAM180-ID and TrkB-ID has to be located in an overlapping region between NCAM 

exon 18 and the N terminus of NCAM180-ID and NCAM140-ID. 
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Figure 11. Binding of NCAM180 ID to a TrkB peptide and to TrkB ID. 

The TrkB peptide (A, B) and TrkB-ID (C) were substrate-coated and incubated with NCAM180-ID (A–C), 
recombinant exon 18 (C), NCAM140-ID and CHL1-ID (A). (A) Binding of His-tagged NCAM180-, 
NCAM140-, CHL1-ID to substrate-coated TrkB peptide was analyzed using an anti-Penta His antibody for 
detection. (B) Binding of NCAM180-ID to the TrkB peptide was assessed using the exon 18-specific antibody 
D3 and the antibodies P61 and 5B8 recognizing specific epitopes within the IDs of NCAM180 and 
NCAM140. (C) Binding of NCAM180-ID or exon 18 to TrkB-ID was analyzed by using the 
NCAM180/exon 18-specific antibody D3. NCAM180, but not exon 18 alone, does bind TrkB-ID. All experi-
ments were reproduced at least three times. Error bars represent SEM. 

5.4 Cross-linked TrkB peptide did not interact with NCAM180-ID 

To confirm the interaction between TrkB and NCAM180-ID, a TrkB peptide (see 3.3.2) 

was cross-linked to the trifunctional cross-linker Sulfo-SBED containing a biotin moiety. 

Brains were lysed in PBS that contained only the protease inhibitor mix CompleteTM 

(Roche Diagnostics, Mannheim, Germany). Subsequently, the nuclei were removed before 

adding Triton X-100 at a final concentration of 1%. The Triton-soluble brain lysate from 

adult NCAM+/+ mice or NCAM–/– control mice was added to the TrkB peptide–cross-linker 

complex. 
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Although hypothesized from the ELISA experiments as a potential binding partner, no 

NCAM180 was isolated after UV cross-linking of the TrkB peptide and SDS-PAGE. A 

representative cross-linking experiment using TrkB peptide 1 (3.3.2) with subsequent 

Western blot analysis is shown in Fig. 12. Streptavidin-HRP was used for detection of bio-

tin-labeled proteins (lanes 1 and 2), the D3 antibody for detection of NCAM180 (lanes 3 

and 4), and the anti-NCAM antibody 1B2 for detection of all NCAM isoforms (lanes 5 

and 6). The arrows indicate co-isolated NCAM in wild-type (NCAM+/+) brain lysate, which 

is localized within the TrkB peptide complex (lanes 3 and 5), whereas the NCAM–/– control 

(lanes 4 and 6) did not show any unspecific band. If NCAM180 had received biotin labels 

from the cross-linked TrkB peptide, a respective band at 180 kDa would have been detect-

able using streptavidin-HRP, as a result of the biotin transfer from the TrkB peptide to 

NCAM180. The prominent bands with a molecular weight of 120 kDa that were detected 

with the biotin groups by streptavidin-HRP (Fig. 12, lanes 1 and 2) were not NCAM spe-

cific since there was a positive signal also in the NCAM–/– control. 

This cross-linking approach was also tested using the following: Triton-soluble brain lysate, 

enriched synaptosomal brain subfraction, and with all four TrkB peptides (3.3.2) as bait. 

None of these experiments showed a direct interaction between TrkB peptide and 

NCAM180. 

 

Figure 12. No specific binding between cross-linked TrkB peptide and NCAM180. 

Triton-soluble brain lysate of adult wild-type (NCAM+/+) and NCAM–/– mice were used for sulfo-SBED 
cross-linking. The cross-linker was coupled to the TrkB peptide 1 and biotin-labeled binding partners were 
subjected to Western blot analysis using streptavidin-HRP (lanes 1and 2), the NCAM180-specific D3 anti-
body (lanes 3 and 4), and the anti-NCAM antibody 1B2 recognizing all NCAM isoforms (lanes 5 and 6). The 
prominent band at 120 kDa detected by streptavidin-HRP was not NCAM specific since this band was ob-
served in the NCAM–/– control as well. There is no specific band detected by streptavidin-HRP at a molecular 
weight of 180 kDa in NCAM+/+ mice which would prove a direct interaction between NCAM180 and TrkB 
peptide 1. 
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5.5 Binding of a Trk fragment to NCAM180-ID under P+ lysis 

conditions in a modified cross-linking approach 

Since the previous cross-linking approach did not confirm the direct interaction between 

TrkB and NCAM180 that was indicated by the ELISA experiments, the cross-linking pro-

tocol was altered. In this new cross-linking approach, the trifunctional cross-linker Sulfo-

SBED containing a biotin moiety was coupled to the IDs of NCAM180 (Fig. 13A, B), 

NCAM140 (Fig. 13B) and CHL1 for control (Fig. 13A, B). To test if the binding capacity 

of TrkB to other molecules, such as NCAM180, was influenced by the phosphorylation 

state of TrkB, two lysis conditions for brain homogenate preparation were investigated, one 

inhibiting dephosphorylation (P+) and the other inhibiting tyrosine kinase phosphorylation 

(P–) (Fig. 13A). After UV cross-linking and SDS-PAGE, the biotin-labeled binding part-

ners were subjected to Western blot analysis. Streptavidin-HRP was used for detection of 

biotin-labeled proteins (Fig. 13A, lanes 1–4; Fig. 13B, lanes 1–3), a panTrk antibody for 

recognition of the highly conserved C termini of all Trk family members (Fig. 13A, 

lanes 5–8; Fig. 6B, lanes 4–6), the D3 antibody for NCAM180 detection (Fig. 13B, 

lanes 7–9), and a specific antibody for Kir3.3 detection (Fig. 13B, lanes 10–12). 

Fig. 13A shows a direct binding between NCAM180-ID and a Trk fragment (lanes 1, 2 and 

5, 6), whereas the CHL1-ID control (lanes 3, 4 and 7, 8) did not show any binding. The 

arrowhead indicates biotin-labeled proteins and a Trk fragment with a molecular weight of 

80 kDa that prominently binds to NCAM180-ID under P+ conditions (lane 6). Under P– 

conditions, less Trk fragment binding to NCAM180-ID was detectable (lane 5). Therefore, 

from this point on, cross-linking experiments were performed under P+ conditions. 

The direct binding between NCAM180-ID and the Trk fragment was confirmed in Fig. 13B 

where the upper arrowhead indicates the biotin-labeled proteins (lane 1) and the Trk frag-

ment (lane 4) with a molecular weight of 80 kDa that prominently binds to NCAM180-ID, 

but not to NCAM140-ID (lanes 2, 5) and the control CHL1-ID (lanes 3, 6). The upper ar-

rowhead also points to an NCAM fragment that is associated with NCAM180-ID (lane 7) 

but not detected in the controls. Additionally, the lower arrowhead indicates a Kir3.3 chan-

nel monomer binding to NCAM180 (lane 10). These results were confirmed in two 

independent experiments (Fig. 13). So far, only the interaction between NCAM180-ID and 

a Trk fragment with a molecular weight of approximately 80 kDa has been shown. 
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Figure 13. Binding of the intracellular TrkB fragment to NCAM180 ID. 

(A) Cross-linking experiments were performed under lysis conditions inhibiting dephosphorylation (P+) or 
inhibiting tyrosine kinase phosphorylation (P–). The trifunctional cross-linker sulfo-SBED containing a biotin 
moiety was coupled to NCAM180-ID or to CHL1-ID as control. Brain homogenate from NCAM+/+ mice was 
added to the protein–cross-linker complex, and after UV cross-linking, the potential binding partners were 
isolated and separated by SDS-PAGE under reducing conditions resulting in a transfer of the biotin group to 
the cross-linked partner molecules. Western blot analysis using streptavidin-HRP (for detection of biotin-
labeled proteins) and a panTrk antibody is shown. The arrowhead points at the Trk fragment that prominently 
binds to NCAM180-ID (180) under conditions inhibiting dephosphorylation (P+), whereas the CHL1-ID 
control (CHL1) does not show a similar band. (B) The cross-linking experiment was performed under P+ 
conditions using the IDs of NCAM180, NCAM140 or CHL1 as bait. Western blots using streptavidin-HRP, 
the panTrk antibody, the NCAM180-specific antibody D3 or a Kir3.3-specific antibody are shown. The upper 
arrowhead indicates the Trk fragment that prominently binds to NCAM180-ID but not to NCAM140-ID or 
the control CHL1-ID. The upper arrowhead also points to an NCAM fragment that is associated with 
NCAM180-ID. The lower arrowhead indicates a Kir3.3 monomer binding to NCAM180. These results were 
confirmed in two independent experiments. 

5.6 NCAM180-ID interacts with full-length TrkB under P+ lysis 

conditions and in the presence of specific protease inhibi-

tors in an optimized cross-linking approach 

After showing a direct interaction between a Trk fragment and NCAM180-ID, the previous 

cross-linking protocol had to be optimized further in order to eventually show a binding 
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between full-length TrkB and NCAM180-ID. The hypothesis was that TrkB is proteolyti-

cally cleaved before or after binding to NCAM180-ID. Therefore, proteolysis was 

investigated in parallel to the establishment of optimized conditions for the cross-linking 

experiments (see 5.10). The aim was to find experimental conditions that avoid the produc-

tion of processed fragments. 

 

Figure 14. An interaction between NCAM180 ID and full-length TrkB. 

Isolated membranes (A) and the mossy fiber fraction (B) of adult wild-type brains were prepared under lysis 
conditions inhibiting dephosphorylation (P+) and in the presence of protease inhibitors, for cross-linking 
experiments. The cross-linker sulfo-SBED was coupled to NCAM180-ID (180) and CHL1-ID (CHL1) as 
described before. The potential biotin-labeled binding partners were analyzed by Western blot using Strepta-
vidin-HRP (lanes 1, 2), the panTrk antibody (lanes 3, 4) and a TrkB-specific antibody (lanes 5, 6). The lower 
arrowhead points to the Trk fragment and the upper arrowhead shows the full-length TrkB that binds to 
NCAM180-ID. 

According to a optimized cross-linking protocol, brain membranes from 2–3-month-old 

C57BL/6J mice were isolated under P+ conditions and in the presence of a γ-secretase in-

hibitor (DAPT) and a matrix metalloprotease inhibitior (GM 6001). The isolated 

membranes were incubated at 37°C for 2 h before adding the coupled cross-linker–ID com-

plexes. After UV cross-linking, Triton X-100 was added before incubation of the samples 
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for 45 min on ice, followed by removal of the nuclei. Potential binding partner(s) bound to 

NCAM180-ID and control CHL1-ID were isolated and separated by SDS-PAGE and im-

munoblotted as previously described (Fig. 14). Detection of the biotin labels transferred to 

the putative binding partner(s) was analyzed by streptavidin-HRP (lanes 1, 2), the panTrk 

antibody (lanes 3, 4) and a TrkB-specific antibody (lanes 5, 6) (Fig. 14). 

The interaction between full-length TrkB and NCAM180-ID could be proven in isolated 

membranes (Fig. 14A) and the mossy fiber subfraction (Fig. 14B) of adult wild-type mice 

under lysis conditions inhibiting dephosphorylation (P+) and in the presence of specific 

protease inhibitors (DAPT and GM 6001). When the mossy fiber fraction was isolated by 

using a sucrose density gradient, the same protease inhibitors were applied to the P+ ho-

mogenization buffer. In addition to the interaction between full-length TrkB and 

NCAM180, the already previously detected interaction between the Trk fragment and 

NCAM180-ID was also observable using this approach. Proteolytic processing seems to 

have an impact on the interaction between these proteins. 

5.7 Verification of the NCAM180-Trk interaction by co-

immunoprecipitation 

Co-immunoprecipitation was chosen as another method to confirm the interaction between 

NCAM180 and TrkB already shown by biochemical cross-linking. For that reason, various 

tissue preparations were used, such as brain homogenates, isolated brain subfractions, Tri-

ton-soluble brain lysates, or cell culture lysates from N2a cells or NCAM- and TrkB-

transfected CHO cells. Either NCAM or TrkB was precipitated out of an in vivo situation 

by using either an anti-NCAM or an anti-TrkB antibody attached to beads. To subsequently 

detect the co-precipitated respective other protein (TrkB or NCAM) within the isolated 

immune complexes, the respective other antibody against TrkB or NCAM was used. Vari-

ous co-immunoprecipitation approaches were systematically tested until a successfully 

working protocol was established for the detection of the interaction between NCAM and 

TrkB. For co-immunoprecipitations, one has the possibility to covalently couple the anti-

body to beads or to add the antibodies in excess to the beads. The first approach was to 

covalently couple the antibody to beads. A rat monoclonal anti-NCAM antibody, H28, was 

covalently coupled to Sepharose A/G beads. Fig. 15 shows a representative Western blot of 

this approach. In this case, detergent-soluble cerebellum lysates from adult NCAM+/+ and 

NCAM–/– mice were incubated with the coupled beads. After SDS-PAGE, subsequent im-

munoblotting was performed using the polyclonal anti-NCAM antibody 1B2 (Fig. 15, 
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lanes 1–4) for precipitation control, and a specific anti-TrkB antibody (a gift from Dr. Jo-

seph Kiss, University of Geneva, Geneva, Switzerland) for detection of co-precipitated 

TrkB. This approach resulted in a satisfactory precipitation of all NCAM isoforms (Fig. 15, 

lane 3) but no Trk protein was detectable in the co-precipitates (Fig. 15, lane 7). Then, in 

the other approaches, besides a variety of beads (Sepharose beads, magnetic DYNA-beads 

or agarose beads), different anti-NCAM (H28 and 1B2 since D3 was at that time not avail-

able) and six anti-TrkB antibodies with three different epitopes within TrkB (a gift from Dr. 

Joseph Kiss, University of Geneva, Geneva, Switzerland) were tested for precipitation and 

immunoblotting. Immunoprecipitations worked best with the rat monoclonal anti-NCAM 

antibody H28, in contrast to the anti-TrkB antibodies which did not work for precipitation. 

Unfortunately, most of the anti-TrkB antibodies showed unspecific bands, high background 

and only weak TrkB-specific bands (data not shown). Hence, a rabbit polyclonal antibody 

specific for TrkB and a rabbit polyclonal panTrk antibody were commercially purchased 

and tested. Both antibodies showed good results for immunoblotting. In addition, the 

panTrk antibody was very useful for immunoprecipitation. Moreover, the monoclonal 

NCAM180-specific antibody D3 (kindly produced by Stefan Hennig and Gaby Loers, 

ZMNH, Hamburg, Germany) was very useful for immunoprecipitation and immunoblot-

ting. Although the immunoprecipitations with these antibodies worked well, none of these 

co-immunoprecipitation approaches indicated an interaction between the two molecules 

NCAM and TrkB (data not shown). Thus, as for the cross-linking experiments, special con-

ditions (see 3.2.9 and 3.2.13) were necessary to be able to detect, for the first time, an 

interaction between the two full-length transmembrane proteins. Consequently, a new co-

immunoprecipitation protocol was developed, based on these optimized experimental con-

ditions and on results gained from the cross-linking experiments. Brain membranes were 

isolated either from adult NCAM wild-type (NCAM+/+) and NCAM-deficient (NCAM–/–) 

mice or from newborn TrkB wild-type (TrkB+/+) and TrkB-deficient (TrkB–/–) mice. Brain 

lysates were always prepared using P+ lysis conditions inhibiting dephosphorylation, as 

previously described (3.2.9 and 4.2.13). 

First, the brain lysates derived from adult NCAM+/+ and NCAM–/– mice containing Trk 

(Fig. 16A, lanes 7, 8) as well as NCAM180 (Fig. 16A, lane 3) were incubated with the 

panTrk antibody (Fig. 16A, lanes 5, 6 and 9, 10) for immunoprecipitation. Immune com-

plexes were isolated using Protein A/G agarose Plus beads. To analyze for co-precipitation 

of Trk and NCAM180, the immune complexes were subjected to Western blot analysis 

with the NCAM-specific antibody D3 (Fig. 16A, lanes 1–4; Fig. 16B, lanes 1, 2). The im-
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munoprecipitations were successfully performed because Trk was detectable in the immune 

complexes that were eluted from the Protein A/G agarose Plus beads (Fig. 16A, lanes 5, 6). 

To exclude unspecific binding, brain lysate of NCAM–/– mice was used as control, showing 

no corresponding unspecific band (Fig. 16A, lane 4; Fig. 16 B, lane 2). The analysis of the 

co-immunoprecipitates (Fig. 16A, lanes 3, 4; Fig. 16B, lanes 1, 2) using the NCAM-

specific antibody D3 revealed that Trk did not only co-precipitate with full-length 

NCAM180 but also with an NCAM fragment (see 5.6) (Fig. 16A, B; indicated by arrows) 

in the brain lysates of adult NCAM+/+ mice (Fig. 16A, lane 3; Fig. 16B, lane 1). These re-

sults were reproduced in three independent experiments.  

 

Figure 15. Immunoprecipitation of NCAM180 and NCAM140, but no co-immunoprecipitation 
of Trk. 

Lysates of cerebella from adult NCAM+/+ and NCAM–/– mice were incubated with the monoclonal anti-
NCAM antibody H28 covalently coupled to Sepharose A/G beads. After SDS-PAGE, Western blot analysis 
(IB) was performed using the polyclonal anti-NCAM antibody 1B2 (lanes 1–4) for precipitation control and a 
specific anti-TrkB antibody (gift from Dr. Joseph Kiss, Geneva, Switzerland) (lanes 5–8) for detection of 
TrkB in the supernatant of the precipitates (lanes 5, 6) and in the eluates of the precipitates (lanes 7, 8). 
NCAM was present in the supernatant of the precipitates (lanes 1, 2). NCAM immunoprecipitation (IP) of 
NCAM140 and NCAM180 isoforms was successfully performed (lane 3). The NCAM–/– controls (lanes 2, 4 
and 8) showed no signal, as expected; however, unexpectedly, the co-immunoprecipitation of Trk and NCAM 
was not detectable (lane 7). 

Furthermore, there are preliminary data from a vice versa co-immunoprecipitation ap-

proach. For this purpose, NCAM180 was immunoprecipitated, using the NCAM-specific 

antibody D3, from brain lysates of newborn wild-type mice (TrkB+/+) and control TrkB–/– 

mice, and later subjected to Western blot analysis using the rabbit polyclonal panTrk anti-

body. It was not possible to use brain tissue of adult mice since the control TrkB–/– mice 

barely survive one week. The co-immunoprecipitation protocol already described for the 

experiments shown in Fig. 16 was used. For the analysis of the immunoprecipitates, West-

ern blot analysis was performed using the NCAM-specific antibody D3 to control for 

successful precipitation (Fig. 17, lanes 1, 2), and the panTrk antibody to detect Trk in the 
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immunoprecipitation complexes of NCAM180 (Fig. 17, lane 3). In the case of 1-day-old 

mice, co-immunoprecipitations did not show any results. Only a weak but detectable signal 

of Trk was discoverable in the co-immunoprecipitates of brain lysates from 3-day-old 

TrkB+/+ mice (Fig. 17, lane 3) and not in the TrkB–/– control (Fig. 17, lane 4). These data 

have to be considered as preliminary since the experiments were not reproduced twice due 

to a lack of sufficient numbers of 3-day-old control TrkB–/– mice. 

Thus, the co-immunoprecipitation results enrich the body of evidence for an interaction 

between TrkB and NCAM180 in the ‘natural environment’ of cell membranes within the 

brain. 

 

Figure 16. Co-immunoprecipitation of Trk and NCAM180. 

Brain lysates of adult NCAM+/+ and NCAM–/– mice were incubated with the panTrk antibody for immunopre-
cipitation, followed by incubation with protein A/G agarose. After SDS-PAGE, Western blot analysis (IB) 
was performed using the NCAM180-specific antibody D3 (A, lanes 1–4; B, lanes 1, 2) for analysis of putative 
co-immunoprecipitates (A, lane 3; B, lane 1) and the panTrk antibody (A, lanes 5, 6) for precipitation control. 
Eluates from protein A/G agarose treated without antibodies for negative controls (A, lanes 1, 2) and the elu-
ates containing immunoprecipitates (A, lanes 3–6; B, lanes 1, 2) were analyzed. The panTrk antibody labeled 
a band at 145 kDa in the precipitates, indicating that the precipitation worked (A, lanes 5, 6) (indicated by an 
arrow). The NCAM180-specific D3 antibody detected NCAM180 in the co-precipitates (A, lane 3). In three 
other experiments, not only NCAM180 but also an NCAM fragment (NCAM fragm) was co-precipitated (B, 
lane 1, indicated by a blue arrow). There were no unspecific bands in the NCAM–/– controls (A, lanes 2, 4; B, 
lane 2) as well as in the negative control without antibodies (A, lanes 1, 2). 
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Figure 17. Co-immunoprecipitation of NCAM180 and Trk. 

Brain lysates of 3-day-old TrkB+/+ and TrkB–/– mice were incubated with the NCAM-specific antibody D3 for 
immunoprecipitation (lanes 1–4), followed by incubation with Protein A/G Plus agarose. After SDS-PAGE, 
immunoblot analysis (IB) of the immunoprecipitates was performed using the panTrk antibody (lanes 3, 4) 
and the NCAM-specific antibody D3 for precipitation control (lanes 1, 2). The panTrk antibody labeled a very 
weak band at 145 kD in the precipitates of TrkB+/+ mice (lane 3) but not in the TrkB–/– control (lane 4). The 
NCAM180-specific antibody D3 detected NCAM180 in the immunoprecipitates, indicating that the precipita-
tion worked (lanes 1, 2). 

5.8 No spatial relationship between NCAM and TrkB shown in 

co-localization and co-capping experiments 

To confirm the binding of NCAM180 and TrkB under natural conditions in the in vivo en-

vironment of the cell membrane, co-localization and co-capping experiments using cellular 

model systems were chosen. For NCAM capping, an NCAM-specific antibody was used to 

cross-link NCAM on the cell surface and was detected with the respective Cy3-labeled sec-

ondary antibody. After antibody application, formation of NCAM caps was observed as 

clusters of fluorescent spots on the cell surface (Figs. 18–20). TrkB expression was as-

sessed on the same cells by indirect immunofluorescence staining with antibodies specific 

for TrkB and a Cy5-labeled secondary antibody. TrkB protein was hypothesized to be re-

cruited to the NCAM cap and to be indicated by the yellow color in the overlay image 

gained by confocal immunofluorescence microscopy. If a potential re-distribution of TrkB 

after antibody-induced pre-clustering of NCAM took place, this would demonstrate the 

physical in vivo association of TrkB and NCAM and be a hint for their putative interaction.  

Capping was successfully induced by antibodies specific for NCAM (Figs. 18, 19B) or 

PSA-NCAM (Fig. 20B), in contrast to the antibodies specific for TrkB which did not in-
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duce satisfactory pre-clustering of TrkB protein (data not shown). Since polysialylation of 

NCAM into α-2,8-linked PSA-NCAM has been suggested to facilitate the presentation of 

BDNF to TrkB (Charles et al., 2000; Muller et al., 2000; Vutskits et al., 2001), a mouse 

fibroblast cell line (LMTK) was chosen that expressed polysialyltransferases (LMTK-PST) 

(a kind gift of Martina Muehlenhoff and Dr. Rita Gerardy-Schahn, Medizinische 

Hochschule Hannover, Hannover, Germany). ST8SiaII and ST8SiaIV are the two polysia-

lyltransferases responsible for NCAM polysialylation (Close and Colley, 1998). The first 

co-capping experiments were performed on these LMTK and LMTK-PST cells to investi-

gate the possibility that PSA on NCAM may be essential for the potential binding between 

NCAM and TrkB. For this purpose, LMTK/LMTK-PST cells were transiently transfected 

with a rat Flag-tagged full-length TrkB construct (pFlag T+ TrkB; generous gift of Dr. Eero 

Castrén, Kuopio, Finland) and a mouse full-length NCAM180 construct or an NCAM120 

construct for control. Co-capping experiments were started by pre-incubation with the 

polyclonal rabbit anti-NCAM antibody 1B2. When the secondary rabbit Cy3-labeled anti-

body was applied, clustering of the primary and secondary antibodies was induced and 

TrkB was detected by using a mouse monoclonal anti-Flag M2 antibody and its corre-

sponding secondary mouse Cy5-labeled antibody. Antibody-induced clustering of NCAM 

in the cell membrane of TrkB- and NCAM-co-transfected cells did not result in TrkB co-

clustering in the NCAM180 and NCAM120 patches, indicating that the two transmembrane 

proteins, NCAM180 and TrkB, did not specifically associate with each other in the cell 

membrane of LMTK/LMTK-PST cells. Additionally, there was no difference detectable 

between LMTK (data not shown) and LMTK-PST cells, indicating that PSA did not im-

prove the capability of NCAM and TrkB to interact with each other. Co-transfected 

NCAM180 and TrkB did not co-cap on the surface of PST-expressing LMTK cells 

(Fig. 18). 

As a next step, the co-localization studies of NCAM and TrkB were continued using hippo-

campal primary cell cultures. Hippocampi taken from 1–3-day-old wild-type mice were 

prepared, dissociated and cultured for 3 days. Then, wild-type hippocampal neurons were 

incubated with the rat monoclonal anti-NCAM antibody H28 (Fig. 19B) or with a mouse 

monoclonal anti-PSA antibody (Fig.20B). After antibody-induced clustering of NCAM or 

PSA-NCAM, TrkB distribution was analyzed using a rabbit polyclonal antibody specific 

for TrkB-ID (Allendoerfer et al., 1994) and its corresponding secondary rabbit Cy3-

conjugated antibody. However, pre-clustering of NCAM did not initiate an accumulation of 

TrkB in defined patches within the cell membrane (Figs. 19A, 20A). There was almost no 
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yellow staining visible in the overlay image, suggesting that there was no observable inter-

action of NCAM and TrkB (Figs. 19C, 20C; indicated by arrows). Even BDNF stimulation 

of TrkB (50 ng/ml for 15 min) prior to pre-clustering of NCAM did not induce or facilitate 

a re-distribution of TrkB in the cell membrane of hippocampal neurons (data not shown). 

 

Figure 18. Clustering of NCAM did not induce a re-distribution of TrkB in co-transfected 
LMTK-PST cells. 

Representative confocal immunofluorescence images of LMTK-PST cells transfected with Flag-tagged full-
length TrkB and NCAM180 (A) or Flag-tagged full-length TrkB and NCAM120 for control (B). Pre-
clustering was induced by incubation with polyclonal anti-NCAM antibodies (green). LMTK-PST cells were 
fixed, permeabilized and stained for TrkB (red) using a mouse monoclonal anti-Flag antibody. TrkB did not 
specifically co-distribute with NCAM180 clusters, which is indicated by arrows showing basically no yellow 
overlap of the staining for NCAM and TrkB. 
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To sum up, after antibody-induced pre-clustering of NCAM or PSA-NCAM, no re-

distribution of TrkB into defined areas within the cell membrane was detectable. This result 

was found using (1) PST-expressing LMTK fibroblast cells co-transfected with NCAM180 

and Flag-tagged full-length TrkB and (2) hippocampal neurons. Taken together, all these 

co-capping experiments showed neither a direct nor an indirect association of the two 

transmembrane proteins, NCAM180 and TrkB. 

 

Figure 19. Clustering of NCAM did not induce a re-distribution of TrkB in primary hippocam-
pal neurons. 

Representative confocal immunofluorescence images of dissociated wild-type hippocampal neurons from 1–
3-day-old mice (3 days in culture). Pre-clustering was induced by incubation with the rat monoclonal anti-
NCAM antibody H28 (A, green). Later, neurons were fixed, permeabilized and stained for TrkB using a rab-
bit monoclonal antibody (B, red). The overlay image (C, yellow) showed no re-distribution of TrkB to the 
distinct NCAM clusters, indicating no physical interaction between NCAM and TrkB (arrows). The phase 
contrast image is shown in (D). 
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Figure 20. Clustering of PSA-NCAM did not induce a re-distribution of TrkB in primary hip-
pocampal neurons. 

Representative confocal images of dissociated wild-type hippocampal neurons from 1–3-day-old mice (3 days 
in culture). Pre-clustering was induced by incubation with the mouse monoclonal anti-PSA-NCAM antibody 
735 (A, green). Later, neurons were fixed, permeabilized and stained for TrkB using a rabbit monoclonal 
TrkB-specific antibody (B, red). The overlay image (C, yellow) basically showed no re-distribution of TrkB 
to the distinct PSA-NCAM clusters, indicating no physical interaction between PSA-NCAM and TrkB (ar-
rows). The phase contrast image is shown in (D). 

5.9 Isolation of the Trk and NCAM fragments for protein se-

quencing 

To determine the sequence of the 80-kDa Trk and NCAM fragments discovered in the bio-

chemical cross-linking experiments, cross-linking samples were analyzed using SDS-

PAGE followed by silver staining according to Shevchenko (Shevchenko et al., 1996). Sil-

ver staining was performed for isolation and exact identification of the sequence of the 

fragments that specifically bound to NCAM180-ID and not to the CHL1 control. The sil-

ver-stained protein band with an approximate molecular weight of 80 kDa was cut out of 

the 8% polyacrylamide gel (indicated by a red arrow in Fig. 21). The proteins within this 

band were sequenced using matrix-assisted laser desorption/ionization-mass spectroscopy 
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(MALDI-MS) (Jensen et al., 1997). Protein sequencing was carried out by Dr. Fritz Buck, 

Institut für Zellbiochemie und Klinische Neurobiologie, UKE, Hamburg, Germany. How-

ever, the protein quantity of the 80-kDa fragment was too low for MALDI-MS to reveal its 

exact sequence identity. 

 

Figure 21. Silver staining for subsequent protein sequencing of the Trk and NCAM fragments 
discovered in the cross-linking experiments. 

Eluates from the cross-linking experiments prepared under P+ lysis conditions were subjected to SDS-PAGE. 
Silver staining was performed after separation of the proteins. An 80-kDa band is indicated by the red arrow 
and is visible in the NCAM180-ID (180) sample but not in the CHL1 control (CHL1). This fragment was cut 
out of the polyacrylamid gel (8%) for subsequent sequence analysis. M, molecular weight marker. Molecular 
weights are indicated in the left margin. 

5.10 Proteolysis of Trk and NCAM in addition to ectodomain 

shedding of TrkB 

One way to explain the production and the regulation of the Trk and NCAM fragments was 

to investigate whether these proteins undergo proteolysis. During this kind of posttransla-

tional modification, especially transmembrane proteins are cleaved by a variety of 

proteases, leading to the release of active protein fragments which are pivotal for a wide 

range of cellular processes. The release of extracellular domains of membrane-anchored 

proteins during proteolytic processing is called ectodomain shedding (Pickart, 2001; Hoppe 

et al., 2000). 
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To investigate proteolytic processing in vitro, proteolysis assays were performed (see 

4.2.16). Therefore, brain membranes of adult C57BL/6J mice were incubated at 4°C to in-

hibit proteolysis for control and at 37°C to enhance proteolytic processes (Fig. 22). After 

incubation of the membranes, they were separated into supernatant and membrane pellet 

samples, followed by Western blot analysis using the NCAM180-specific antibody D3 for 

detection of intracellular NCAM, and the panTrk antibody (Fig. 22). An antibody against a 

specific epitope in the intracellular part of TrkB (TrkB (794) intra) was tested, but this anti-

body failed to detect full-length TrkB in various controls (data not shown); it was therefore 

not useful for Western blot analysis. That being the case, the panTrk antibody which recog-

nizes the highly conserved C termini of all Trk family members was the only antibody 

available for the detection of TrkB-ID or released intracellular TrkB fragments. Unfortu-

nately, apart from this antibody, no alternative antibody recognizing a specific epitope in 

the intracellular part of TrkB was commercially available. The arrow in Fig. 22 indicates 

the 80-kDa fragment after proteolytic processing of full-length NCAM180 (180 kDa) and 

Trk (145 kDa). Samples from the membrane pellet that were incubated at 4°C showed no 

80-kDa NCAM fragment, or only low amounts of it. In contrast, the samples incubated at 

37°C generated a significantly higher amount of the proteolytically processed membrane-

bound fragment (Fig. 22A, compare lane 3 to lane 4). The same effect was seen for the su-

pernatant analyzed for the Trk fragment using the panTrk antibody: After incubation at 

4°C, only low amounts of the 80-kDa Trk fragment were found in the supernatant (lane 5), 

whereas incubation at 37°C yielded a significantly higher amount of this fragment in the 

supernatant (lane 6). No significant difference in the amount of Trk fragment was detected 

in the membrane pellet incubated at 4 or 37°C (lanes 7 and 8). The densitometric quantifi-

cation of the immunoreactive bands of the NCAM and Trk fragments (arrow) from three 

independent experiments is presented in Fig. 22B. 

To identify the proteases that were responsible for the proteolytic cleavage, brain mem-

branes were incubated at 37°C in the presence of specific protease inhibitors, in additional 

in vitro proteolysis assays. In the cross-linking experiments, the matrix metalloprotease 

inhibitor GM 6001 (GM 6001) and the γ-secretase inhibitor DAPT (DAPT) seemed to be 

essential factors, when added to the P+ lysis buffer, for the successful detection of the in-

teraction between full-length TrkB and NCAM180-ID (see 5.6). Therefore, these inhibitors 

were tested in in vitro proteolysis assays (Figs. 23, 24). For this purpose, brain membranes 

of adult C57BL/6J mice were prepared under P+ lysis conditions inhibiting dephosphoryla-

tion, followed by incubation at 4°C (Fig. 23, lanes 1, 6) or at 37°C (Fig. 23, lanes 2–5 and 
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7–10) in the absence or presence of the matrix metalloprotease inhibitors GM 6001 

(Fig. 23, lanes 3, 8) and 1,10-phenanthroline (Fig. 23, lanes 4, 9) and of the γ-secretase in-

hibitor DAPT (Fig. 23, lanes 5, 10). The supernatants and pellets were analyzed by Western 

blot using an antibody specific for the extracellular part of TrkB (Fig. 23A) and the panTrk 

antibody (Fig. 23B). After incubation at 4°C, no soluble 80-kDa TrkB fragment was gener-

ated, but after incubation at 37°C, the fragment was released in high amounts into the 

supernatant (Fig. 23A, compare lane 1 to lane 2). The shedding of the 80-kDa soluble ex-

tracellular TrkB fragment (Fig. 23A, shown by red arrow) was inhibited by the GM 6001 

(lane 3) and 1,10-phenanthroline (lane 4), whereas DAPT had no effect (lane 5). Proteolytic 

processing of intracellular Trk fragments occurred neither in the supernatant nor in the 

membrane pellet, as verified by using the panTrk antibody under P+ conditions (Fig. 23B). 

Furthermore, the inhibitor GM 6001 was also tested under P– lysis conditions. The mem-

branes were pelleted, followed by Western blot analysis of the supernatants and pellets 

using an antibody specific for the extracellular part of TrkB (Fig. 24A) and the panTrk an-

tibody for detection of intracellular Trk (Fig. 24C). GM 6001 had an inhibitory effect on 

TrkB shedding under P+ conditions (Fig. 24A, lanes 2, 4, 6) and also under P– conditions 

(Fig. 24A, lanes 1, 3, 5). Both membrane pellet and supernatant prepared under P– condi-

tions contained an intracellular 80-kDa Trk fragment (Fig. 24C, lanes 1, 3, 5) in comparison 

to P+ conditions under which no intracellular Trk fragment was generated (Figs. 23, 24C). 

Both the intracellular soluble and the intracellular membrane-bound Trk fragment were not 

inhibited by GM 6001. Since it is known that TrkA undergoes proteolysis (Cabrera et al., 

1996) and that calmodulin (CaM), a Ca2+ binding protein, is involved in the modulation of 

this process (Diaz-Rodriguez et al., 2000). The effect of the CaM inhibitor CGS9343B 

(CGS) (Novartis Pharma, Basel, Switzerland) on proteolysis was investigated in in vitro 

proteolysis assays (Fig. 24B). Western blot analysis of the supernatants and pellets prepared 

under P+ and P– lysis conditions was performed using an antibody specific for the extracel-

lular part of TrkB. No influence of the CaM inhibitor (CGS) on TrkB shedding was 

observable (Fig. 24B).  

In summary, shedding of a soluble extracellular 80-kDa TrkB fragment has been shown 

under P+ and P– conditions, with an inhibitory effect of the matrix metalloprotease inhibi-

tor GM 6001. Surprisingly, when brain membranes were prepared under P+ condition there 

was no generation of the processed intracellular Trk fragment, in contrast to P– conditions, 

under which processing lead to the generation of both a soluble and a membrane-associated 
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80-kDa Trk fragment. GM 6001 did not influence the release of either the soluble or the 

membrane-associated intracellular Trk fragment. 

 

Figure 22. Proteolysis of Trk and NCAM. 

Brain membranes of adult C57BL/6J mice were prepared under P– lysis conditions and were incubated at 4 or 
37°C. Samples were separated into supernatant (sup) and membrane pellet (pellet) and subjected to Western 
blot analysis using the NCAM180-specific antibody D3 and the panTrk antibody. The arrow indicates the 
80-kDa fragment after proteolytic processing of full-length NCAM180 (180 kDa) and Trk (145 kDa). The 
densitometric quantification of the immunoreactive bands of the NCAM180 and Trk fragments (arrow) is 
presented below the corresponding representative Western blots. These results were confirmed in three inde-
pendent experiments. The asterisks indicate a statistically significant difference (Student’s t-test; *, p <0.05). 
Error bars represent SEM. 
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Figure 23. Ectodomain shedding of TrkB. 

Brain membranes of 2–3-month-old C57BL/6J mice were prepared under P+ lysis conditions and incubated 
for 2 h at 4°C (lanes 1, 6) or at 37°C (lanes 2–5, 7–10) in the absence (controls, lanes 2, 7) or presence of the 
matrix metalloprotease inhibitors GM 6001 (50 µΜ; lanes 3, 8) or 1,10-phenanthroline (5 mM; lanes 4, 9), or 
of 1 µM of the γ-secretase inhibitor DAPT (lanes 5, 10). The samples were separated into supernatant 
(lanes 1–5) and membrane pellet (lanes 6–10). The supernatants and pellets were analyzed by immunoblotting 
(IB) using an antibody specific for the extracellular part of TrkB (TrkBextra) (A) and the panTrk antibody 
(panTrk) (B). Full-length (TK+ TrkB) and truncated TrkB (TK– TrkB) were membrane associated, whereas 
the shedding of TrkB resulted in an 80-kDa soluble extracellular TrkB fragment (TrkB fragm, shown by red 
arrow). The matrix metalloprotease inhibitors GM 6001 and 1,10-phenanthroline inhibited the shedding, in 
contrast to the γ-secretase inhibitor DAPT which had no effect (A). With the panTrk antibody, only full-
length Trk (TK+) was detectable in the membrane pellet, but no proteolytic processing of intracellular Trk 
fragments was shown under P+ conditions (B). 
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Figure 24. Proteolysis of Trk and ectodomain shedding of TrkB. 

Brain membranes of 2–3-month-old C57BL/6J mice were prepared under P+ and also under P– lysis condi-
tions and incubated for 2 h at 4°C (lanes 1, 2) or at 37°C (lanes 3–6) in the absence (controls, lanes 3, 4) or 
presence of 50 µΜ of the matrix metalloprotease inhibitor GM 6001 (GM 6001) (lanes 5, 6). The samples 
were separated into supernatant (soluble) and membrane pellet (membrane-bound). The supernatants and 
pellets were analyzed by immunoblotting (IB) using an antibody specific for the extracellular part of TrkB 
(TrkBextra) (A) and the panTrk antibody (panTrk) (B). Full-length (TK+ TrkB) and truncated TrkB (TK– 
TrkB) were membrane associated, whereas the shedding of TrkB resulted in an 80-kDa soluble extracellular 
TrkB fragment (TrkB fragm) under P+ and P– conditions (indicated by the red arrow pointing to the red 
square) (A). Under P+ conditions there was no processed intracellular Trk (Trk fragm) observable but only 
TK+ Trk (B). Under P– conditions, two intracellular Trk fragments (indicated by the red arrow) were proc-
essed: an 80-kDa membrane-bound and an 80-kDa soluble Trk fragment, neither of which was inhibited by 
GM 6001 (B). 

5.11 Ubiquitin/proteasome-dependent proteolysis of Trk and 

NCAM 

Besides the classical ubiquitination of proteins and their degradation within the proteasome, 

a completely different processing pathway termed ‘regulated ubiquitin/proteasome-

dependent processing’ (RUP) has recently been described (Hoppe et al., 2000; Pickart, 

2001; Klimschewski, 2003). Therefore, the question was addressed whether full-length Trk 

and NCAM undergo RUP resulting in the generation of processed 80-kDa protein frag-
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ments. To investigate whether the detected NCAM and Trk fragments were indeed the 

products of ubiquitin-dependent proteolysis, specific proteasome inhibitors were tested in 

in vitro proteolysis assays. 

After incubation of brain membranes of adult C57BL/6J mice for 2 h at 4°C or at 37°C in 

the absence or presence of the proteasome inhibitors ALL (ALL), MG262 (262) and 

MG132 (132), under lysis conditions inhibiting tyrosine kinase phosphorylation (P–) 

(Fig. 25) and conditions inhibiting dephosphorylation (P+) (data not shown), membranes 

were pelleted. The separated supernatants and pellets were analyzed by Western blot using 

the NCAM-specific antibody D3 (Fig. 25C) and the panTrk antibody (Fig. 25A, B). Re-

lease of a processed soluble 80-kD fragment was only detected in the supernatant analyzed 

for Trk protein (shown in Fig. 25B), whereas in the supernatant analyzed for NCAM no 

released soluble 80-kDa NCAM fragment was detectable (not shown). Under P+ lysis con-

ditions, only full-length Trk (TK+ Trk) but no intracellular Trk fragment was observable in 

the membrane pellet (data not shown). This result confirms previous ones (Figs. 23B, 24C) 

under lysis conditions inhibiting dephosphorylation (P+). Samples from the membrane pel-

lets that were incubated at 4°C showed no 80-kDa NCAM fragment, or only low amounts 

of it. In contrast, in the samples incubated at 37°C, a significantly higher amount of the 

proteolytically processed membrane-bound fragment was observable (Fig. 25C, compare 

lane 1 to lane 2). When the proteasome inhibitors were tested, only the inhibitor MG262 

(Fig. 25C, lane 4) showed an inhibitory effect on the generation of the 80-kDa NCAM 

fragment. There was no difference between P+ and P– lysis conditions when the membrane 

pellet was analyzed for the generation of the NCAM fragment. Accordingly, only the ex-

periment under P– conditions is shown in Fig. 25C. The analysis of the supernatant using 

the panTrk antibody revealed that the increased amount of 80-kDa Trk fragment generated 

at 37°C without proteasome inhibitors was inhibited by the proteasome inhibitor MG132 

(Fig. 25B, lane 5). When the membrane pellet was incubated at 37°C in the presence of the 

proteasome inhibitors MG262 (Fig. 25A, lane 4) and MG132 (lane 5), a significant differ-

ence was detected in comparison to the untreated 37°C sample (Fig. 25A, lane 2). After 

incubation at 37°C with MG262, higher amounts of the membrane-associated 80-kDa Trk 

fragment were found in the supernatant (lane 4), whereas incubation with MG132 at 37°C 

yielded a significantly lower amount of this fragment (lane 5). These experiments were 

performed twice, independently. 
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Figure 25. Densitometric quantification of proteasome-dependent proteolysis of Trk and 
NCAM under P– lysis conditions. 

Brain membranes of adult C57BL/6J mice were incubated at 4°C (lane 1) and at 37°C (lanes 2–5) in the ab-
sence (lane 2) or presence of the proteasome inhibitors ALL (lane 3), MG262 (lane 4) and MG132 (lane 5), 
under lysis conditions inhibiting tyrosine kinase phosphorylation (P–). All proteasome inhibitors were used at 
a concentration of 50 µM. The samples were separated into supernatant and membrane pellet. The super-
natants (only the supernatant analyzed for Trk fragments is shown (B) since no soluble fragments were 
detected in the supernatant analyzed for NCAM fragments) and pellets (A, C) were analyzed by Western blot 
analysis using the panTrk antibody (A, B) and the NCAM180-specific antibody D3 (C). Arrows indicate the 
80-kDa fragments after proteolytic processing of full-length NCAM180 (180 kDa) and Trk (TK+ Trk) 
(145 kDa). Similar results were obtained in at least two independent experiments The densitometric quantifi-
cation of the amounts of the 80-kDa fragments after proteolytic processing of full-length NCAM180 
(180 kDa) (C) and Trk (145 kDa) (A, B) is presented below the corresponding representative Western blots of 
two independent experiments. Error bars represent SEM. 
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5.12 Ubiquitination of full-length NCAM 

Since the proteasome inhibitors seem to have an effect on the generation of the NCAM and 

Trk fragments, the involvement of ubiquitin in this process was investigated. When protea-

some-dependent proteolysis plays a role, the proteins that undergo this process will be 

labeled with one or several ubiquitin molecules by various enzymes (e.g. ubiquitin ligases). 

The hypothesis was that the ubiquitin labels should be detectable on the protein fragments 

and thus prove the participation of Trk and NCAM in proteasome-dependent proteolysis. 

To determine whether Trk, NCAM and their respective fragments were ubiquitinated, im-

munoprecipitation experiments were performed using a monoclonal mouse anti-ubiquitin 

antibody. Brain extracts were prepared from NCAM+/+ and NCAM–/– mice under lysis con-

ditions inhibiting dephosphorylation (P+) and inhibiting tyrosine kinase phosphorylation 

(P–). After incubation of the brain lysates, first without (Fig. 26A, lanes 1, 6–9) and then 

with proteasome inhibitors (Fig. 26A lanes 2–5, Fig. 26B), and subsequent immunoprecipi-

tation with the anti-ubiquitin antibody, immune complexes were isolated using protein A/G 

agarose beads. Sample buffer was used for the elution of the bound proteins from the beads. 

To analyze whether the precipitated, ubiquitin-labeled proteins also comprised NCAM180 

and Trk, the immune complexes were subjected to Western blot analysis with the NCAM-

specific antibody D3 or the panTrk antibody. 

When the immunoprecipitation was performed without any additional proteasome inhibi-

tors during membrane incubation (Fig. 26A, lanes 1, 6–9), the NCAM180-specific antibody 

successfully precipitated NCAM180 detected by the D3 antibody (lanes 3, 5, 7, 9); how-

ever, when using the monoclonal mouse anti-ubiquitin antibody for immunoblotting, only a 

smear and no specific attachment of ubiquitin to NCAM180 was detectable (data not 

shown). After precipitation with the anti-ubiquitin antibody, no co-precipitated NCAM180 

was observable (Fig. 26A, lanes 2, 4, 6, 8), indicating that NCAM180 is not ubiquitin-

labeled under these conditions. Then, membranes were incubated with various proteasome 

inhibitors before precipitation. Fig. 20 shows immunoprecipitations after using the protea-

some inhibitors ALL (A), MG132 and MG262 (B) for membrane treatment and then using 

the anti-ubiquitin antibody for subsequent precipitation, followed by Western blot analysis 

using the NCAM180-specific antibody D3 (Fig. 26) or the panTrk antibody (data not 

shown). When brain extracts of adult wild-type (NCAM+/+) mice were prepared under P+ 

and P– lysis conditions and treated with the inhibitor ALL, no ubiquitin label was seen on 

NCAM180 (Fig. 20A). However, when brain extracts of adult NCAM+/+ and NCAM–/– 

mice were prepared under P+ lysis conditions and treated with the inhibitors MG132 
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(Fig. 26B, lanes 1-4) and MG262 (Fig. 26B, lanes 5–8), immunoprecipitation of ubiquitin 

also precipitated full-length NCAM180 (indicated by the arrow, lanes 3, 7), indicating that 

NCAM was ubiquitin-labeled under these conditions. The NCAM–/– control was negative 

(lanes 4, 8). Immunoprecipitations performed to detect ubiquitin molecules attached to Trk 

or Trk fragment were not successful (data not shown). 

 

Figure 26. Ubiquitination of full-length NCAM180. 

(A) Brain extracts of adult NCAM+/+ mice were prepared under P+ and P– lysis conditions and were first 
incubated in the absence (A, lanes 1, 6–9) and then in the presence of the proteasome inhibitor ALL (A, 
lanes 2–5) before immunoprecipitations. (B) Brain lysates of adult NCAM+/+ and NCAM–/– mice were pre-
pared under P+ lysis conditions and incubated with the proteasome inhibitors MG132 (lanes 1–4) and MG262 
(lanes 5–8). Ubiquitin was precipitated with a mouse monoclonal anti-ubiquitin antibody (Ub), and 
NCAM180 was precipitated with the NCAM180-specific antibody D3 for control. Fractions were subjected to 
SDS-PAGE and immunoblotting for analysis of anti-ubiquitin antibody-precipitated NCAM180, using the D3 
antibody. Eluate from protein A/G agarose that had been treated without antibodies for negative control did 
not show any unspecific band (A, lane 1), while the NCAM180-specific D3 antibody detected NCAM180 in 
the anti-NCAM antibody precipitates (A, lanes 3, 5, 7, 9 and B, lanes 1, 5). Eluates from protein A/G agarose 
that had been pre-incubated either without (A, lanes 1, 6–9) or with the proteasome inhibitor ALL (A, 
lanes 2–5) did not show any ubiquitination of NCAM180 (A, lanes 2, 4, 6, 8). However, in the presence of 
MG132 and MG262, full-length NCAM180 was precipitated with the anti-ubiquitin antibody in three other 
experiments (B, lanes 3, 7, indicated by an arrow); however, ubiquitinated NCAM fragment was never detect-
able. There were no unspecific bands in the NCAM–/– controls (B, lanes 2, 4, 6, 8). 

In summary, when the regular P+ or P– lysis conditions were used, NCAM was not precipi-

tated by the monoclonal mouse anti-ubiquitin antibody. In contrast, when the proteasome 

inhibitors MG132 and MG262 were added to the lysis buffer, it was possible to detect 

ubiquitin conjugated to full-length NCAM180. However, no ubiquitin-labeled NCAM180 

fragments were observable. This is probably due to the lower total amount of available 
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fragment and the high turnover rate of deconjugation of ubiquitin from the target proteins 

by de-ubiquitinating enzymes. Together, these data suggest that NCAM180 is likely to be 

involved in ubiquitin-dependent proteolysis. 

5.13 Potential nuclear localization of the intracellular NCAM 

fragment 

It is known that transmembrane receptors (e.g. p75NTR and Notch) play a pivotal role in 

signal transduction processes and undergo ‘regulated intramembrane proteolysis’ (RIP) 

involving site-specific and membrane-localized proteases. The IDs of these receptors are 

cleaved and the generated soluble fragments migrate into the nucleus to influence transcrip-

tion (Hoppe et al., 2001; Kanning et al., 2003; Brown et al., 2003; Selkoe and Kopan, 

2003; Zampieri et al., 2005). Recent studies have illuminated that the CAM L1 is also 

processed by RIP. Kalus (2005) showed, by using immunoprecipitations and immunohisto-

chemistry, that after RIP an intracellular L1 fragment was generated and transported from 

the plasma membrane to the nucleus. Given that proteolytic processing seems to be in-

volved when NCAM180-ID binds to TrkB-ID (see 5.6. and 5.10), the functional relevance 

of the processed intracellular NCAM and Trk fragments was investigated. Based on the 

observation that the ID of L1 was finally conveyed to the nucleus, the question arose 

whether the final destiny of the processed NCAM fragment was also the nucleus. Hence, 

immunoprecipitations were performed using the NCAM180-specific antibody D3 in iso-

lated nuclear extracts. When only ten adult NCAM+/+ and control NCAM–/– mouse brains 

were used for nuclear extract preparation, no intracellular NCAM fragment was detectable 

in this nuclear extract after immunoprecipitation with the NCAM180-specific antibody D3 

(data not shown). However, when the nuclear extract was gained from the isolation of 

20 adult NCAM+/+ mouse brains, a weak but detectable intracellular NCAM fragment was 

found in the precipitate of this nuclear extract (Fig. 27, lane 4, indicated by the blue arrow). 

The synaptosomal fraction from NCAM+/+ brains acted as control (Fig. 27, lanes 1, 2) in-

stead of a nuclear extract from NCAM–/– brains. Another control for detection of unspecific 

binding was a nuclear extract, in which only protein A/G agarose beads without antibodies 

were applied (Fig. 27, lane 3). No unspecific bands were visible in the control without anti-

bodies (Fig. 27, lane 1, 3), and the 180-kDa full-length isoform of NCAM was observable, 

as expected, in the control synaptosomal fraction (Fig. 27, lane 2). However, this prelimi-

nary result has to be reproduced using in parallel a nuclear extract that was gained from at 

least 20 control NCAM–/– mice. 
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Figure 27. Immunoprecipitation of intracellular NCAM180 fragment in nuclear extract. 

Nuclear brain extract (lanes 3, 4) and the synaptosomal subfraction (lanes 1, 2) of adult NCAM+/+ mice were 
incubated with the NCAM-specific antibody D3 for immunoprecipitation (lanes 2, 4) or without antibody 
(lanes 1, 3) for controls. This was followed by incubation with Protein A/G Plus agarose. After SDS-PAGE, 
immunoblot analysis (IB) of the immunoprecipitates was performed using the NCAM-specific antibody D3 
(lanes 1–4). A faint but detectable NCAM fragment (NCAM fragm, indicated by a blue arrow) was observ-
able in the immunoprecipitate from the nuclear extract (lane 4) but not in the control precipitate without 
antibody (lane 3). The NCAM180-specific antibody D3 labeled full-length NCAM180 (NCAM180) in the 
immunoprecipitate of the synaptosomal fraction, indicating that the NCAM precipitation worked (lane 2). 

5.14 The effect of BDNF stimulation on NCAM-induced neurite 

outgrowth 

5.14.1 Using dissociated cerebellar cell culture 

It is known that multiple interactions of CAMs such as NCAM (Cunningham et al., 1987; 

Doherty et al., 1990; Diestel et al., 2003) as well as extracellular matrix and neurotrophic 

factors like BDNF with its respective receptor TrkB (Cohen et al., 1994; Williams et al., 

2005) govern neurite outgrowth on the neuronal cell surface. To investigate the functional 

role of the interaction between NCAM and TrkB, the effect of BDNF on NCAM-dependent 

neurite outgrowth was tested. Neurite outgrowth did not occur in cerebellar neurons of 

NCAM-deficient mice. Consequently, homophilic binding is a prerequisite for NCAM-

dependent neurite outgrowth (Williams et al., 1994). Since it was shown that cerebellar 

neurons are responsive to neurotrophins and since especially TrkB and BDNF are highly 

expressed in the cerebellum (Kaplan et al., 1991a; Kaplan et al., 1991b; Segal et al., 1995), 

dissociated primary cerebellar cell culture was initially chosen as a model system. How-

ever, the dissociated cell culture model (see 3.3.4) failed as an experimental approach as the 

positive control, laminin, did not yield the expected results. Therefore, as another positive 

control, native CHL1 protein was assayed, but also without success, followed by various 
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other optimization approaches (data not shown). Finally, we turned to a more robust model 

system, the cerebellar microexplant culture system, to analyze further the effects of BDNF 

on NCAM-dependent neurite outgrowth. 

5.14.2 Using cerebellar microexplant culture 

To answer the question whether the interaction between NCAM and TrkB is involved in 

NCAM-dependent neurite outgrowth, a cerebellar microexplant culture system was chosen. 

Fig. 28 presents the analysis of five independent neurite outgrowth assays, showing that 

BDNF stimulation  inhibited the NCAM-induced neurite outgrowth in comparison to the 

unaffected positive control, laminin. 

 

Figure 28. Effect of BDNF on NCAM-incuced neurite outgrowth. 

Cerebellar microexplant cultures were plated onto glass coverslips coated with PLL or a combination of PLL 
and NCAM (NCAM) or PLL and laminin (Lam). After maintenance in culture for 16 h, cells were incubated 
for 30 min with BDNF (50 ng/ml). After another 24 h of incubation, the explants were fixed and stained. The 
average neurite length on PLL substrate without treatment was defined as 100% and served as comparison for 
the other samples. Neurite outgrowth from the explants was quantified by measuring the ten longest neurites 
of 15 aggregates in five independent experiments. Error bars represent standard deviation and asteriks denote 
a statistical significance (Student’s t-test; **, p <0.01 and *, p <0.05). 

Promotion of neurite outgrowth of sensitive neuronal populations is known as an activity of 

neurotrophins (Kuffler, 1994; Lundborg et al., 1994), although inhibitory effects of neuro-

trophins on neurite growth have also been described (Griffin and Letourneau, 1980). This 

inhibition of NCAM-induced neurite outgrowth was highly significant. However, poly-L-

lysine (PLL) without treatment, which was used as a negative control, showed a positive 

effect on neurite outgrowth after BDNF treatment (Fig. 28). Furthermore, the involvement 
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of α-2,8-linked PSA on NCAM-dependent neurite outgrowth after BDNF stimulation was 

documented by using the PSA-specific Endo-N enzyme that splits PSA chains from 

NCAM. The inhibitory influence of BDNF was slightly reduced after Endo-N treatment 

(Fig. 29). Loss of PSA seems to lead to less inhibition of NCAM-dependent neurite out-

growth after BDNF stimulation. To exclude effects by endogenous BDNF, neurite 

outgrowth assays were performed in the presence of K252a, which specifically inhibits Trk 

tyrosine kinase activity when used at low concentrations (Tapley et al., 1992; Segal et al., 

1995). Blockage of endogenous BDNF resulted in a minor but still significant inhibitory 

effect of BDNF on NCAM-dependent neurite outgrowth (Fig. 29). The analysis of the neu-

rite outgrowth assays confirmed the hypothesis of a functional interplay between NCAM 

and TrkB. 

 

Figure 29. Effect of BDNF with or without Endo-N and K252a on NCAM-incuced neurite out-
growth. 

Cerebellar microexplant cultures were plated onto glass coverslips coated with PLL (PLL) or a combination 
of PLL and NCAM (NCAM). After incubation for 16 h, cells were incubated for 30 min with BDNF. The 
tyrosine kinase inhibitor K252a was added for 1 h (100 nM) before BDNF stimulation (50 ng/ml) and the 
enzyme Endo-N was applied at 85 ng/ml. After another 24 h of incubation, the explants were fixed and 
stained. The average neurite length on PLL substrate without treatment was defined as 100% and served as 
comparison for the other samples. The effect of BDNF stimulation with or without Endo-N and K252a on 
neurite outgrowth from the explants was quantified by measuring the ten longest neurites of 15 aggregates in 
at least two independent experiments. Error bars represent standard deviation and asteriks denote a statistical 
significance (ANOVA and Tukey; **, p <0.01, *, p <0.05). 
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6 Discussion 

For quite some time now, a potential interaction between the two molecules NCAM and 

TrkB has been speculated about. Based on several lines of evidence, it has been hypothe-

sized that the binding would take place extracellularly. One explanation model proposed a 

direct interaction between PSA-NCAM and BDNF/TrkB causing altered signaling. Another 

model suggested that PSA-NCAM indirectly facilitates the binding and activation of BDNF 

via modification of cell adhesion (Charles et al., 2000; Muller et al., 2000; Vutskits et al., 

2001). 

In contrast, the hypothesis we set out to prove in this study proposes an intracellular inter-

action between NCAM and TrkB. First, observations from a phage display analysis 

provided evidence that TrkB may be considered as a potential binding partner of 

NCAM180: A peptide in TrkB-ID was identified that bound to a peptide in NCAM180-ID. 

Then, the interaction between TrkB-ID and NCAM-ID was shown by using in vitro binding 

studies, biochemical cross-linking, and co-immunoprecipitation assays, followed by func-

tional assays. 

6.1 Characterization of the NCAM180–TrkB interaction 

According to the results of the phage display analysis, the identified peptide sequence 

within TrkB-ID that bound to NCAM180-ID is located within the activation loop in the 

tyrosine kinase domain and is flanked by the active site and the autophosphorylated tyro-

sine residues (see 5.1, Fig. 8). Since this is the putative binding site within TrkB-ID, the 

activation or phosphorylation state of TrkB is very likely to play an important role in regu-

lating the binding between the two proteins. Often phosphorylation is either a prerequisite 

for an interaction between certain proteins or it regulates their binding capability, e.g. Fyn 

only binds to TrkB after autophosphorylation (Iwasaki et al., 1998). 

Since TrkB is able to tyrosine phosphorylate various binding partners, one may speculate 

that the tyrosine near the juxtamembrane region of NCAM is phosphorylated by TrkB dur-

ing or before the interaction. A recent study (Diestel et al., 2004) showed, by using 

phospho-amino acid analysis, that indeed the tyrosine at position 734 of human NCAM180 

(Y734) can be phosphorylated. When Y734 was exchanged to phenylalanine (Y734F), 

NCAM180 was, consequently, not tyrosine phosphorylated and non-stimulated NCAM-

mediated neurite outgrowth was enhanced in addition to higher FGFR and extracellular 

signal-regulated kinase 1 (ERK1) activity. In this case, the interactions with cytoskeletal 
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components were decreased. Since downstream activation of the transcription factor CREB 

was not observed, it is very likely that at least one so far unknown other FGFR-independent 

pathway is activated (Diestel et al., 2004). One could hypothesize that this unknown path-

way may be involved in the binding between NCAM180 and TrkB. Furthermore, tyrosine-

phosphorylated NCAM180 rather stabilizes cell–cell contacts via cytoskeletal components 

(e.g. spectrin) (Pollerberg et al., 1987) than promote neurite outgrowth. Probably, phos-

phorylation of Y734 within NCAM180-ID leads to the stabilization of an 

NCAM180-specific tertiary structure (Diestel et al., 2004). 

ELISA experiments (see 5.3) revealed that NCAM180-ID bound to TrkB-ID, or to the 

TrkB peptide discovered in the phage display analysis as containing the putative 

NCAM180-ID binding site. Interestingly, in the ELISA experiments, NCAM180 but not 

the NCAM exon 18 alone bound to TrkB-ID (see 5.3, Fig. 11C). Furthermore, binding was 

detected between NCAM180-ID and the TrkB peptide when bound NCAM180-ID was 

assessed by either the exon 18-specific antibody D3 or the P61 antibody with the 

N-terminally located epitope. Surprisingly, no specific binding signal was detected when 

the antibody 5B8 with the C-terminally located epitope was used (Fig. 11B). This indicates 

that the antibody 5B8 could not bind either because the epitope was occupied by the TrkB 

peptide or because the peptide was in competition with the antibody 5B8 for the common 

substrate NCAM180-ID. These results confirm that the binding site within NCAM is defi-

nitely located in an overlapping region between NCAM exon 18 and the C terminus of 

NCAM180-ID and NCAM140-ID. 

To investigate the influence of the phosphorylation state of TrkB on the binding to 

NCAM180-ID, unphosphorylated and phosphorylated TrkB-ID (TrkB-ID/pTrkB-ID) was 

used in the ELISA after in vitro preparation. Unexpectedly, no difference in binding to 

NCAM180-ID was observable between TrkB-ID and pTrkB-ID (data not shown). This im-

plies that the binding between NCAM180-ID and TrkB-ID may not depend on the 

phosphorylation state of TrkB-ID. However, one has to take into consideration that con-

formational changes in an in vitro assay such as the ELISA might differ from those in an in 

vivo assay. For instance, the cross-linking and co-immunoprecipitation assays showed that 

lysis buffer conditions inhibiting dephosphorylation (P+) facilitated the detection of the 

binding between the two proteins in comparison to conditions inhibiting tyrosine kinase 

phosphorylation (P–). A direct interaction between a Trk fragment and NCAM180-ID un-

der P+ lysis conditions has been shown in a modified cross-linking approach (see 5.5). 
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According to the hypothesis that TrkB is proteolytically cleaved before or after binding to 

NCAM180-ID, the cross-linking protocol was further optimized in order to show a binding 

between full-length TrkB and NCAM180-ID. Not only the phosphorylation conditions but 

also the presence of certain protease inhibitors such as the matrix metalloprotease inhibitor 

GM 6001 and the γ-secretase inhibitor DAPT in the lysis buffer was shown to be necessary 

in order to detect the interaction between full-length TrkB and NCAM180-ID (see 5.6, 

Fig. 14). The specificity of the NCAM binding to TrkB was checked by using the ID of 

CHL1 and NCAM140 as negative controls in the above-mentioned assays. Taken together, 

these results implicate that the interaction requires conditions in which phosphorylation is 

enhanced (via inhibition of dephosphorylation) without the necessity of having TrkB phos-

phorylated itself. This might also indicate that TrkB tyrosine phosphorylates NCAM180. 

The cross-linking experiments did not only show a direct interaction between full-length 

TrkB (TK+ TrkB) and NCAM180-ID but also with the truncated isoform (TK– TrkB). This 

is surprising since we could prove, in accordance with our hypothesis, that the interaction 

would take place intracellularly. In addition, TK– TrkB does not contain the binding site 

within TrkB-ID that was revealed in the phage display analysis. One explanation would be 

that TK– TrkB has formed heterodimers with TK+ TrkB before, during or after the interac-

tion with NCAM180. For instance, Ohira et al. (2001) have shown in monkey cortex that 

TK+ TrkB and TK– TrkB extracellularly form hetero- and homodimers with each other. 

Probably, TK+ TrkB meets NCAM180-ID as a heterodimer with extracellularly bound TK–

 TrkB. In that case the biotin label attached to the cross-linker–NCAM180-ID complex 

would have been transferred to the direct binding partner, namely the heterodimer complex 

consisting of full-length and truncated TrkB. One has to take into account that a prerequi-

site for such interplay between TK+ TrkB, TK– TrkB and NCAM180 would be the 

corresponding tertiary protein structure that would allow this. This presumption, which 

needs solid proof, should be investigated in future studies. The functional role of TK–

 TrkB, which is still elusive, might influence or even regulate the interaction between 

TK+ TrkB and NCAM180. Such future investigations might be interesting from a func-

tional point of view since the expression of the TrkB isoforms changes during development. 

TK– TrkB becomes more prevalent with increasing age and during adulthood whereas 

TK+ TrkB is the predominant form during development (Allendorfer et al., 1994; Escandón 

et al., 1994). Moreover, TK– TrkB receptors have been shown to be up-regulated in the 

hippocampus of Alzheimer’s and Huntington’s disease patients (Connor et al., 1996). So 

far, an increasing amount of data indicates that the truncated isoforms could either trap the 
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catalytic TK+ TrkB by homophilic interaction or act as dominant-negative inhibitors (Fryer 

et al., 1997). 

Furthermore, it is important to mention that the above-mentioned interactions were also 

detectable in the isolated particular synaptosomal fraction from mossy fibers (see 5.6, 

Fig. 14B). When the isolated mossy fiber fraction was used for cross-linking experiments, 

the amount of Trk fragment bound to NCAM-ID was lower and the amount of TK+ TrkB 

was higher in comparison to the isolated brain fraction. This implicates that the interaction 

in the hippocampal mossy fiber fraction might be involved in synaptic plasticity (Lysetskiy 

et al., 2005). 

In order to explain why the above-mentioned inhibitors, GM 6001 and DAPT, turned out to 

be essential components of the lysis buffer for detection of the interaction between full-

length TrkB and NCAM180-ID, in vitro proteolysis assays were performed. For the first 

time in this study, the shedding of TrkB was shown, which was in fact independent of the 

phosphorylation conditions (see 5.10). The generation of an 80-kDa soluble extracellular 

TrkB fragment was inhibited by GM 6001, whereas DAPT applied alone had no effect. It is 

very likely that the shedding of the extracellular part of TrkB initiates the regulated intram-

embrane proteolysis (RIP) as it has been described for another member of the neurotrophin 

receptor family, p75NTR (Schecterson et al., 2002). The cleavage of p75NTR is modulated by 

the sequential action of (1) α-secretase leading to the production of an ectodomain frag-

ment and (2) γ-secretase leading to the subsequent presenilin-dependent cleavage of 

intracellular fragments which are liberated into the cytosol. This reveals a new mechanism 

for transmitting neurotrophin signals from the cell surface to intracellular sites, with impli-

cations of intracellular and nuclear signaling functions via specific proteases (Chao, 2003; 

Kanning et al., 2003). Furthermore, presenilin seems to be necessary for TrkB receptor 

maturation (Naruse et al., 1998). However, in this study, a positive or negative effect on 

proteolysis when DAPT was applied at the same time with GM 6001 (data not shown) was 

not detectable. For future studies, it is suggested to search again in detail for very small 

processed fragments after a potential cut by γ-secretase. Probably, yet another protease is 

responsible for an intracellular cut close to the membrane. 

Moreover, it has been reported in the literature that TrkA is involved in shedding, with a 

high sensitivity to metalloprotease inhibitors and with CaM as a regulator of this processing 

event. This process is independent of CaM–substrate interaction (Diaz-Rodriguez et al., 

2000). First, Diaz-Rodriguez et al. (2000) have shown that CaM inhibitiors trigger the re-
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lease of several cell-bound fragments and of a soluble TrkA fragment. Later, CaM has been 

shown to directly interact with the C terminus of TrkA. Beyond that, CaM co-precipitation 

studies demonstrated that endogenous TrkB and TrkC receptors are also associated with 

CaM. In addition, CaM inhibition induced the generation of an intracellular tyrosine phos-

phorylated 41-kDa TrkA fragment that was able to recruit PLCγ and Shc adaptor proteins 

(Llovera et al., 2004). However, in this study, cleavage of TrkB was not induced by the 

CaM inhibitor CGS9343B (CGS), and CGS did not have an effect on TrkB shedding (see 

5.10). Yet, shedding not only plays a role for TrkB but also for NCAM. Kalus (2005) inves-

tigated the NCAM shedding that is inhibited by GM 6001 (110-kDa soluble NCAM) in in 

vitro proteolysis assays. These results provide evidence that proteolytic processing and 

shedding might probably regulate the interaction between the two molecules. According to 

the hypothesis of an intracellular binding, proteolytic processing at intracellular sites of Trk 

was investigated (5.10). 

Surprisingly, proteolytic processing of intracellular Trk fragments did not take place under 

dephosphorylation-inhibiting (P+) conditions, neither in the supernatant nor in the mem-

brane pellet, as verified by using the panTrk antibody. In contrast, under lysis conditions 

inhibiting tyrosine kinase phosphorylation (P–), the intracellular soluble and the intracellu-

lar membrane-bound 80-kDa Trk fragment were generated, but none of them was inhibited 

by GM 6001. These results imply that the inhibition of tyrosine kinase phosphorylation 

may be a prerequisite for the subsequent proteolytic processing of the intracellular Trk 

fragment. This result is in contrast to the one of Llovera et al. (2004) who described a tyro-

sine-autophosphorylated 41-kDa TrkA fragment from the ID of the protein.  

In summary, it is concluded that an interaction between full-length TrkB and 

NCAM180-ID requires conditions in which dephosphorylation is inhibited, because in that 

case Trk-ID does not undergo any proteolytic processing events. One explanation could be 

that when tyrosine kinase phosphorylation is inhibited, more full-length Trk is processed 

instead of binding to NCAM180. The questions that arise from this study are: How is the 

proteolytic processing of NCAM and Trk regulated when downstream adapter proteins are 

phosphorylated and how are signaling cascades influenced by this? 

Recently, a completely different processing pathway termed ‘regulated ubiq-

uitin/proteasome-dependent processing’ (RUP) has been described (Hoppe et al., 2000; 

Pickart, 2001; Klimschewski, 2003). Since the responsible protease involved in the prote-

olytic processing of Trk-ID was not identified, the question was addressed whether full-

length Trk and NCAM undergo RUP resulting in the generation of processed 80-kDa pro-
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tein fragments. To investigate whether the detected NCAM and Trk fragments were indeed 

the products of ubiquitin-dependent proteolysis, specific proteasome inhibitors were tested 

in in vitro proteolysis assays. Although the ubiquitination of membrane receptors (Levko-

witz et al., 1998; Kerkhof et al., 2001) and receptor tyrosine kinases has been recognized to 

be important for appropriate receptor trafficking and degradation (Hicke and Dunn, 2003), 

not much was known about the ubiquitination of TrkB until a very recent study. Makkerh et 

al. (2005) have shown that TrkB receptors are involved in an intense BDNF-induced poly-

ubiquitination. This process seems to depend on activation of the endogenous TrkB activity 

and is greatly decreased in the presence of the co-receptor p75NTR (Makkerh et al., 2005). 

In this study, however, the detection of ubiquitinated Trk or TrkB in a co-

immunoprecipitation assay was not successful. An explanation could be that in adult brain 

the abundance of p75NTR would interfere with ubiquitination of Trk. In contrast, Makkerh et 

al. (2005) have chosen cortical neurons from E16 mice which express abundant TrkB but 

little p75NTR (Bhakar et al., 2003). 

Multiple investigations have provided evidence that p75NTR and Trks are characterized by 

intense cross-talk (Huang and Reichardt, 2003; Chao, 2003; Gascon et al., 2005). On the 

one hand, expression of p75NTR can enhance the affinity of the Trks to their respective 

ligands (Horton et al., 1997; Chao, 2003). On the other hand, Trks are in turn capable of 

silencing p75NTR signaling (Barrett et al., 1998). For instance, sequential activation of the 

p75NTR and TrkB receptors has been shown to be responsible for the dendritic development 

of neuronal progenitor cells (Gascon et al., 2005). In order to get a more complete picture 

of the regulatory and functional role of the proven interaction between TrkB and 

NCAM180, it is therefore suggested to include p75NTR in future studies. 

In the present study, however, it was shown that NCAM seems to be ubiquitinated, which 

was not investigated before (see 5.12, Fig. 26). When the regular P+ or P– lysis conditions 

were used, NCAM was not precipitated by the monoclonal mouse anti-ubiquitin antibody. 

In contrast, when the proteasome inhibitors MG132 and MG262 were added to the lysis 

buffer, it was possible to detect ubiquitin conjugated to full-length NCAM180, implicating 

the involvement of NCAM in ubiquitination or RUP. However, no ubiquitin-labeled 

NCAM180 fragments were observable. This is probably due to the lower total amount of 

available fragment and the high turnover rate of deconjugation of ubiquitin from the target 

proteins by de-ubiquitinating enzymes. Together, these data suggest that NCAM180 is 

likely to be involved in ubiquitin-dependent proteolysis. 
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In in vitro proteolysis assays, the effect of proteasome inhibitors on Trk and NCAM proc-

essing was investigated. There was no difference between P+ and P– lysis conditions when 

the membrane pellet was analyzed for the generation of the NCAM fragment, which was 

slightly inhibited by the proteasome inhibitor MG262 (see 5.11, Fig. 25). The increased 

amount of the soluble 80-kDa Trk fragment was inhibited by the proteasome inhibitor 

MG132. Yet, the amount of membrane-associated Trk fragment was increased in the pres-

ence of the proteasome inhibitor MG262, whereas a significantly lower amount of this 

fragment was yielded in the presence of MG132. It remains to be investigated further why 

the proteasome inhibitors have inhibitory as well as enhancing effects on the generation of 

the processed fragments. 

Rape and Jentsch (2004) have proposed a new model for RUP: After ubiquitination of the 

substrate, which is catalyzed by the ubiquitin-activating enzyme (E1), the ubiquitin-

conjugating enzyme (E2), and the ubiquitin ligase (E3), processing is induced by transloca-

tion of flexible domains into the proteasome. These flexible parts can be located at the N- 

or C-terminal ends of the proteins or within internal protein loops. Degradation runs to-

wards both ends of the polypeptide chain; however, this process stops when tightly folded 

protein domains are reached by the proteasome. The proteasome selects specific protein 

segments for degradation that are free of barriers; in contrast, the folded domains (and se-

quences beyond this domain) are left intact. The above-said model was established for 

transcription factors (e.g. the mammalian NF-κB family and the yeast proteins SPT23 and 

MGA2). Transcription factors are processed following dimerization of the processing sub-

strate with a second molecule which serves as a processing template. Indeed, complexes of 

processed and unprocessed precursors have been described for both NF-κB1/2 and 

SPT23/MGA2 in vivo (for review see Rape and Jentsch, 2004). So far, neither NCAM nor 

Trk have been known for their involvement in RUP. This model might, however, explain 

why certain expected released fragments were not detectable (see 5.10). Probably, full-

length NCAM or Trk are partially degraded into small peptides according to the classical 

ubiquitination, but other parts might undergo proteolytic processing in order to yield pro-

tein fragments with various biological functions. From this study, we conclude that after 

binding of NCAM180 and TrkB to each other, dimerization of both molecules takes place, 

followed by proteolytic processing. As both the NCAM and the Trk fragments have a mo-

lecular weight of 80 kDa, dimerization with each other has to be involved since 

NCAM180-ID has a molecular weight of 39 kDa and TrkB-ID has 41 kDa. 
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Both the ubiquitin-proteasome system (UPS) and the ubiquitin-like modifier systems 

(UBLs) such as SUMO seem to influence each other, but how exactly is poorly understood 

(Jentsch und Pyrowolakis, 2000). For instance, SUMO seems to act as an antagonist to 

ubiquitin or functions as regulator in protein–protein interactions. It is very likely that 

SUMO enhances the stability or mediates the subcellular location of proteins (for review 

see Melchior, 2000; Müller et al., 2001). Since both NCAM180-ID and TrkB-ID contain 

several SUMOlation sites (motifs with high probability) according to a SUMOplot Predic-

tion (see 4.5), future investigation of the SUMOlation of NCAM and TrkB is also 

suggested. 

In addition, co-immunoprecipitation studies under the P+ lysis conditions have confirmed 

an interaction between TrkB and full-length NCAM180 in the ‘natural environment’ of the 

cell membrane within the brain. Also, the 80-kDa NCAM fragment has been shown to be 

associated with this complex (see 5.7). However, it was impossible to demonstrate any di-

rect physical interaction of TrkB and NCAM by co-capping experiments (see 5.8). It is very 

likely that these experiments failed due to conformational changes of the two proteins that 

resulted in masking of the antibody epitopes. 

6.2 Functional analysis of the NCAM180–TrkB interaction 

In this study, the functional importance of this newly described binding between the two 

proteins NCAM180 and TrkB was further characterized by investigating the effect of 

BDNF on NCAM-dependent neurite outgrowth. The appropriate outgrowth of axons and 

dendrites, i.e. neurite formation, has an immense importance for the regeneration process 

after injuries in the nervous system. During this remodeling process, multiple soluble or 

substrate-bound guidance molecules influence the growth cone, which consists of actin 

microfilaments and microtubules during growth (Mueller, 1999). It is widely accepted that 

multiple interactions of CAMs such as NCAM (Cunningham et al., 1987; Doherty et al., 

1990; Diestel et al., 2004) as well as neurotrophic factors like BDNF with its corresponding 

receptor TrkB (Cohen et al., 1994; Williams et al., 2005) govern neurite outgrowth on the 

neuronal cell surface. To answer the question whether the interaction between NCAM and 

TrkB is involved in NCAM-dependent neurite outgrowth, a cerebellar microexplant culture 

system was chosen. BDNF stimulation  inhibited the NCAM-induced neurite outgrowth as 

compared to the unaffected positive control, laminin. This inhibition of NCAM-induced 

neurite outgrowth was highly significant. Although promotion of neurite outgrowth is a 

well-known activity of neurotrophins (Kuffler, 1994; Lundborg et al., 1994), inhibitory 
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effects of neurotrophins on neurite growth have also been described (Griffin and Letour-

neau, 1980). Furthermore, the involvement of α-2,8-linked PSA on NCAM-dependent 

neurite outgrowth after BDNF stimulation was documented by using the PSA-specific 

Endo-N enzyme, which splits PSA chains from NCAM. The inhibitory influence of BDNF 

was slightly reduced after Endo-N treatment (see 5.14, Fig. 29). Loss of PSA seems to lead 

to less inhibition of NCAM-dependent neurite outgrowth after BDNF stimulation. To ex-

clude effects by endogenous BDNF, neurite outgrowth assays were performed in the 

presence of K252a, which specifically inhibits Trk tyrosine kinase activity when used at 

low concentrations (Tapley et al., 1992; Segal et al., 1995). Blockage of endogenous BDNF 

resulted in a minor but still significant inhibitory effect of BDNF on NCAM-dependent 

neurite outgrowth. The analysis of the neurite outgrowth assays confirmed the hypothesis 

of a functional interplay between NCAM and TrkB. Homophilic interaction takes place 

between NCAM molecules (Walmod et al., 2004) and leads to the stimulation of neurite 

outgrowth based on the activation of two pathways: Heterophilic interaction (between 

NCAM and FGFR) and activation of the FGFR first triggers the PLCγ-mediated pathway 

and then the Ras–MAPK pathway via activation of Fyn and FAK after preferential binding 

to NCAM140 (Beggs et al., 1997; Povlsen et al., 2003). Recently, PI3K also has been im-

plicated in the NCAM-mediated signaling (Ditlevsen et al., 2003). To illuminate the 

functional role of the intracellular domains of both NCAM isoforms on neurite outgrowth, 

NCAM140-ID and NCAM180-ID (including the TMD) were chosen for overexpression 

studies in PC12 cells. When NCAM140-ID was overexpressed, NCAM-mediated neurite 

outgrowth was decreased because NCAM140-ID seems to compete with endogenous 

NCAM140 for Fyn and FAK, the activators of the Ras–MAPK pathway. This is in contrast 

to the overexpressed NCAM180-ID which stimulated neurite outgrowth but normally in-

creased stabilization and cell adhesion due to a competition between cytoskeletal proteins 

(e.g. spectrin) and endogenous NCAM180 (Büttner et al., 2004). Based on the results of 

Büttner et al. (2004), a hypothetical model was developed to explain the inhibitory effect of 

BDNF on NCAM-mediated neurite outgrowth (see 5.14, Fig. 29). Receptor tyrosine 

kinases such as TrkB use signaling pathways similar to those utilized by NCAM, including 

common interaction partners such as the non-receptor tyrosine kinase Fyn (Beggs et al., 

1997; Iwasaki et al., 1998). Fyn has been shown to be associated with TrkB-ID. This inter-

action is dependent on autophosphorylation of TrkB and on BDNF induction (Iwasaki et 

al., 1998). It is suggested that after BDNF stimulation Fyn binds to autophosphorylated 
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TrkB. Thereby, TrkB competes with NCAM140 for Fyn, which consequently might cause 

less activation of the Ras–MAPK pathway and reduced neurite outgrowth. 

Some transmembrane proteins that are involved in signal transduction events undergo RIP. 

Their released intracellular fragments have been shown to migrate to the nucleus as tran-

scriptional regulators (Hoppe et al., 2001; Kanning et al., 2003; Brown et al., 2003; Selkoe 

and Kopan, 2003; Zampieri et al., 2005). Preliminary data from this work provides some 

evidence that the final destiny of the processed NCAM fragment might be also the nucleus, 

implicating a potential role in alteration of transcription: A weak but detectable intracellular 

NCAM fragment was found in the precipitate of the nuclear extract from NCAM+/+ mice 

(see 5.13, Fig. 27). However, this preliminary result has to be confirmed not only with co-

immunoprecipitation assays but also with another method. Such a process has already been 

reported for another CAM: L1 undergoes RIP and the L1 fragment was detected in the nu-

cleus after transport from the plasma membrane (Kalus, 2005). 

After identification of TrkB as a potential binding partner for NCAM-ID using phage dis-

play analysis, sequence alignments revealed that a peptide sequence in NCAM-ID showed 

homology to a peptide sequence in the inwardly rectifying K+-channels of the Kir3 family 

(see 5.1 and 5.2). NCAM regulates the trafficking of the neuron-specific Kir3 heterodimer 

subunits to the cell surface by as yet unknown mechanisms (Delling et al., 2002). Activated 

TrkB determines the open-state of the Kir channels by phosphorylation: Stimulation of 

TrkB results in tyrosine phosphorylation of the Kir3.4 but not the Kir3.2 subunit and leads 

to an inhibition of the basal activity of this channel (Wischmeyer et al., 1998; Rogalski et 

al., 2000; Ippolito et al., 2002). In this study, cross-linking experiments have shown an as-

sociation between the Kir3.3 channel, NCAM and TrkB (5.5). Therefore, it is hypothesized 

that TrkB competes with Kir3.3 for NCAM-ID. TrkB increases the Kir3.3 but not the 

Kir3.2 or Kir3.4 currents, which are reduced by NCAM180 (in collaboration with Dr. Er-

hard Wischmeyer, Universität Würzburg, Germany, unpublished data). Thus, both NCAM 

and TrkB seem to share a common mechanism of regulation of ionic homeostasis that de-

termines the excitability of neurons. 

In summary, although the exact regulation mechanisms of the NCAM–TrkB binding based 

on proteolytic processing remain to be elucidated, this study showed for the first time an 

interaction between NCAM and TrkB. Furthermore, first insights into the functional impact 

of this interaction were provided. 
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7 Summary 

For quite some time now, it has been hypothesized that the two molecules NCAM and 

TrkB interact with each other extracellularly via PSA-NCAM and BDNF (Charles et al., 

2000; Muller et al., 2000; Vutskits et al., 2001). 

In contrast, the hypothesis we set out to prove in this study proposes an intracellular inter-

action between NCAM and TrkB. First, observations from a phage display analysis 

provided evidence that TrkB may be considered as a potential binding partner of 

NCAM180: A peptide in TrkB-ID was identified that bound to a peptide in NCAM180-ID. 

The major aim of this work was to characterize the potential binding between 

NCAM180-ID and TrkB-ID including a potential functional relevance. For this purpose, 

biochemical cross-linking, co-immunoprecipitation assays and binding studies were per-

formed. ELISA experiments revealed that NCAM180-ID bound to TrkB-ID, or to the TrkB 

peptide discovered in the phage display analysis as containing the putative NCAM180-ID 

binding site. In the ID of the 180-kDa NCAM isoform, a peptide motif that binds to a pep-

tide sequence in the tyrosine kinase domain of TrkB was identified. This peptide motif in 

NCAM180 shows sequence similarities with the C terminus of the Kir3.3 isoform, but not 

with the other three isoforms of this potassium channel. Epitope mapping showed that the 

binding site within NCAM is located in an overlapping region between the NCAM exon 18 

and the C terminus of NCAM180-ID and NCAM140-ID. To show a binding between full-

length TrkB and NCAM180-ID via biochemical cross-linking, not only the phosphorylation 

conditions but also the presence of certain protease inhibitors such as the matrix metallo-

protease inhibitor GM 6001 and the γ-secretase inhibitor DAPT in the lysis buffer was 

shown to be necessary. Taken together, these results implicate that the interaction requires 

conditions in which phosphorylation is enhanced (via inhibition of dephosphorylation) 

without the necessity of having TrkB itself phosphorylated. The cross-linking experiments 

did not only show a direct interaction between full-length TrkB (TK+ TrkB) and 

NCAM180-ID but also with an 80-kDa Trk fragment. Beyond that, the truncated isoform 

(TK– TrkB) was also isolated with NCAM180-ID and TrkB. In addition, co-

immunoprecipitation studies under the same lysis conditions have confirmed an interaction 

between TrkB and full-length NCAM180 in the ‘natural environment’ of the cell membrane 

within the brain. In addition, proteasome inhibitors have effects on the intracellular prote-

olytic processing of both NCAM-ID and Trk-ID. NCAM180 has been shown to be 
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ubiquitinated and probably involved in ubiquitin-dependent proteolysis. The matrix metal-

loprotease inhibitor GM 6001 could be proven to inhibit TrkB ectodomain shedding. 

A functional interrelationship between TrkB and NCAM-mediated cell interactions was 

highlighted in experiments in which BDNF inhibited NCAM-induced and -specific neurite 

outgrowth of cerebellar microexplant cultures. 

In summary, although the exact regulation mechanisms of the NCAM–TrkB binding based 

on proteolytic processing remain to be elucidated, this study showed for the first time an 

interaction between NCAM and TrkB. The main focus of this study was based on the hy-

pothesis that a cross-talk exists between TrkB and NCAM with the potential of causing 

convergence and divergence of downstream signaling cascades in various ways. 

 

 

Vor geraumer Zeit wurde die Hypothese aufgestellt, dass die beiden Moleküle NCAM und 

TrkB über PSA-NCAM und BDNF extrazellulär miteinander interagieren (Charles et al., 

2000; Muller et al., 2000; Vutskits et al., 2001). 

Im Gegensatz dazu haben wir mit dieser Studie die Hypothese einer intrazellulären Interak-

tion zwischen NCAM und TrkB verfolgt. Zuerst lieferten Beobachtungen aus einer Phagen-

Display-Analyse Hinweise darauf, dass TrkB als potenzieller Bindungspartner für 

NCAM180 in Frage kommt: Es wurde ein Peptid in der intrazellulären Domäne von TrkB 

(TrkB-ID) identifiziert, das an ein Peptid innerhalb der intrazellulären Domäne von 

NCAM180 (NCAM180-ID) bindet. Hauptziel dieser Arbeit war, die potenzielle Bindung 

zwischen NCAM180-ID und TrkB-ID einschließlich ihrer funktionellen Relevanz zu 

charakterisieren. Aus diesem Grund wurden biochemische Crosslinking-Versuche, Koim-

munpräzipitationen und Bindungsstudien durchgeführt. ELISA-Experimente zeigten 

deutlich, dass NCAM180-ID an TrkB-ID bindet, oder an das TrkB-Peptid, das die 

mögliche NCAM180-ID-Bindungsstelle enthält und im Rahmen der Phagen-Display-

Analyse entdeckt wurde. In der ID der 180-kDa NCAM-Isoform wurde ein Peptid-

bindungsmotiv identifiziert, das eine Peptidsequenz in der Tyrosinkinase-Domäne von 

TrkB bindet. Dieses Peptidbindungsmotiv in NCAM180 zeigt nur mit dem C-Terminus der 

Kir3.3-Isoform Sequenzähnlichkeiten und nicht mit den anderen drei Isoformen dieses 

Kaliumkanals. Epitop-Mapping machte deutlich, dass die sich die Bindungsstelle innerhalb 

von NCAM in einer überlappenden Region zwischen NCAM-Exon18 und dem C-Terminus 

von NCAM180-ID und NCAM140-ID befindet. Um nun mittels biochemischen Crosslink-
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ings eine Bindung zwischen TrkB (in voller Länge) und NCAM180-ID nachzuweisen, war 

neben bestimmten Phosphorylierungsbedingungen auch die Anwesenheit von bestimmten 

Protease-Inhibitoren wie zum Beispiel dem Matrix-Metalloprotease-Inhibitor GM 6001 und 

dem γ-Sekretase-Inhibitor DAPT im Lysepuffer von entscheidender Bedeutung. Zusam-

menfassend implizieren diese Ergebnisse, dass die Interaktion Bedingungen erfordert, in 

denen die Phosphorylierung begünstigt wird (durch Hemmung der Dephosphorylierung), 

ohne dass TrkB selbst phosphoryliert sein muss. Die Crosslinking-Versuche bewiesen nicht 

nur eine direkte Interaktion zwischen vollständigem TrkB (TK+ TrkB) und NCAM180-ID, 

sondern auch zwischen NCAM180-ID und einem 80-kDa Trk-Fragment. Darüber hinaus 

wurde auch noch die verkürzte Isoform (TK- TrkB) mit NCAM180-ID und TrkB isoliert. 

Des Weiteren konnte die Bindung zwischen TrkB und vollständigem NCAM180 im Gehirn 

in der ‘natürlichen Umgebung’ der Zellmembran mittels Koimmunpräzipitation unter den 

gleichen Lysebedingungen nachgewiesen werden. Zusätzlich konnte gezeigt werden, dass 

Proteasom-Inhibitoren auf die intrazelluläre proteolytische Prozessierung von sowohl 

NCAM-ID als auch Trk-ID einwirken. Es wurde nachgewiesen, dass NCAM180 ubiquiti-

niert wird und möglicherweise in die Ubiquitin-abhängige Proteolyse involviert ist. Für 

TrkB konnte erstmals der Nachweis für das Ektodomän-Shedding, das sich durch den Ma-

trix-Metalloprotease-Inhibitor GM 6001 inhibieren ließ, geliefert werden. 

Eine funktionelle Beziehung zwischen TrkB- und NCAM-abhängigen Zellinteraktionen 

wurde durch Experimente an Kleinhirnmikroexplantkulturen dargelegt, in denen BDNF 

spezifisch das durch NCAM ausgelöste Neuritenwachstum hemmt. 

Zusammenfassend kann gesagt werden, dass im Rahmen dieser Studie erstmals eine 

Bindung zwischen NCAM und TrkB mit funktioneller Bedeutung nachgewiesen werden 

konnte. Der genaue Regulationsmechanismus der NCAM–TrkB-Bindung basierend auf 

proteolytischer Prozessierung muss jedoch noch aufgeklärt werden. Das Hauptaugenmerk 

dieser Studie basierte auf der Hypothese, dass TrkB und NCAM über ein intensives Kom-

munikationsnetz miteinander interagieren, das möglicherweise auf unterschiedliche Weise 

Signaltransductionskaskaden zusammenführt und auseinander driften lässt. 
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9 Appendix 

9.1 Abbreviations 

g g-force (9.81 m/s2) 
°C degree Celsius 
aa amino acid 
A adenine 
AA arachidonic acid 
Acc. accession number 
ADAM a disintegrin and a metalloprotease 
Amp ampicillin 
APP amyloid precursor protein 
APS ammonium peroxodisulfate 
ATCC American Type Culture Collection 
ATP adenosine triphosphate 
bp base pair 
BCA bicinchoninic acid disodium salt 
BDNF brain-derived neurotrophic factor 
BME basal medium Eagle’s 
BSA bovine serum albumin 
C cytosine 
CaM calmodulin 
CAM cell adhesion molecule 
cDNA complementary deoxyribonucleic acid 
CHL1 close homologue of L1 
CHO Chinese hamster ovary 
CREB cAMP response element-binding 
Da dalton 
DAG diacylglycerol 
DIC differential interference image 
DMEM Dulbecco’s modified Eagle medium 
DMSO dimethylsulfoxide 
DNA deoxyribonucleic acid 
DNase deoxyribonuclease 
ECL enhanced chemiluminescence 
E. coli Escherichia coli 
ED extracellular domain 
EDTA ethylene diamine tetraacetic acid 
ELISA enzyme-linked immunosorbent assay 
ERK extracellular signal-regulated kinase 
FAK focal adhesion kinase 
f. c. final concentration 
FCS fetal calf serum 
FGF fibroblast growth factor 
Fig. figure 
FNIII fibronectin subtype III repeat 
FRS-2 FGF receptor substrate 2 
g gram 
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G guanosine 
GABA gamma-aminobutyric acid 
GMEM Glasgow-modified Eagle medium 
GPI glycosylphosphatidylinositol 
h human, hour 
HEPES 2-(4-(2-hydroxyethyl)-piperazine)-ethane sulfonic acid 
HBSS Hank’s buffered sodium chloride solution 
His6 hexahistidine tag 
HRP horseradish peroxidase 
IB immunoblotting 
ID intracellular domain 
IgG immunglobulin subclass G 
IP3 inositol trisphosphate 
IH immunohistochemistry 
IP immunoprecipitation 
IPTG isopropyl-D-thiogalactopyranoside 
JNK Jun N-terminal kinase 
Kana kanamycin 
kb kilo base pair 
Kir K+ inwardly rectifying channel 
l liter 
LB Luria Bertani 
LTP long-term potentiation 
MAPK mitogen-activated protein kinase 
MEM minimal essential medium 
µ micro (10–6)  
m milli (10–3) 
MMP matrix metalloprotease 
min minute 
mRNA messenger ribonucleic acid 
n nano (10–9) 
NCAM neural cell adhesion molecule 
NGF nerve growth factor 
NT-3 neurotrophin-3 
NT-4 neurotrophin-4 
OD optical density 
p pico (10–12) 
p75NTR 75 kDa neurotrophin receptor 
PAGE polyacrylamide gel electrophoresis 
PBS phosphate-buffered saline 
PCR polymerase chain reaction 
pfu plaque-forming unit 
PI3K phosphatidylinositol 3-kinase 
PKC protein kinase C 
PLCγ phospholipase Cγ 
PLL poly-L-lysine 
PSA polysialic acid 

psi pounds per square inch 
PST polysialyltransferase 
RIP regulated intramembrane proteolysis 
RUP regulated ubiquitin/proteasome-dependent processing 
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RNA ribonucleic acid 
rpm rounds per minute 
RT room temperature 
s second 
SDS sodium dodecyl sulfate 
SUMO small ubiquitin-related modifier 
sulfo-SBED sulfosuccinimidyl-2-[6-(biotinamido)-2-(p-azidobenzamido)-hexanoamido]ethyl- 

        1,3-di-thiopropionate 
T thymine 
TBS Tris-buffered saline 
TBST Tween-20 in Tris-buffered saline 
TE Tris-EDTA 
TEMED N,N,N’,N’-tetraethylene amine 
TK+ TrkB full-length TrkB 
TK– TrkB truncated receptors, T1TrkB and T2TrkB 
TMD transmembrane domain 
Tris tris-hydroxymethyl aminomethane 
Trk tropomyosin-related kinase  
pTrkB phosphorylated TrkB 

Ub ubiquitin 
UPS ubiquitin-proteasome system 
U unit (enzymatic) 
V volt 
v/v volume per volume 
Vol. volume 
w/v weight per volume 
X-GAL 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside 
ZMNH Zentrum für Molekulare Neurobiologie Hamburg 
 
Amino acids were abbreviated using the one-letter code. 

9.2 Accession numbers 

Protein Organism Accession No. 

NCAM180 rat not available 

NCAM140 rat X06564 

CHL1 mouse X94310 

TrkB rat Q63604 

NCAM120 mouse Y00051 

Kir3.3 rat C77929 
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9.3 Plasmids 

9.3.1 CHL1ICpQE30 construct 

 

9.3.2 NCAM140IC and NCAM180ICpQE30 constructs 
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