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1. Abstract 

 

The transmission of proliferative and developmental signals from activated cell-surface 

receptors to initiation of cellular responses in the nucleus is synergically controlled by the 

coordinated action of a diverse set of intracellular signalling proteins. The 

Ras/Raf/MEK/MAPK signalling pathway has been shown to control the expression of genes 

which are crucial for the physiological regulation of cell proliferation, differentiation and 

apoptosis. Within this signalling cascade, the Raf protein family of serine/threonine kinases 

serves as a central intermediate which connects to many of other signal transduction pathways.   

 

To elucidate the signalling functions of the different Raf kinases in motoneurons during 

development, the expression, distribution and subcellular localization of Rafs in the spinal cord 

and the facial nucleus in brainstem of mice at various embryonic and postnatal stages were 

investigated. Moreover, we have investigated the intracellular redistribution of Raf molecules 

in isolated motoneurons from 13 or 14 day old mouse embryos, after addition or withdrawal of 

neurotrophic factors to induce Raf kinases activation in vitro. Furthermore, in order to 

investigate the potential anti-apoptotic function of Raf kinases on motoneurons, we isolated 

motoneurons from B-raf-/- and c-raf-1-/- mouse embryos and analysed the survival and 

differentiation effects of neurotrophic factors in motoneurons lacking B-Raf and c-Raf-1.   

 

We provide evidence here that all three Raf kinases are expressed in mouse spinal 

motoneurons. Their expression increases during the period of naturally occurring cell death of 

motoneurons. In sections of embryonic and postnatal spinal cord, motoneurons express 

exclusively B-Raf and c-Raf-1, but not A-Raf, and subcellularly Raf kinases are obviously 
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colocalized with mitochondria. In isolated motoneurons, most of the B-Raf or c-Raf-1 

immunoreactivity is located in the perinuclear space but also in the nucleus, especially after 

activation by addition of CNTF and BDNF in vitro. We found that c-Raf-1 translocation from 

the cytosol into the nucleus of motoneurons after its activation by neurotrophic factors is a 

distinct event. 

 

As a central finding of our study, we observed that the viability of isolated motoneurons from 

B-raf but not c-raf-1 knockout mice is lost even in the presence of CNTF and other 

neurotrophic factors. This indicates that B-Raf but not c-Raf-1, which is still present in B-raf 

deficient motoneurons, plays a crucial role in mediating the survival effect of neurotrophic 

factors during development. In order to prove that B-Raf is an essential player in this scenario, 

we have re-expressed B-Raf in mutant sensory and motor neurons by transfection. The 

motoneurons and the sensory neurons from B-raf knockout mouse which were transfected 

with exogenous B-raf gene revealed the same viability in the presence of neurotrophic factors 

as primary neurons from wild-type mice.  

 

Our results suggest that Raf kinases have important signalling functions in motoneurons in 

mouse CNS. In vitro, activation causes redistribution of Raf protein kinases, particularly for c-

Raf-1, from motoneuronal cytoplasm into the nucleus. This redistribution of c-Raf-1, however, 

is not necessary for the survival effect of neurotrophic factors, given that B-raf-/- motor and 

sensory neurons can not survive despite the presence of c-Raf-1. We hypothesize that c-Raf-1 

nuclear translocation may play a direct role in transcriptional regulation as a consequence of 

neurotrophic factor induced phosphorylation and activation of c-Raf-1 in motoneurons. 

Moreover, the identification of target genes for nuclear translocated c-Raf-1 and of specific 

cellular functions initiated by this mechanism awaits its characterization. 
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2. Introduction  

 

2.1. Cellular function of the Ras-MAPK signalling pathway 

 

Coordination of cellular function in multi-cellular organisms is regulated by a variety of signals 

between various types of cells, including direct cell contact molecules, molecules in the 

extracellular matrix and soluble, secreted signalling molecules. The transmission of 

proliferative and developmental signals from activated cell-surface receptors to initiation of 

cellular responses in the nucleus is synergically controlled by the coordinated action of a 

diverse set of signalling proteins. Among the pathways which transduce these signals are the 

highly conserved mitogen-activated protein kinase (MAPK) or extracellular signal-regulated 

kinase (ERK) cascades. The first and best characterized MAPK cascade consists of three 

sequentially acting protein kinases: Activation of members of the Raf family, which control the 

MAPK/ERK kinases (MEK1/2) leads to activation of ERK1/2. Upstream of Raf, various forms 

of Ras are the major regulators of this signalling cascade. This so-called Ras-MAPK pathway 

has been shown to control the expression of genes which are crucial for the physiological 

regulation of cell proliferation and differentiation (Daum et al., 1994). Within this signalling 

cascade, the Raf protein family of serine/threonine kinases serves as a central regulator which 

connects to many of other signal transduction pathways. Moreover, a variety of signals which 

impinge upon Raf reiterates the fundamental importance of this protein to signal transduction, 

by which Raf proteins regulate cellular processes such as proliferation, differentiation and 

apoptosis.  
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2.2. Members of the raf gene family and their role in intracellular signal transduction 

 

The raf family of proto-oncogenes encodes cytoplasmic serine/threonine specific protein 

kinases (Mark and Rapp, 1984; Moelling et al., 1984) which play a key role in mitogen signal 

transduction (Heidecker et al., 1989; Rapp et al., 1988a; Rapp et al., 1988b; Li, et al., 1991), 

functioning to connect upstream tyrosine kinases and Ras with downstream serine/threonine 

kinases (Avruch et al., 1994). In other words, Raf kinases have been found as critical 

“gatekeepers” in growth factor signal transduction and oncogenic transformation because they 

are strategically located at a convergent signalling point in the Ras-MAPK signal transduction 

pathway (Daum et al., 1994). The Ras oncoprotein, a GTP-activated molecular switch and 

upstream activator of Raf, interacts directly with the Raf protein kinase to eventually recruit 

the MAPK and their subordinates. In this signalling cascade, Raf kinases phosphorylate MEK 

(Kyriakis et al., 1992, 1993; Avruch et al., 1994), and MEK then activates MAPK (Matsuda et 

al., 1992; Wu et al., 1993). The MAPKs, also known as ERKs are located downstream of 

MEK, and constitute a family of serine/threonine protein kinases that is involved in the cascade 

of protein phosphorylation mediated by a serial activation of protein kinases (Pelech and 

Sanghera, 1992; Davis, 1993). The mammalian MAPK family is comprised of p44 ERK1 and 

p42 ERK2, p45 and p54 Jun amino-terminal kinases (JNKs, also known as SAPKs) and 

p38/CSBP (for review, see Marais and Marshall, 1996). The activation of ERK requires the 

phosphorylation of ERK on both tyrosine and threonine residues. Activated ERKs regulate 

essential cellular events in many cell types. In summary, in this signal transduction pathway, the 

Ras/Raf/MEK/MAPK cascade is activated by a wide range of mitogenic and differentiating 

factors (Marshall, 1995; Kaplan and Miller, 1997; Sugden and Clerk, 1997). After complex 

formation of Raf and its adaptor proteins, a relaying signal from the GTP-bound form of Ras is 

transduced to MEK. The subsequent downstream phosphorylation and activation cascade 
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occurs through MEK and MAPK. MAPKs phosphorylate nuclear transcription factors and 

thereby lead to the expression of genes necessary for cell division and/or cell differentiation 

(Avruch et al., 1994; Williams and Roberts, 1994; Marais and Marshall, 1996).  

 

2.3. Raf protein structure and expression  

 

The Raf kinases are highly conserved during evolution. Three mammalian raf genes and their 

corresponding cytoplasmic protein products have been identified to date, namely A-raf 

(Huleihel et al., 1986), B-raf (Ikawa et al., 1988), and c-raf-1 (Bonner et al., 1985). The  

serine/threonine kinases A-Raf, B-Raf and c-Raf-1 (Daum et al., 1994) are distinguished by 

their mechanisms of activation (Marais et al., 1997; Vossler et al., 1997) and specific 

expression pattern in various tissues (Storm et al., 1990). Among these three different Raf 

isozymes, c-Raf-1 (72∼74 kDa) (Bonner et al., 1986) is found to be ubiquitously expressed in 

almost all tissues, whereas A-Raf (68 kDa) and B-Raf (95 kDa) (Stephens, 1992) show a more 

specific tissue distribution (Storm et al., 1990) with A-Raf being most abundant in epididymis, 

urogenital tissue and ovary and B-Raf being predominantly expressed in fetal and adult mouse 

brain and testis. In addition, the molecular complexity of this family is increased by the 

presence of at least two c-Raf-1 isoforms (Dozier et al., 1991). On the mRNA level, four 

alternatively spliced messages for B-Raf have been detected in mouse brain (Barnier et al., 

1995). Therefore, various isoforms of these specific kinases exist which probably serve 

different functions within the signalling networks in the Raf/MEK/MAPK protein kinase 

cascade. 

 

The three members of Raf family proteins share common structural elements. They possess 

three conserved regions, CR1, CR2, and CR3, which are embedded in variable regions. The 
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latter vary strongly between the three Raf isoforms but are evolutionarily highly conserved 

within the isoforms from different species (Naumann et al., 1996). The CR1 and CR2 domains 

are part of the regulatory N-terminal half of the Raf proteins, whereas CR3 represents the C-

terminal kinase domain. Deletion of the regulatory half of all three Raf kinases leads to 

constitutively active forms (Daum et al., 1994; Naumann et al., 1996). 

 

2.4. Mechanisms of Raf activation 

 

The mechanism of activation of these three enzymes, Raf/MEK/MAPK, has been intensively 

studied (Pages et al., 1993; Troppmair et al., 1994). The best characterized member of Raf 

protein kinases in this context is c-Raf-1. c-Raf-1 has been crystallized together with Ras, and 

the 3-D interaction of these two proteins has been determined. Ras-mediated translocation of 

c-Raf-1 to the plasma membrane is a crucial step in this activation process, and is thought to 

facilitate phosphorylation by membrane-bound kinases (Leevers et al., 1994; Stokoe et al., 

1994; Marais et al., 1995). Ras activation is regulated by multiple components which influence 

the Ras cycle, which occurs between an inactive, GDP-bound and an active, GTP-bound form 

of Ras. This transition is mediated by GDP-GTP exchange factors (GEFs) and includes 

additional regulatory proteins that stimulate the intrinsic GTPase activity of Ras (McCormick, 

1993). The Ras cycle is connected to activated receptors by adaptor proteins, such as Grb2, 

which recruit the GEF Sos, resulting in increased steadystate levels of Ras-GTP (Schlessinger, 

1993). Also, the individual Raf isozymes may be differentially regulated by Ras and other 

upstream factors. For example, A-Raf and c-Raf-1, but not B-Raf, can be activated by Src 

(Marais et al., 1997), whereas B-Raf and c-Raf-1 are differently activated by cyclic AMP 

(cAMP) (Erhardt et al., 1995) and nerve growth factor (NGF) (Jaiswal et al., 1996). 
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Moreover, different Raf isozymes display different potencies in the activation of their 

substrates MEK and MAPK (Marais et al., 1997; Pritchard et al., 1995).  

 

In the case of activation of Raf by Ras, only the GTP-bound form of Ras can bind Raf protein 

kinases which leads to their activation (Rodriguez-Viciana, et al., 1994; Hall, 1994). Any 

physiological activation of c-Raf-1 is paralleled by its hyperphosphorylation. The activation is 

accomplished by tyrosine phosphorylation (Fabian et al., 1993; Turner et al., 1993), and serine 

phosphorylation, the latter being independent of protein kinase C (PKC) (Baccarini et al, 1990; 

Blackshear et al., 1990; App et al., 1991; Ohmichi et al., 1992), and PKC-catalyzed serine 

phosphorylation (Sozeri et al., 1992; Kolch et al., 1993; Carroll et al., 1994). Following its 

activation which leads to stimulation of the downstream MEK kinase, c-Raf-1 protein has also 

been demonstrated to undergo intracellular redistribution. In the case of NIH3T3 cells (Rapp 

et al., 1988) and rat Ito cells (Lissoos et al., 1993), c-Raf-1 is translocated to the perinuclear 

space. In gerbil hippocampal pyramidal cells (Olah et al., 1991), c-Raf-1 is translocated to the 

nucleus. Similar findings have been made with human MO7 leukemia cells (Brennscheidt et al, 

1994) and neuronal cells from hypothalamus and brainstem of rats (Lu et al., 1998). So far, the 

role of intracellular translocation of the activated c-Raf-1 protein kinase to the nucleus is still 

unresolved.  

 

2.5. Raf-MAPK signalling pathway in the CNS 

 

In the central nervous system (CNS), MAPK proteins are broadly expressed (Boulton and 

Cobb, 1991; Boulton et al., 1991), particularly in post-mitotic cells (Fiore et al., 1993). 

Therefore, the MAPK cascade has also been implicated in neuron-specific functions. MAPK 

kinases phosphorylate numerous substrates in neurons, e.g. cytoskeleton proteins (Morishima-
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Kawashima and Kosik, 1996), tyrosine hydroxylase (Haycock et al., 1992) and synapsin 

(Jovanovic et al., 1996; Matsubara et al., 1996). Moreover, recent data show that activation of 

MAPK by neurotransmitters plays an important role in synaptic function (Brambilla et al., 

1997; English and Sweatt, 1997; Kornhause and Greenberg, 1997). Although the Raf kinases 

play a fundamental and specific role in the activation of MAPK cascade, the nature of the 

different Raf protein kinases involved in the activation of the MAPK pathway is still not 

understood. Instead, only speculations have been put forward that different Raf isoforms cause 

MAPK activation in different neuronal cell types. So far, it is completely unknown whether 

differences exist among different types of neurons. 

  

2.6. Expression of members of the raf family in the CNS 

 

Previous studies have shown that only B-raf and c-raf-1 mRNAs are expressed in the CNS 

(Storm et al., 1990). On the basis of observation that B-Raf is the predominant MEK activator  

in rat and bovine brain (Catling et al., 1994; Moodie et al., 1994; Yamamori et al., 1995), B-

Raf is generally considered as the most relevant Raf protein kinase present in the nervous 

system. Former studies also demonstrated Raf immunoreactivity in certain areas of the brain 

(Mihaly et al., 1991, 1993, 1996). However, the antibodies employed in these studies did not 

differentiate between various Raf isoforms. Recently, a comparative study (Morice et al., 

1999) of Raf distribution and subcellular localization in adult rat brain revealed that B-Raf and 

c-Raf-1 protein kinases are present in most brain areas. The two Raf protein kinases have an 

approximately similar pattern of distribution with a rostro-caudal decreasing gradient of 

expression. These two protein kinases are colocalized in neurons but they are differentially 

located in subcellular compartments. B-Raf was found to be widely distributed in the neuronal 

cell bodies and in the neuronal processes, whereas c-Raf-1 appeared localized mainly in the 
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cytosolic fraction around the nucleus. These results are difficult to interpret on a functional 

level, as more than 10 isoforms of B-Raf have been detected so far in the brain. These isoforms 

are thought to have a differential pattern of distribution, some of them being ubiquitously 

expressed whereas others being localized in specific brain areas. Also, these isoforms show a 

clear differential subcellular localization (Morice et al., 1999). These observations suggest that 

the B-Raf and c-Raf-1 isoforms differentially modulate neuronal signalling pathways in 

specialized subcellular compartments. 

 

2.7. Raf kinases and apoptosis 

 

2.7.1. General factors of apoptosis 

 

Apoptosis, or programmed cell death (PCD), is a strictly regulated process responsible for the 

ordered removal of superfluous, aged, or damaged cells (Thompson, 1995; Kroemer et al., 

1995). Every second, several millions of cells of the human body undergo apoptosis, i.e. under 

conditions of homeostasis, each mitosis is compensated by one event of apoptosis. 

Disturbances in regulation of apoptosis illustrate the importance of apoptosis for normal 

homeostasis. An abnormal resistance to apoptosis induction correlates with malformations, 

autoimmune diseases, or cancer due to the persistence of superfluous, self-specific 

immunocytes, or mutated cells, respectively. In contrast, enhanced apoptotic decay of cells 

participates in acute pathologies (infection by toxin-producing microorganisms, ischemia-

reperfusion damage, or infarction) as well as in chronic diseases (neurodegenerative and 

neuromuscular diseases, AIDS).  
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The apoptotic process can be divided into at least three functionally distinct phases: initiation, 

effector and degradation (Kroemer, et al., 1995). During the heterogenous initiation phase, 

cells receive a death-inducing stimulus. The biochemical events participating in the initiation 

phase constitute individually specific pathways in that they depend on the lethal stimulus. It is 

only the subsequent effector phase that these initiating events are translated into a regular 

pattern of metabolic reactions and the “decision to die” is taken. Thus, the ultimate fate of the 

cell during the effector phase is subject to regulatory events. Beyond this stage, during the 

degradation phase, a series of catabolic enzymes are activated, precluding further regulatory 

effects. During this last phase the morphology and characteristic biochemistry of apoptosis 

become apparent. Cells undergoing apoptosis show characteristic morphological features such 

as condensation of cytoplasmic and nuclear contents, blebbing of the plasma membrane, 

fragmentation of the nucleus, and ultimately breakdown into membrane-bound apoptotic 

bodies that are rapidly phagocytosed (Kerr, et al., 1972). 

 

Genetic analysis of the nematode Caenorhabditis elegans has identified three genes that 

control the general apoptotic program. Two genes, ced-3 and ced-4, are required for the 

apoptotic program (Yuan and Horvitz, 1990). Ced-3, which encodes a cysteine protease 

related to the ICE (interleukin-1β-converting enzyme), or caspase-1, a prototype of family of 

proteases (caspases) in mammalian cells (Yuan et al., 1993; Alnemri et al., 1996). The closest 

mammalian homologue of CED-3 is CPP32 (caspase-3) (Fernandes-Alnemri et al., 1994), 

which cleaves various substrates of the ICE family of proteases, including poly(ADP-ribose) 

polymerase (PARP) and sterol-regulatory element-binding proteins (SREBPs) in cells 

undergoing apoptosis (Tewari et al., 1995; Nicholson et al., 1995; Wang et al., 1995, 1996). 

CPP32 is closely related to CED-3 in terms of sequence identity and substrate specificity (Xue 

and Horvitz, 1995). CED-4 is homologous to the recently identified human protein Apaf-1 
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(apoptotic protease activating factor-1), which participates in the activation of the mammalian 

caspase-3 (Yuan and Horvitz, 1990; Yuan et al., 1993; Fernandes-Alnemri et al., 1994; 

Nicholson et al., 1995; Tewari at al., 1995; Xue and Horvitz, 1995; Zou et al., 1997). Ced-4 

has been determined genetically to function downstream of ced-9 but upstream of ced-3 

(Shaham and Horvitz, 1996a; Shaham and Horvitz, 1996b). Ced-9, which functions upstream 

of ced-3 and ced-4, negatively regulates the apoptotic program by preventing activation of 

ced-3 and ced-4 (Hengartner et al, 1992). The bcl-2 family of genes are the mammalian 

counterparts of ced-9 (Hengartner and Horvitz, 1994). Overexpression of Bcl-2 prevents 

mammalian cells from undergoing apoptosis in response to a variety of stimuli (for review see 

Reed, 1994). The Bcl-2 protein is located primarily on the outer membranes of mitochondria 

(Monaghan et al., 1992; Krajewski et al, 1993; de Long et al, 1994), suggesting the 

involvement of mitochondria in apoptosis. Indeed, functional analyses have revealed that 

changes in mitochondrial membrane are a critical event for the apoptotic process. 

 

2.7.2. Mechanisms of apoptosis 

 

2.7.2.1. Mitochondria and apoptosis 

 

Functional and genetic manipulations indicate that mitochondrial transmembrane potential 

(∆Ψm) disruption and subsequent nuclear apoptosis are linked. Thus, common signs of 

apoptosis are invariably preceded by ∆Ψm collapse. The ∆Ψm results from the asymmetric 

distribution of proton and other ions on both sides of the inner mitochondrial membrane, giving 

rise to a chemical (pH) and electric gradient which is essential for mitochondrial function 

(Attardi and Schatz, 1988). Cells induced to undergo apoptosis show a decrease in the ∆Ψm, 

which is a common event of the apoptotic cascade (Zamzami et al., 1995a; Zamzami et al., 
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1995b; Castedo et al., 1996). This ∆Ψm disruption can be detected in many cell types, 

irrespective of the apoptosis-inducing stimulus. Purified cells with a low ∆Ψm rapidly proceed 

to DNA fragmentation, even after withdrawal of the apoptosis-inducing stimulus, indicating 

that ∆Ψm collapse marks a point-of-no-return of all death (Zamzami et al., 1995b). Thus, 

complete ∆Ψm disruption appears to be a specific marker of apoptosis since it is only found in 

cells that are condemned to death.  

 

The ∆Ψm collapse is caused by the opening of the mitochondrial permeability transition (PT) 

pores. PT involves a sudden permeability increase of the inner mitochondrial membrane to 

solutes less or equal to 1500 Da (proton, calcium, glutathione etc.). Speculatively, periodic 

reversible PT pore opening might allow for the release of calcium from the mitochondrial 

matrix (Zoratti and Szabo, 1995; Bernardi and Petronilli, 1996). Massive PT culminates in cell 

death. PT also causes uncoupling of the respiratory chain with collapse of ∆Ψm and cessation 

of ATP synthesis, matrix Ca2+ outflow, depletion of reduced glutathione, depletion of 

NAD(P)H2 (Zoratti and Szabo, 1995; Bernardi and Petronilli, 1996), hypergeneration of 

superoxide anion (Zamzami et al., 1995a) and mitochondrial release of an apoptogenic protein 

(Zamzami et al., 1996). Several of the consequences of PT themselves favor PT pore opening, 

implying that PT is a self-amplifying process. The exact composition of PT is elusive. Recent 

data suggest that PT pores are multiprotein complexes formed at the contact sites between the 

mitochondrial inner and out membrane, and whose opening/closing characteristics are 

influenced by multiple parameters. Induction of PT suffices to provoke the entire panel of 

apoptosis-associated metabolic changes, including activation of caspases with caspase 3-like 

DEVDase activity, redox disequilibria, nuclear DNA fragmentation and phosphatidylserine 

(PS) exposure on the cell surface (Kroemer et al., 1997). Overall, the PT mediated pre-
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apoptotic ∆Ψm collapse constitutes an early and irreversible feature of the apoptotic effector 

phase. In addition, PT inhibitors can prevent all features of apoptosis, suggesting that PT 

functions as a central rate-limiting event of the apoptotic cascade. In summary, PT is sufficient 

to trigger the apoptotic cascade, and inhibition of PT prevents apoptosis, suggesting that PT is 

a central coordinating event of the apoptotic effector phase. The various “private” pathways of 

apoptosis converge at the level of PT, in line with the fact that PT can be induced by numerous 

physiological effectors. Once PT has been triggered, a series of common pathways of apoptosis 

are initiated, each of which may be sufficient to destroy the cell. Thus, PT causes at least three 

common, yet dissociable hallmarks of the apoptotic degradation phase: (1) Exposure of PS 

residues on the cell surface (Castedo et al., 1996); (2) changes in the cytoplasmic redox state, 

such as depletion of reduced glutathione and enhanced generation of reactive oxygen species 

(ROS) (Zamzami et al., 1995a); and (3) nuclear apoptosis (Zamzami et al., 1996). 

 

Furthermore, most of the data obtained so far from cell free systems (Zamzami et., 1996; 

Newmeyer et al., 1994; Susin et al., 1996) are compatible with a two-step model of the 

apoptotic process. In the first step, different inducers act on mitochondria to induce PT, 

thereby causing ∆Ψm disruption and release of apoptogenic proteins. Such proteins cause 

normal, purified nuclei to undergo apoptotic changes in vitro in the second step of the assay. 

Two apoptogenic factors have been identified, namely AIF (apoptosis-inducing factor) and 

cytochrome c. AIF, a protease of approximately 50 kDa, which is sufficient to cleave and 

activate caspase-3 and to activate nuclear endonuclease in vitro. In contrast, cytochrome c 

requires two additional cytoplasmic proteins (see below) to induce proteolytic activation of 

caspase-3 (CPP32) and nuclear apoptosis (Liu et al., 1996; Yang et al., 1997; Kluck et al., 

1997; Zou et al., 1997; Li et al., 1997). Translocation of cytochrome c from mitochondria to 

cytosol has been shown to be a crucial step in the activation of the programmed cell death 
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machinery in various death models. In our study we have concentrated on the role of the 

cytochrome c-caspase-activating pathway in motoneurons and other types of embryonic 

neurons from mice. 

 

2.7.2.2. A trigger in apoptosis: Cytochrome c release from mitochondria 

 

Cytochrome c is an essential component of the mitochondrial respiratory chain. It is 

synthesized from two inactive precursor molecules: apocytochrome c and heme. Cytochrome c 

is encoded by a single copy nuclear gene (Evans and Scarpulla, 1988) in the nucleus, which is 

translated on cytoplasmic ribosomes as apo-cytochrome c, and undergoes transport across the 

outer membrane of mitochondria, where it combines with heme group (which is synthesized in 

mitochondria) of cytochrome c to become the mature protein, fully folded holocytochrome c 

(Gonzales and Neupert, 1990). The holocytochrome c is a soluble protein that resides within 

the intermembrane space between the outer and inner membrane of mitochondria (Gonzales 

and Neupert, 1990), where it snuggles up to the cytochrome c oxidase complex located in the 

inner membrane. How apo-cytochrome c crosses the outer membrane of mitochondria is 

enigmatic, thus providing no clues as to how holocytochrome c might escape. One model for 

how cytochrome c escapes from mitochondria envisions local outer membrane rupture as the 

culprit, occuring as a secondary consequence of PT pore opening. A second model predicts a 

specific channel located in the outer membrane that allows release of cytochrome c. A good 

candidate was identified in Bax, a pro-apoptotic member of the Bcl-2 family. There might be a 

direct role for this proapoptotic protein in controlling cytochrome c transport. 

 

In many types of cells, loss of cytochrome c from mitochondria has two ways of killing cells: 

(1) Cessation of mitochondrial electron chain transport with subsequent ATP depletion, 
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generation of ROS, and related sequela; (2) activation of caspases through Apaf-1. How does 

cytochome c induce caspase activation once it has been liberated from mitochondria into the 

cytosol? Recent reports (Zou et al., 1997; Li et al., 1997) show that two isolated cytosolic 

proteins collaborate with cytochrome c to induce proteolytic processing and activation of 

caspase-3 (CPP32), a major caspase activation in cells undergoing apoptosis (Faleiro et al., 

1997; Martins et al., 1997; Takahashi et al., 1997). In brief, the model of a mechanism for 

caspase-3 activation begins when caspase-9 (Apaf-3) binds to Apaf-1 (CED-4) in a reaction 

triggered by cytochrome c (Apaf-2) and dATP. This complex formation between Apaf-1 

(CED-4) and caspase-9 (Apaf-3) is mediated by caspase recruitment domain (CARD) on the 

two proteins. Binding leads to the cleavage of caspase-9, converting it to an active protease. 

Active caspase-9 (Apaf-3) then cleaves and activates caspase-3 (CPP32), thereby setting in 

motion the events that lead to DNA fragmentation and cell death. In this model, cytochrome c 

initiates apoptosis by inducing the formation of the Apaf-1 (CDE-4)/caspase-9 (Apaf-3) 

complex. Thus, cytochrome c release from mitochondria is a critical step in the apoptotic 

process in this system. Put together, the elucidation of the correlation between the time points 

of cytochrome c expression as well as release and the fate of mouse motoneuron survival 

during development in vitro and in vivo was one of the goals of our study.   

 

2.7.2.3. The Bcl-2 protein family and apoptosis 

 

Members of the Bcl-2 family can potentially modulate cell death through multiple mechanisms, 

including caspase-independent effects on mitochondria and regulation of Apaf-1/CED-4-family 

proteins. Recent discovery demonstrated that in cells overexpressing Bcl-2, or its close family 

member Bcl-XL, the release of cytochrome c is blocked, aborting the apoptotic response 

(Kharbanda et al., 1997; Kim et al., 1997; Kluck et al., 1997; Yang et al., 1997). At least three 
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general functions for Bcl-2 and some of its anti-apoptotic homologues such as Bcl-XL have 

been identified: (1) Dimerization with other Bcl-2 family proteins such as Bax; (2) binding to 

non-homologous proteins such as Raf kinases (see 2.7.3.); (3) formation of ion-channels/pores 

(Vaux and Strasser, 1996; Reed, 1997a,b; Green and Reed, 1998; Schendel et al., 1998; 

Zamzami et al., 1998). Therefore, these data support a model in which Bcl-2, located on the 

outer membrane of mitochondria, prevents the release of cytochrome c from mitochondria by 

acting on upstream of this event. 

 

The mechanism by which Bcl-2 blocks the release of proteins from mitochondria and the 

regulation of the process are still obscure. As mentioned above, mitochondrial depolarization 

in apoptosis appears to be associated with the PT and events involving the formation of a 

nonspecific channel in the mitochondrial membrane (Zoratti and Szabo, 1995). Therefore, 

speculatively Bcl-2 protects mitochondria from these effects (Marchetti et al., 1996; Zamzami 

et al., 1996; Pastorino et al., 1996). Firstly, mitochondria purified from cells hyperexpressing 

Bcl-2 are protected against PT induction by several apoptosis inducers, such as pro-oxidants, 

low doses of Ca2+, the adenosine nucleotide translocation (ANT) ligand atractyloside, 

protoporphyrin ΙΧ and the cytosol of ceramide-treated cells. However, Bcl-2 does not 

counteract the PT-inducing effect of agents such as high doses of Ca2+ (500 µM), the thiol-

crosslinking agent diamide and recombinant caspase-1 (ICE) (Zamzami et al., 1996; Susin et 

al., 1996). Thus, Bcl-2 exerts a direct membrane-stabilizing effect on mitochondria, but with 

limited spectrum, that can lead to inhibit PT and the release of apoptogenic proteins from 

mitochondria. Secondly, Bcl-XL is structurally related to certain bacterial pore-forming 

proteins (Muchmore et al., 1996), and Bcl-2 probably has a similar structure (Vance et al., 

1996). Therefore, Bcl-2 could conceivably block cytochrome c efflux directly; Or, Bcl-2 could 

prevent this event indirectly by regulating the flow of ions, including Ca2+ across the 
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mitochondrial and endoplasmic reticulum (ER) membranes (Batty et al., 1993; Lam et al., 

1994; Zörnig et al., 1995; Distelhorst et al., 1996; Marin et al., 1996; Murphy et al., 1996). 

Relevantly, the mechanism by which Bcl-2 protein protects motoneuron cell death was also 

studied in the context of this work by using bcl-2 deficient mice generated in our group.  

 

2.7.2.4. The downstream mediators of apoptosis: Caspases and their inhibitors 

 

As mentioned above, apoptosis-related proteolysis is largely achieved by a family of at least 14 

cysteine proteases which have recently been named caspases. They are cysteine proteases and 

specifically cleave proteins after Asp residues, hence “caspase” (Alnemri et al., 1996). 

Caspases appear to be essential components of the apoptotic death machinery. This 

downstream event of the apoptotic process finally leads to morphologically detectable features 

of cell death. Caspases operate by cleaving cytoskeletal and nuclear proteins which are critical 

for maintenance of cell structure (e.g. β-actin, lamin B) (Lazebnik et al., 1995; Mashima et al., 

1995; Kayalar et al., 1996), enzymes involved in metabolism (e.g. protein kinase C δ) (Emoto 

et al., 1995) and repair enzymes such as poly(ADP-ribose) polymerase (PARP) (Lazebnik et 

al., 1994). 

 

Caspases are related to CED-3, the product of a gene essential for PCD in the nematode 

Caenorhabditis elegans (Ellis and Horvitz, 1986). ICE was the first mammalian homologue of 

CED-3 which was discovered (Yuan et al., 1993). Since then a number of other mammalian 

genes with ICE/CED-3 sequence homology have been identified. Inactive proform of caspase 

requires proteolytic processing to generate the two subunits that form the active enzyme. For 

instance, caspase-3, a 32 KDa precursor is sequentially cleaved after IETD and ESMD sites to 
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produce 17 KDa (p17) and 12 KDa (p12) subunits which form the mature enzyme (Han et al., 

1997). 

 

With regard to the activation of caspases, the substrate specificities of caspases suggest a 

cascade of activities and different functional roles: Upstream caspases play a role as initiators 

of the cascade, whereas downstream caspases (effector caspases) operate to dismantle the cell 

finally. Importantly, so far there are at least three possible ways in which caspases heve been 

shown to be activated: (1) As a result of cleavage by upstream proteases; (2) through death-

inducing receptors of the TNFR/NGFR family. These receptors contain a death domain (DD) 

which couples them via adaptor molecules to caspases. For instance, engagement of the Fas 

receptor and activation of the associated DD cause recruitment of caspase 8 to the complex, 

then caspase 8 is activated (Medema et al., 1997); (3) translocation of cytochrome c from 

mitochondria to cytoplasm. This event may be a common signal for apoptosis in non-receptor-

mediated pathways (Kluck, et al., 1997; Yang et al., 1997). 

 

On the other hand, protein inhibitors of caspases, in particular the iap family of anti-apoptotic 

genes have been discovered. Besides the Bcl-2 family of proteins, the family of inhibitors of 

apoptosis (IAPs) is receiving increased attention in the apoptosis field. IAPs were originally 

identified in baculoviruses and are now known to exist in various organisms as diverse as 

insects and humans. The anti-apoptotic baculovirus protein p35 is a potent inhibitor of 

caspases 1∼4 (Nicholson and Thornberry, 1997; Bump et al., 1995). The mammalian cell death 

suppressors also have viral homologues. In addition, human Χ-chromosome-linked IAP 

(ΧIAP) has recently been found to be a direct inhibitor of caspases 3 and 7 (Deveraux et al., 

1997). In spinal muscular atrophy patients, a disease which is characterized by spinal cord 

motoneuron depletion, one of the responsible genes which is called NAIP (neuronal apoptotic 
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inhibitory protein) (Roy et al., 1995) has sequence similarity to p35 and IAPs (Liston et al., 

1996). Current studies showed that although IAPs do not bind or inhibit caspase 8, they do 

bind to and inhibit its substrate caspase 3, thus arresting the cascade of proteolysis and 

providing protection from Fas/caspase 8-induced apoptosis (Deveraux et al., 1997, 1998; Roy 

et al., 1997). In contrast, in the mitochondrial pathway for caspase activation, XIAP, cIAP-1, 

and cIAP-2 bind directly to the upstream caspase pro-caspase 9, and prevent its processing and 

activation by cytochrome c, both in intact cells and in cell extracts where caspase activation is 

induced by addition of exogenous cytochrome c (Deveraux et al., 1998). Recently, a novel 

gene, ita (inhibitor of T cell apoptosis), which is a avian homologue of the viral and 

mammalian apoptosis inhibitor IAP has been isolated (Digby et al., 1996). In our pilot 

investigation we found that ITA can prevent apoptosis by inhibition of specific caspases, and 

induction of ITA expression seems to be an essential signalling event for survival of 

sympathetic and dorsal root ganglionic sensory neurons in response to NGF (Wiese et al., 

1999a). At present, the inhibitors of apoptosis are important target genes which regulate 

motoneuron survival. These mechanisms were also a target of investigation in the present 

study.   

 

2.7.3. Activation of Raf kinases and apoptosis 

 

The correlation between activation of Raf kinases and apoptosis on motoneurons is a major 

focus of our study. Considerable evidence exists that the Raf-MAPK pathway can influence 

apoptosis, either positively or negatively. The effects of regulation of apoptosis by Raf appear 

to be complex, less well understood and highly dependent on cell type. In fibroblasts and T 

lymphocytes, Raf is probably responsible for the apoptosis-promoting effects of Ras but it has 

also been found to protect from apoptosis in other cell types under some circumstances 
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(Downward, 1998), possibly depending on its degree of activation. The best characterized case 

is in neuronal cells, particularly the pheochromocytoma PC12 cells in which the activation of 

the Raf pathway protects cells from neurotrophic factor withdrawal induced death. 

Downstream from Raf, a variety of signalling pathways influence survival or apoptosis. The 

JNK pathway promotes death in PC12 cells (Xia et al., 1995). It has been assumed for a long 

time, that prolonged activation of the MAPK pathway is necessary for survival of PC12 cells 

after growth factor withdrawal. This view, however has been challenged by observations that 

the specific MEK inhibitor, PD98059 does not enhance cell death when added to cultures of 

NGF stimulated PC12 cells. Light into this complex scenario has been shed by observations 

that v-Raf can protect myeloid cells from apoptosis (Cleveland et al., 1994) by formation of 

direct complexes between Raf and Bcl-2 (Wang et al., 1994). The Bcl-2 family of proteins is 

composed of a large group of anti-apoptotic members and some pro-apoptotic members. The 

various members of the Bcl-2 family share homology to Bcl-2 in one or more of the Bcl-2 

homology regions designated BH1, BH2, BH3, and BH4. Many of the family members have a 

carboxyl-terminal mitochondrial membrane targeting sequence (Kroemer, 1997). The targeting 

of c-Raf-1 to the mitochondria, where Bcl-2 is located, results in the protection of these cells 

from apoptosis, probably by the phosphorylation of Bad, a pro-apoptotic member of the Bcl-2 

family (Wang et al., 1996a). Interaction of Bad with Bcl-2 and Bcl-XL prevents the anti-

apoptotic function of these molecules. After phosphorylation of Bad by Raf, the interaction 

with Bcl-2 and Bcl-XL is hindered and Bad is released into the cytoplasm of the cell. The loss 

of the death-promoting function of Bad after phosphorylation by Raf probably involves the 

formation of a complex with 14-3-3 (Zha et al., 1996; Del Peso et al., 1997; Datta et al., 

1997). These data suggest that Raf activation and phosphorylation of Bad could constitute a 

key mechanism in cell death prevention by neurotrophic factors. Bcl-2 can trap at least one 
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member of the Raf family to mitochondria and thus suppress apoptosis by a MAPK-

independent mechanism.  

 

To analyze this hypothesis in a physiological context, mice with specific deletion of the three 

Raf kinases have been generated. A-raf deficiency leads to post-natal lethality and neurological 

and intestinal abnormalities in mice (Pritchard et al., 1996). C-raf-1 mutant mice show 

developmental defects displaying generalized growth retardation and death around embryonic 

day 13 (Wojnowski et al., 1998). Importantly, unlike A-raf or c-raf-1 knockout mice, B-raf 

deficient mice die during embryogenesis with specific vascular defects caused in part by 

enhanced apoptosis of differentiated endothelial cells (Wojnowski et al., 1997). Although this 

result provides the first genetic evidence for an essential role of B-raf gene in the regulation of 

programmed cell death in particular types of cells, it is unclear whether the apoptotic death of 

endothelial cells is caused by defects in endothelial growth factor signalling through the 

Ras/Raf/MEK/MAPK cascade, or is related to the recently discovered interaction of Raf 

kinases with proteins of the Bcl-2 family at mitochondrial membranes (Wang et al., 1996a). 

Current attempts focus on the question which specific signalling pathways are responsible for 

cell death in B-raf and c-raf-1 deficient mice.  

   

2.8. The objective of this study 

 

In order to investigate whether the cell type specific expression of different isoforms of Raf 

kinases contributes to the diversity of cellular reactions induced by ciliary neurotrophic factor 

(CNTF) and other neurotrophic factors, this project concentrated on mouse motoneurons 

which are supported during development and after birth by CNTF (Sendtner, et al., 1994) and 

other neurotrophic factors (Wiese et al., 1999b). We tried to elucidate the signalling functions 
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of the different Raf kinases in motoneurons at various stages of development. Therefore, in this 

study, the expression, distribution and subcellular localization of Rafs in the spinal cord and the 

facial nucleus in brainstem of mice at different embryonic and postnatal stages were 

investigated. Specific antibodies against A-Raf, B-Raf and c-Raf-1 kinases were used for 

immunohistochemistry and Western blot analysis. Moreover, we have investigated the 

intracellular redistribution of Raf molecules in isolated motoneurons from 13 or 14 day old 

mouse embryos, after addition or withdrawal of neurotrophic factors. These in vitro 

experiments were designed to induce Raf kinase activation in cultured motoneurons. In 

addition, on the basis of a previous report that Bcl-2 can target c-Raf-1 to mitochondrial 

membranes allowing this kinase to phosphorylate Bad (Wang, et al., 1996a), we determined 

the subcellular distribution of Rafs in motoneurons from bcl-2-/- mice. Furthermore, in order to 

investigate the potential anti-apoptotic function of Raf kinases on motoneurons, we isolated 

motoneurons from B-raf-/- and c-raf-1-/-mouse embryos and analysed the survival and 

differentiation effects of neurotrophic factors in motoneurons lacking B-Raf and c-Raf-1.   

 

2.9. Brief summary of the results 

 

We provide evidence that all three Raf kinases are expressed in mouse spinal cord. Their 

expression increases during the period of naturally occurring cell death of motoneurons. In 

sections of embryonic and postnatal spinal cord, motoneurons express exclusively B-Raf and c-

Raf-1, but not A-Raf which seems confined to glial cells. Raf kinases are obviously colocalized 

with mitochondria in motoneurons. In isolated motoneurons, surprisingly, most of the B-Raf or 

c-Raf-1 immunoreactivity is located in the perinuclear space but also in the nucleus, especially 

after activation by addition of CNTF and BDNF in vitro. We also found that c-Raf-1 
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translocation from the cytosol into the nucleus of motoneurons after addition of neurotrophic 

factors is a distinct event. 

 

As a central finding of our study, we observed that the viability of isolated motoneurons from 

B-raf but not c-raf-1 knockout mice is lost even in the presence of CNTF and other 

neurotrophic factors. This indicates that B-Raf but not c-Raf-1, which is still present in B-raf 

deficient motoneurons, plays a crucial role in mediating the survival effects of neurotrophic 

factors during development. In order to prove that B-Raf is an essential player in this scenario, 

we have re-expressed B-Raf in mutant sensory and motor neurons by transfection. The 

motoneurons and the sensory neurons from B-raf knockout mice which were transfected with 

exogenous B-raf gene revealed the same viability in the presence of neurotrophic factors as 

primary neurons from wild-type mice.  

 

Our results suggest that Raf kinases have important signalling functions in motoneurons in 

mouse CNS. In vitro, activation causes redistribution of Raf protein kinases, particularly for c-

Raf-1, from motoneuronal cytoplasm into the nucleus. This redistribution of c-Raf-1, however, 

is not necessary for the survival effect of neurotrophic factors, given that B-raf-/- motor and 

sensory neurons can not survive despite the presence of c-Raf-1. We hypothesize that c-Raf-1 

nuclear translocation may play a direct role in transcriptional regulation as a consequence of 

neurotrophic factor induced phosphorylation and activation of c-Raf-1 in motoneurons. 

Moreover, the identification of target genes for nuclear translocated c-Raf-1 and of specific 

cellular functions initiated by this mechanism awaits its characterization. 
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3. Materials and Methods 

 

3.1. Experimental animals and tissue preparation 

 

Wild-type embryonic and postnatal mice (C57BL/6), ranging from E13 to adult, B-raf and c-

raf-1 gene mutant mice (E12.5∼E13), and bcl-2+/+ and bcl-2-/- adult mice were uesd in this 

study.  

 

Adult mice (C57BL/6 and bcl-2 mutants) were fixed by transcardial perfusion under deep ether 

anaesthesia via the ascending aorta. Following a short rinse with 0.1 M phosphate-buffered 

saline (PBS, pH 7.4) to remove circulating blood, fixation was carried out with 4% 

paraformaldehyde in PBS buffer, pH 7.3, for 10 min. After perfusion, brains and lumbar parts 

of spinal cords were removed, postfixed with the same fixative for 1∼2 h at 4 °C. Thereafter, 

the tissue samples were washed with PBS and infiltrated extensively with 10% sucrose in PBS, 

pH 7.4, over night at 4 °C. Then the brain and spinal cord tissue specimens were transferred to 

20% sucrose in PBS and maintained in the solution till they sunk down to the bottom. After 

successive dehydration, the tissue samples were frozen on dry ice, and stored at -80 °C. For 

newborn mice, the manipulation steps were the same as adult mice except for the use of a 

minipump and omission of PBS for the pre-wash step. For E13 (e.g. B-raf mutant mice) and 

E14 mice (e.g. c-raf-1 mutatnat mice), the heads and spines were removed, the tissues fixed 

with 4% paraformaldehyde in PBS over night at 4 °C following by the same procedure as for 

adult mice. 
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3.2. Antibodies 

 

Primary antibodies and antisera used for Western blotting included: (a) polyclonal rabbit anti-

A-Raf, B-Raf and c-Raf-1 (1:1000; generous gift from Prof. U. Rapp, MSZ, Würzburg 

University, Germany); (b) monoclonal mouse anti-cytochrome c antibody (1:2000; 

Pharmingen, USA); (c) monoclonal mouse anti-actin antibody (1:1000; Boehringer Mannheim, 

Germany). Secondary antibodies used included horseradish peroxidase conjugated goat anti-

rabbit IgG antibody (1:5000; Dianova, Hamburg, Germany) and horseradish peroxidase 

conjugated goat anti-mouse IgG antibody (1:5000; Dianova, Hamburg, Germany). 

 

Primary antibodies and antisera employed for immunochemistry and immunocytochemstry 

included: (a) polyclonal rabbit anti-A-Raf, B-Raf and c-Raf-1 (1:250∼1000; generous gift from 

Prof. U. Rapp, MSZ, Würzburg University, Germany); (b) monoclonal mouse anti-cytochrome 

c antibody (1:400; Pharmingen, USA); (c) monoclonal mouse anti-cytochrome c oxidase 

subunit 1 A-6403 (1:20; Molecular Probes, Inc., USA); (d) monoclonal mouse anti-

neurofilament (1:100; Boehringer Mannheim; Germany); (e) monoclonal mouse anti-

neurofilament 200 (10 ng/ml, Sigma, USA); (f) polyclonal rabbit anti-mouse p75NTR (1:500; 

Chemicon, Germany); (g) rat anti-P75NTR (1:100; Chemicon, Hofheim, Germany); (h) 

monoclonal 39.4D5 antibody against Islet-1 (supernatant of the hybridoma cells diluted 1:1; 

Developmental Studies Hybridoma Bank, Iowa, USA); (i) monoclonal mouse anti-Islet-1 (10 

ng/ml) ascites (DSHB, Iowa, USA); (j) monoclonal mouse anti-HA (10 ng/ml; Boehringer, 

Mannheim, Germany); (k) polyclonal rabbit antiserum against ITA (1:1000; Digby et al., 

1996). Secondary antibodies uesd included Cy3 coupled goat anti-rabbit IgG antibody (1:400; 

Dianova, Hamburg, Germany), Cy3 conjugated goat anti-mouse IgG antibody (1:400; 

Rockland, USA), Cy2 coupled goat anti-rabbit IgG (1:100; Rockland, USA), Cy2 coupled 
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goat anti-mouse IgG (2 ng/ml; Biotrend, Cologne, Germany), Cy2 goat anti-rat IgG (2 ng/ml; 

Biotrend, Cologne, Germany), biotinlated sheep anti-rabbit IgG (1:500; Boehringer Mannheim, 

Germany) combined with Cy3 coupled Streptavidin (1:400; Rockland, USA), FITC conjugated 

sheep anti-mouse IgG (1.100; Boehringer Mannheim, Germany).    

 

3.3. Western blotting 

 

For the Western blot analysis, protein samples were obtained from mice at different time points 

of embryonic and postnatal development. Spinal cord extracts of mice, and extracts from 

cultured mouse motoneurons derived from 14 day old embryos, in which the motoneurons 

were supported by BDNF or without any trophic factor treatment during the culture, were 

used. After lysis (pH 7.0, 5 mM HNa2PO4, 30 mM NaCl, 0.1% SDS), protein samples (50 µg 

in each lane) were equally loaded onto a 7% (Raf protein kinase detection) or 15% 

(cytochrome c detection) sodium dodecyl sulphate-polyacrymide gel electrophoresis (SDS-

PAGE) gel. Equal quantities of protein samples were verified by staining of the nitrocellulose 

with Ponceau red and by actin immunodetection with a monoclonal mouse anti-actin antibody 

(1:1000; Boehringer Mannheim, Germany) on the same nitrocellulose filters after stripping. 

After appropriate separation, the proteins were electrophoretically transferred onto 

nitrocellulose filters with a semidry blotter (Biometra, Germany). Non-specific sites on the 

filters were blocked with 3% non-fat dry milk in TBS-T buffer (50 mM Tris-HCl, pH 7.5, 

0.9% NaCl, 0.2% Triton-X 100). The filters were incubated with primary antibodies: 

polyclonal rabbit anti-A-Raf, B-Raf and c-Raf-1 (dilution 1:1000, generous gift from Prof. U. 

Rapp, MSZ, Würzburg University, Germany) or monoclonal mouse anti-cytochrome c 

antibody (1:2000; Pharmingen, USA) prepared in TBS-T buffer plus 3% non-fat dry milk. 

Then horseradish peroxidase conjugated goat secondary anti-rabbit IgG antibody (1:5000; 
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Dianova, Hamburg, Germany) or horseradish peroxidase conjugated goat anti-mouse IgG 

antibody (1:5000; Dianova, Hamburg, Germany) were added which were also diluted in 

blocking solution. Signals on the filter were revealed by chemiluminescence (ECL) according 

to the manufacturer’s instruction (Amersham Life Technologies, Germany). The blots were 

exposed to film for variable lengths of time (30 sec∼2 min) depending upon the intensity of the 

signal. For antibody stripping, nitrocellulose membranes were incubated with stripping buffer 

(62.5 mM Tris-HCl, pH 6.0, 2% SDS, 100 mM 2-mercaptoethanol) at 70 °C for 1 h, rinsed 

three times (30 min each) in TBS-T buffer solution at room temperature and then for 10 min in 

TBS-T before a new round of detection.  

  

3.4. Raf single, Raf and mitochondrial marker double immunofluorescence in vivo and 

immunofluorescence confocal microscopy 

 

Fourteen µm coronal sections from the facial nucleus region of the brainstem and the lumbar 

part of spinal cord were prepared with a cryostat microtome (Leica CM1900, Germany). All  

immunostaining procedures were carried out at room temperature. After three rinses in TGT 

buffer (pH 7.8, 40 mM Tris-HCl, 0.7% NaCl, 0.04% KH2PO4, 0.15% Na2HPO4, 0.1% 

gelatine, 0.2% Triton-X 100), sections were pre-blocked for non-specific binding sites by 

incubation with 10% goat serum (DAKO, Denmark) in TGT buffer for 30 min, then followed 

by incubation with the primary polyclonal rabbit anti A-Raf, B-Raf and c-Raf-1 antibodies 

(dilution 1:250∼1000, generous gift from Prof. U. Rapp, MSZ, Würzburg University, 

Germany) for 1∼2 h. The sections were washed three times (10 min each) with TGT buffer, 

and incubated again with the blocking solution for 20 min followed by incubation with Cy3 

coupled secondary goat anti-rabbit lgG antibody (1:400; Dianova, Hamburg, Germany) for 30 
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min. The sections were then washed with TGT buffer three times for 30 min, coverslipped with 

PBS containing 50% glycerol (v/v) and sealed with nail polish.  

 

Respectively, the A-Raf, B-Raf or c-Raf-1 double labelling with the mitochondrial marker 

cytochrome c oxidase subunit Ι A-6403 (mouse monoclonal, 1:20; Molecular Probes, Inc., 

USA) was performed according to the procedure described above, except that the sections 

were simultaneously incubated with different anti-Raf- and anti-cytochrome c oxidase subunit Ι 

A-6403 antibodies for 1∼2 h. Then, a combination of two different fluorescence dye-labelled 

secondary antibodies was employed: Cy2 (green) coupled goat anti-rabbit IgG (1:100; 

Rockland, USA) and Cy3 (red) conjugated goat anti-mouse IgG (1:400; Rockland, USA). 

When the immunosignals for Raf and A-6403 mitochondrial marker overlapped in the same 

motoneurons, the colour of the staining became orange. 

 

Immunofluorescence detection was carried out with a Leica fluorescence and confocal laser 

scanning microscope (TCS, Leica, Heidelberg, Germany) using single and double barrier 

filters. Images were photographed with the Imagecorder Plus (version 2.03, Focus Graphics, 

Belmont CA, USA). 

 

3.5. Cytochrome c immunofluorescence  

 

In a separate study, we have investigated cytochrome c distribution in motoneurons of bcl-2+/+ 

and bcl-2-/- adult mice by immunohistofluorescence. The primary antibody employed was a 

monoclonal mouse anti-cytochrome c antibody (1:400; Pharmingen, USA). The procedure for 

immunostaining and immunofluorescence confocal microscopy was the same as described 

above (3.4.). 
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3.6. Preadsorption controls for immunofluorescence staining 

 

Preadsorption controls were performed with A-Raf, B-Raf and c-Raf-1 peptides (kind gift 

from Dr. J. Troppmair, MSZ, Würzburg University, Germany), respectively. 12.5 µl peptid 

solution (10 µg/µl; the final concentration was 5 µl peptid in 200 µl) was mixed with each Raf 

antiserum (2 µl undiluted antiserum). The mixtures were diluted to working concentration of 

the antisera (1:250) in a total volume of 500 µl containing 10% goat serum. These solutions 

were gently rotated at 4 °C over night and followed by a ultracentrifugation at 100,000 × g for 

4 h at 4 °C and then the supernants used for immunofluorescence staining. Other controls were 

performed by incubation of the sections with 10% goat serum in the absence of the primary 

antibodies. 

 

3.7. Mouse motoneuron cultures and induction of Raf activation in mouse embryonic 

motoneurons in vitro 

 

The motoneuron cultures from mouse embryos were prepared as described (Wiese et al., 

1999b). In brief, spinal motoneurons from embryonic day 13 or 14 mice were prepared by a 

metrizamide cushion centrifugation technique. Adult pregnant mice were sacrificed by deep 

ether anesthesia and cervical dislocation and the embryos were isolated from the uterus. The 

ventrolateral parts of the lumbar spinal cords were dissected and transferred to Hank’s 

balanced salt solution (HBSS) (Gibco Life Technologies, Eggenstein, Germany) containing 10 

µM 2-Mercaptoethanol. After treatment with trypsin (0.05%, 10 min; Gibco Life 

Technologies, Eggenstein, Germany), tissues were triturated and the cell suspension passed 

through a nylon mesh (100 µm pore size). The cells were overlaid on 10% metrizamide in 

HBSS. The metrizamide cushion was centrifuged for 20 min at 400 g, and cells from the 
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interphase were taken out, transferred to culture medium without apotransferrin and 

centrifuged again (400 g, 5 min). Cells were plated at a density of 2000 cells/cm2 in 4-well 

culture dishes (Greiner, Nürtingen, Germany), precoated with polyornithine and laminin 

(Arakawa et al., 1990). Cells were grown in neurobasal medium (Gibco Life Technologies, 

Eggenstein, Germany) with serum and 500 µM glutamax and 50 µg/ml apotransferrin at 37 °C 

in a 5% CO2 atmosphere. Fifty per cent of the medium was replaced at day 1 and then every 

second day. 

 

Mouse motoneurons (control Balb/C and p75NTR-/-) were cultured in the presence of CNTF and 

BDNF (10 ng/ml each) for 1 or 5 days. To investigate motoneuronal survival and to 

characterize the cultured motoneurons, the cells were fixed with 4% paraformaldehyde in Tris-

buffered saline (TBS) and washed three times with TBS (25 mM Tris-HCl pH 7.4, 0.8% NaCl, 

0.2% KCl), 10% goat serum and 0.1% Tween-20. Cells were immunostained for 1 hour with 

mouse anti-Islet-1 (10 ng/ml) ascites (DSHB, Iowa, USA), rat anti-P75NTR (1:100; Chemicon, 

Hofheim, Germany) or mouse anti-neurofilament 200 (10 ng/ml; Sigma, USA) antibodies. 

Controls were performed by omission of the first antibody. Cells were washed three times with 

TBS containing 10% goat serum and incubated for 30 min with 2 ng/ml Cy2 coupled goat anti-

mouse, or Cy2 goat anti-rat antibodies. Cells were washed again three times with TBS and 

10% goat serum, then coverslipped with PBS containing 50% glycerol (v/v), observed and 

photographed under a confocal laser scanning fluorescence microscope (TCS, Leica, 

Heidelberg, Germany). 

 

The Raf serine/threonine kinase activation was induced by exposure to a variety of mitogens, 

including growth factors, known to initiate tyrosine, serine, and threonine phosphorylation 

(Rapp, 1991). Therefore, for subsequent Raf kinases activation experiments, the isolated 
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motoneurons from E13 and E14 mouse spinal cords, respectively, were cultured with both 

CNTF and BDNF (10 ng/ml each). In this experiment, the motoneuron cultures were divided 

into four groups: 6 h culture without neurotrophic factor treatment, 6 h culture with CNTF 

and BDNF treatment, 3 min treatment with both same factors after 6 h culture, and 4 day 

culture with CNTF and BDNF treatment. After these treatments, the cultured motoneurons 

were fixed with 4% paraformaldehyde in PBS, pH 7.3 immediately for 10 min at room 

temperature, then processed for immunodetection.  

 

3.8. Immunostaining of cultured motoneurons: Detection of members of the Raf family 

 

For the immunostaining purpose, motoneurons were plated onto glass coverslips for 6 h 

growing during the culture. Mouse motoneurons were then fixed with 4% paraformaldehyde in 

PBS, pH 7.3 for 10 min at room temperature and washed three times (3 min each) with TGT 

buffer. After pre-blocking by 10% goat serum (DAKO, Denmark) for 20 min, the 

immunostaining of the motoneurons was performed by incubation with primary rabbit anti-A-

Raf, B-Raf and c-Raf-1 antibodies (1:250; Prof. U. Rapp, MSZ, Würzburg University, 

Germany) which diluted in TGT containing 10% goat serum over night at 4 °C or for 1 h at 

room temperature. Controls were performed in the absence of the primary antibodies as well as 

by pre-adsorption technique as described above. The motoneurons were washed three times 

with TGT followed by blocking with 10% goat serum for 5 min, then incubated for 30 min 

with biotinlated anti-rabbit IgG (1:500; Boehringer Mannheim, Germany). The motoneurons 

were washed again three times with TGT, then non-specific binding sites blocked again with 

10% goat serum for 5 min. Afterwards the motoneurons were incubated with Cy3 coupled 

Streptavidin (1:400; Rockland, USA) for 30 min. After final wash steps with TGT, the glass 

coverslips on which the motoneurons were grown were turned over and mounted with PBS 
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containing 50% glycerol (v/v) and analyzed under a confocal laser scanning microscope as 

described above. 

 

3.9. Determination of mouse motoneuron survival in wild-type and E13 B-raf+/+ and B-

raf -/- mice  

 

Embryonic day 14 mouse motoneurons were isolated from wild-type mice. Embryonic day 

12.5 or 13 mouse embryos were obtained from B-raf heterozygous intercrosses. Most B-raf-/- 

embryos died in the uterus between embryonic day 13 and 14 after fertilization. The 

motoneurons from wild-type embryos or single B-raf mutant embryos were isolated and plated 

in Greiner 4-well culture dishes at a density of 2000 cells/cm2. The neurotrophic factors BDNF 

(1 ng/µl), CNTF (1 ng/µl) and GDNF (1 ng/µl) were added. Culture medium was changed and 

neurotrophic factors freshly added on day 1 and 3. Initial counting of plated cells was carried 

out when all cells were attached to the bottom of the well after 4 h in culture. Phase bright 

cells were counted at day 1 and day 3. A total of 10 fields (1.16 mm2/field) was counted in 

each well at each time point. In this study, we could not observe any B-raf-/- mouse 

motoneuron survival after 24 h in culture.   

 

3.10. Immunodoublelabelling of cultured E12.5 B-raf mutant motoneurons with B-Raf 

and neurofilament 

 

E12.5 B-raf mutant motoneurons (+/- and -/-) were prepared, cultured and fixed as described 

above. Subsequently, after 18 h culture with BDNF and CNTF (10 ng/ml each), non-specific 

binding sites were blocked and cell membranes permeabilized for 20 min with 10% goat serum 

(DAKO, Denmark) in TGT buffer containing 0.2% Triton-X100. Primary polyclonal rabbit 
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anti-B-Raf antibody (1:250; Prof. U. Rapp, MSZ, Würzburg University, Germany) and primary 

monoclonal mouse anti-neurofilament antibody (1:100; Boehringer Mannheim, Germany) were 

both added over night at 4 °C. The dishes were then washed twice, blocked again for 5 min. 

Then the motoneurons were incubated for 30 min at room temperature with the corresponding 

secondary antibodies: Cy3 (red) coupled goat anti-rabbit lgG (1:200; Dianova, Germany) and 

FITC (green) conjugated sheep anti-mouse IgG (1:100; Boehringer Mannheim, Germany). 

After a final wash, the motoneurons were mounted with glycerol/PBS (1:1). 

 

3.11. Immunohistofluorescence for Rafs, p75NTR and Islet-1 in E13 B-raf and E14 c-raf-1 

mutant mouse spinal cords in vivo 

 

Fourteen µm coronal sections from E13 B-raf and E14 c-raf-1 mutant mouse spinal cords (+/+ 

and -/-) were prepared with a cryostat microtome (Leica CM1900, Germany). Primary 

antibodies (polyclonal rabbit anti-A-Raf, B-Raf and c-Raf-1 antibodies, 1:250, Prof. U. Rapp, 

MSZ, Würzburg University, Germany; polyclonal rabbit anti-mouse p75NTR, 1:500, Chemicon, 

Hofheim, Germany; the supernatant of 39.4D5 hybridoma cells producing the Islet-1 antibody, 

DSHB, Iowa, USA, 1:1 diluted with 10% goat serum in TGT buffer) were respectively added 

for 1 h at room temperature except for the Islet-1 staining (over night at 4 °C). Afterwards the 

spinal cord sections were incubated for 30 min at room temperature with secondary antibodies: 

Cy3 coupled goat anti-rabbit IgG (1:200; Dianova, Germany) for both Rafs and p75NTR, and 

Cy3 conjugated goat anti-mouse IgG (1:400; Rockland, USA) for Islet-1. The rest of 

procedures for the immunohistofluorescence were performed similarly as described above. 
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3.12. Calculation and statistics  

 

Single estimation (per cent of surviving neurons relative to the number of originally plated cells 

in individual wells) from independent experiments were pooled and the results expressed as 

mean and standard error of the mean (SEM). Statistical significance of differences was 

assessed by ANOVA followed by Bonferoni’s test using the Graph Pad Prism software (San 

Diego, USA). Survival curves were fitted to the Hill equation: A * IC50
 n/ (IC50

n + Xn) + B, 

where A is maximal survival supported by the neurotrophic factors, B is the survival 

independent from the neurotrophic factor, IC50 is the neurotrophic factor concentration at 

half-maximal survival and n is the Hill coefficient. 

 

3.13. Genotyping of p75NTR-/-, B-raf-/- and c-raf-1-/- mice 

 

Genomic DNA from mouse tissue was isolated by standard methods. P75NTR-/-  mice were 

obtained from Jackson Laboratories (Bar Harbor, Maine, USA). A PCR technique was   

developed for genotyping of the backcrosses with Balb/C mice (Charles River, Sulzfeld,   

Germany). The primers p75ex3f 5´GTGTTACGTTCTCTGACGTTGTG3´ and p75ex3r 

5´TCTCATTCGGCGTCAGCCCAGGG3´ flanking the targeted exon 3 of p75NTR resulted in a 

360 bp fragment for the non-targeted allele, and the 3´neo primer 

5´GATTCGCAGCGCATCGCCTT3´ together with the p75ex3r primer resulted in a 570 bp 

fragment for the targeted allele. The PCR was carried out as a multiplex-PCR reaction with 10 

pMol of the primers 3´neo and p75ex3f and 20 pMol of the primer p75fx3r, 10 mM dNTPs, 

100 ng genomic DNA and 5 U Taq-Polymerase (Perkin Elmer, Weiterstadt, Germany) in the 

appropriate buffer. The DNA fragments were amplified through 35 cycles of 30 sec 95 °C, 30 

sec 61 °C and 90 sec 72 °C with a prior and final extension of 95 °C and 72 °C, respectively, 
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for 5 min each. For B-raf-/- mice genotyping, the mice were obtained from Prof. U Rapp’s 

group (MSZ, Würzburg University, Germany). The primers b-rafmb3l-1 

5´GCCTATGAAGAGTACACCAGCAAGCTAGATGCCC3´ and b-rafmb-del   

5´TAGGTTTCTGTGGTGACTTGGGGTTGTTCCTGA3´ flanking the targeted exon of b-raf 

resulted in a 220 bp fragment for the non-targeted allele, and the neo-l primer 5´  

5´AGTGCCAGCGGGGCTGCTAAA3´ together with the b-rafmb-del primer resulted in a 

330 bp fragment of the targeted allele. The PCR was carried out as a multiplex-PCR reaction 

with 10 pMol of the primers neo-l and b-rafmb3l-1, and 10 pMol of the primer b-rafmb-del, 1 

mM dNTPs, 100 ng genomic DNA and 1 µl Taq-polymerase (Perkin Elmer, Weiterstadt, 

Germany) in the appropriate buffer. The DNA fragments were amplified through 35 cycles of 

30 sec 95 °C, 30 sec 66 °C and 1 min 72 °C with a prior and final extension of 96 °C and 72 

°C, respectively, for 5 min each. For c-raf-1-/- mice genotyping, the mice were also obtained 

from Prof. U Rapp’s group. The primers c-raf-1-r  

5´GGGATTCTGGGAGTTTGGGGCCAGCAGCTA3´ and c-raf-1-2-2´    

5´CACAGTCCTTTGCTTATTCGG3´ flanking the targeted exon of c-raf-1 resulted in a 200 

bp fragment for the non-targeted allele, and the neo-l primer 5´  

5´AGTGCCAGCGGGGCTGCTAAA3´ together with the c-raf-1-2-2´ primer resulted in a 

300 bp fragment of the targeted allele. The PCR was carried out as a multiplex-PCR reaction 

with 20 pMol of the primers neo-l and c-raf-1-r, and 20 pMol of the primer c-raf-2-2´, 10 mM 

dNTPs, 100 ng genomic DNA and 1.25 U Taq-polymerase (Perkin Elmer, Weiterstadt, 

Germany) in the appropriate buffer. The DNA fragments were amplified through 35 cycles of 

30 sec 94 °C, 1 min 55 °C and 1 min 72 °C with a prior and final extension of 2 min 95 °C and 

10 min 72 °C, respectively. 
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3.14. Transection of the facial nerve and determination of facial motoneuron numbers in 

brainstem serial sections 

 

Newborn mice were anesthetized by hypothermia, the right facial nerve exposed and transected 

as described previously (Michaelidis et al., 1996). NGF was added at 5 µg/2 µl in a small piece 

of collagen gel foam, and this piece of gel foam was applied to the proximal nerve stump of the 

lesioned facial nerve. After surgery, mice were kept under a 30 °C humid atmosphere until they 

had fully recovered, then returned back to their mother. The mice used for this study were kept 

on a Balb/C genetic background, and mice used were either Balb/C mice (wild-type) or mice 

obtained from offspring from backcrosses of p75NTR-/- mice (Jackson Laboratories) with Balb/C 

mice. In a separate experiment, the facial nerve was transected in newborn C57BL/6 mice 

(Charles River, Sulzfeld, Germany), and NGF (5 µg) was added in gel foam to 2 animals, the 

other animals from the same litter did not receive NGF and served as controls.  

 

Animals were anaesthetized with a lethal dose of Ketanest/Rompun (100 mg/5 mg per kg body 

weight i.p.), and perfused with 4% paraformaldehyde in phosphate buffer at 1 week after birth, 

the brainstem region containing the facial nuclei on both sides was dissected and embedded in 

paraffin. Serial sections (7 µm) were prepared and motoneurons counted in every fifth section. 

Counts were corrected for split nucleoli as described (Masu et al., 1993; Sendtner et al., 1997).     
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3.15. Vector construction 

 

A SspI-BamHI fragment of the ita cDNA coding for the N-terminal 365 amino acids and a 117 

bp untranslated region was isolated from a chicken brain library (Clontech, Paolo Alto, USA) 

and ligated to a BamHI-EcoRI fragment coding for the C-terminal 246 amino acids from a 

previously described clone (Digby, et al., 1996), then cloned between the ApaI and EcoRI sites 

under the control of the cytomegalovirus promotor in the pcDNA3 vector (Invitrogen, 

Carlsbad, USA). Restriction fragment analysis and DNA sequencing confirmed the identity of 

the resulting clone. An antisense ita expression vector was constructed with a 1755 bp cDNA 

fragment extending from 180 bp 3´ of the initiation codon to 107 bp 3´ of the termination 

codon and cloned in reverse orientation into the pcDNA3 vector. In addition, a construct 

coding for a protein with 2 N-terminal haemagglutinin (HA) tags was made by cloning a 

fragment coding for GYPYPDVPDYAG in tandem into a pcDNA3 vector with HindIII/KpnI 

with an adapter coding for an N-terminal methionine. The ita cDNA was then cloned into this 

vector with AspI/NotI to generate the pcDNA3-HA-ITA vector.  

 

The expression vector for a truncated ITA lacking the 328 N-terminal amino acids of the ITA 

protein which includes the three BIR domains was generated by a polymerase chain reaction 

strategy using Pfu polymerase (Stratagene). The KpnI-containing forward primer 

5´GCGCGGTACCATGGACTACAAAGATGACGACGACAAACTGCTTCGTGTGAAAGG

AGGAG3´ (designed to contain a FLAG epitope tag) together with the reverse primer 

5´TAGCTGAAAGTAAACTCCCAAGG3´ was employed to synthesize an ~0.5 kb product.  

After digestion of the polymerase chain reaction product at the KpnI and AocI sites, the 

resulting ~0.4 kb fragment was cloned into a KpnI/MroI digested pcDNA3 ITA expression 
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vector to yield pcDNA-ITA∆BIR. All constructs were sequenced to verify that they contained 

no polymerase chain reaction-generated errors. 

 

A full-length bcl-2 cDNA (gift from Susan Cory, Walter and Eliza Institute, Melbourne) was 

cloned as an EcoRI-TaqI fragment encoding the entire protein into the EcoRI-ClaI sites of 

pcDNA3. The pCH110 lacZ expression vector was obtained from Amersham Pharmacia. 

 

3.16. Primary neuronal culture 

 

Sympathetic chain ganglia (SCG) were prepared from 11-day-old chick embryos and dorsal 

root ganglia (DRG) were isolated from 8-day-old chick embryos as described (Sendtner et al., 

1988). The ganglia were collected within 60 min and kept in PBS at 4 °C, then incubated in 

PBS containing 0.1% trypsin (Worthington) for 30 min at 37 °C, subsequently washed three 

times with F14 media supplemented with 10% horse serum (Linaris, Wertheim, Germany) and 

triturated to produce single cell suspensions. Cells were preplated for 3 hours on tissue culture 

plates (Nunclon) and non-adhering cells were then collected and counted. These neuron 

enriched populations were plated on tissue culture plates coated with poly-DL-ornithine 

(PORN)-laminin and grown in F14 media plus 10% horse serum at 37 °C in a 3% CO2 

containing humidified atmosphere.  

 

Phase bright neurons were counted under a phase contrast microscope in at least ten fields 

(each 1.16 mm2), corresponding to 14.2% of the total culture dish area at various time points 

after plating. Each experiment was repeated at least three times, and values shown are either 

data from one representative experiment (Western blot analysis) or mean ± SEM from at least 

three independent experiments.        
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3.17. Transfection by trituration 

 

Plasmid DNA was introduced into primary neurons by a modification of a method used to 

introduce proteins into primary neurons (Borasio et al., 1993). Ganglia (5∼8 DRG, or 2∼3 

sympathetic chains) were trypsinized for 30 min at 37 °C, then centrifuged for 5 min at 400 x 

g, and the supernatant removed. After gently washing in 1.5 ml F14 media with 10% horse 

serum, ganglia were transferred to 1.5 ml trituration buffer containing 0.8 % NaCl, 35 mM 

KCl and 1 µM 2-Mercaptoethanol. After centrifugation, ganglia were transferred to 50 µl of 

fresh trituration buffer containing 50 nM plasmid DNA for 5 min at room temperature. Ganglia 

were then triturated using a 200 µl Gilson pipet with the tip opening placed in the bottom of 

the tube, and bent against the opposing wall to prevent formation of a tight seal. A volume of 

40 µl was used for 35 strokes, and the cells were left in the buffer containing the plasmid at 

room temperature for 10 min. Cells were then preplated and treated as described above (the 

complete procedure of the transfection by trituration is illustrated in Fig. 23). 

 

3.18. Staining for LacZ expression 

 

Cells were washed once with PBS, fixed for 5 min with 2% paraformaldehyde in PBS and 

washed three times with PBS. Cells were then incubated at 37 °C in PBS containing 500 g/ml 

X-Gal, 2.5 mM potassium ferricyanide, 2.5 mM potassium ferrocyanide and 2 mM MgCl2. 

Blue staining developed after 4∼6 hours and cells were photographed after 24 or 72 hours of 

incubation.  
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3.19. Immunostaining and fluorescence microscopy of cultured sensory neurons 

 

Rabbit polyclonal antisera were raised against a peptide corresponding to the 580 C-terminal 

residues of the ITA protein (Digby et al., 1996). Polyclonal antibodies were partially purified 

by Protein G Sepharose affinity chromatography. Preadsorption of the rabbit anti ITA 

antiserum was carried out by incubation of the antiserum with the recombinant peptide. A 

1:1000 dilution of the antiserum was incubated with 500 µg recombinant peptide. The solution 

was mixed overnight at 4 °C and then ultracentrifuged. The supernatant was used in parallel 

with the ultracentrifuged non-adsorbed antibody for the immunodetection of ITA.  

 

Dorsal root ganglionic neurons and sympathetic chain neurons were transfected with ita or ha-

ita plasmids or mock transfected and cultured for 18 hours in the presence or absence of NGF. 

The cells were washed with TBS containing 10% goat serum and 0.05% Tween-20 and 

incubated for 1 h with mouse anti-HA (10 ng/ml; Boehringer, Mannheim, Germany) or a rabbit 

antiserum against ITA (1:1000). Controls were performed in the absence of the first antibody 

(HA) or after preadsorption of the ITA-antiserum (1:1000) with the peptide used for 

immunization (580 C-terminal amino acid residues of the ITA sequence, at 500 µg/ml). After 

preadsorption (overnight at 4 °C), the antibodies were ultracentrifuged and the supernatant 

was used for the experiment. After incubation with the first antibody, cells were washed three 

times with TBS containing 10% goat serum and then incubated for 30 min with 2 ng/ml Cy2 

coupled goat anti-mouse (Biotrend, Cologne, Germany), or Cy3 coupled goat anti-rabbit 

(1:400; Dianova, Hamburg, Germany) secondary antibodies, respectively. Cells were washed 

again three times with TBS containing 10% goat serum, then covered with PBS containing 

50% glycerol (v/v) and observed under a Leica confocal laser scanning microscope (TCS, 

Leica, Heidelberg, Germany). Scans were performed with BP-FITC or LPS590 barrier filters.  
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3.20. Western blot analysis and semiquantitative analysis of ITA expression 

 

For each time point of our analysis, at least 15 dorsal root ganglia from embryonic day 8 

chicken or 5 sympathetic chain ganglia from E11 chicken were prepared. Either ganglia were 

taken directly for Western blot analysis or cells were isolated from the ganglia, enriched by 

preplating and cultured as described above.  

 

Cells were washed with PBS and treated with lysis buffer [50 mM Tris, pH 7.5, 150 mM NaCl, 

1 mM EDTA, 1 µg/ml Aprotinin, 100 µg/ml phenylmethylsulfonylfluor ide (PMSF)], the lysate 

was frozen in liquid nitrogen and thawed at 37 °C for 5 cycles. Debris was removed by 5 min 

centrifugation (600 x g). Proteins were separated by SDS-polyacrylamide gel electrophoresis 

under denaturing conditions and transferred by electroblotting to nitrocellulose. The membrane 

was stained with Ponceau S (Sigma, USA), and the lanes and position of molecular mass 

standard proteins were marked. Blots were blocked at room temperature for 3 h with 6% 

Blotto (BioRad, Germany), 0.01% bovine serum albumin fraction V, 0.1% 

polyvinylpyrrolidone (PVP), 0.1% horse serum, 0.1% fetal calf serum, 0.01% goat serum and 

0.005% Tween-20 in PBS. The blots were then incubated overnight at  4 °C with a 1:1000 

dilution of the affinity purified ITA antiserum in blocking buffer. ITA-immunoreactive bands 

were detected with a goat anti-rabbit horseradish peroxidase conjugated secondary antibody 

(Biotrend, Cologne, Germany) which was incubated with the blot at room temperature for 1 h 

at a concentration of 260 ng/ml in phosphate free buffer. The membrane was then reacted with 

ECL reagent (Amersham, Braunschweig, Germany) and exposed to X-ray film. Films were 

scanned with an INTAS Duo-Store image analysis system (Göttingen, Germany) and the ITA-

immunoreactive bands were analysed with the Gel-Pro Analyzer software (INTAS, Göttingen, 
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Germany). At least three blots from three independent experiments were used, and the data 

were statistically analysed with the GraphPad Prism software (San Diego, CA, USA).  

 

3.21. RT-PCR analysis 

 

For each time point of our analysis, thirty DRGs from 6 or 8 day old chick embryos, or ten 

sympathetic chain ganglia from 8, 11 or 16 day old chick embryos were prepared. Either 

ganglia were taken directly for RNA preparation and RT-PCR, or cells from E8 DRG or E11 

sympathetic chain ganglia were isolated, enriched by preplating and cultured as described 

above. Tissue or cells were lysed in TRIZOL (Life Technologies, Germany) according to the 

manufacturer’s protocols. The RNA concentration was measured photometrically, and 1.0 µg 

of total RNA was used for each RT-PCR reaction.  

 

The primers 5´TATCCTAGCTGCAGTTTTGTTC3´ and 5´CCAGGTCATCAAGTCCAGC3´  

according to the published sequence of ITA in the area of the BIR domains amplified the 

expected 342 bp product. After an initial denaturing step for 5 min at 95 °C, the amplification 

was carried out for 25 or 30 cycles at 95 °C for 30 sec, 60 °C for 30 sec, 72 °C for 30 sec. A 

final amplification for 5 min at 72 °C finished the PCR. The product was cloned into the pAdv 

vector (Clonetech) and sequenced to confirm the specificity of the RT-PCR reaction.  The 

primers 5´GTGCGGTAACGCAAGCGAT3´ and 5´ACACCCTCTCCCCCGGATT3´ 

amplifying a 200 bp fragment of chick 16s RNA were used for RT-PCR to confirm the 

quantity and the quality of the RNA. After an initial denaturing step of 5 min at 95 °C, the 

amplification was carried out for 25 cycles at 95 °C for 30 sec, 58 °C for 30 sec, 72 °C for 30 

sec. A final amplification for 5 min at 72 °C finished the PCR.   
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4. Results 

 

4.1. Effects of neurotrophic factors on isolated motoneurons 

 

4.1.1. Isolation of motoneurons from embryonic mice  

 

In order to investigate the effects of neurotrophins and other neurotrophic molecules on mouse 

motoneurons with specific gene alterations, we have adapted techniques previously used for 

isolation and culture of chick and rat motoneurons (Arakawa et al., 1990). Motoneurons from 

E14 mouse spinal cord were enriched by metrizamid cushion centrifugation. Enrichment of 

motoneurons was determined in a window ranging from 6∼12% (w/v) metrizamid. As a 

parameter, the relative number of Islet-1-positive cells was determined: the optimal metrizamid 

concentration was 10% (w/v). At this concentration,  85 ± 3.5% of all cells stained positive for 

Islet-1 after one day in culture (data not shown) and could thus be identified as motoneurons. 

Islet-1 immunostaining was also investigated at day 5 in culture: at that time point, 92 ± 1.5% 

of all cells were positively labelled (Fig. 1A), confirming that the motoneurons were highly 

enriched by the techniques applied here. These neurons grew out neurites which were strongly 

stained both with antibodies against p75NTR (Fig. 1C,D) and neurofilament (Fig. 1E). Virtually 

all cells stained positively with anti-neurofilament antibody after 5 days in vitro, indicating that 

non-neuronal cells were absent in our cultures (data not shown). 
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Fig. 1 is on this page and the text is on the following page. 
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Fig. 1. Mouse motoneurons in cell culture. (A,B) After 5 days in culture, most (92 ± 1.5%) 
cells stain positive for Islet-1 (A). (B) Corresponding phase contrast picture. (C,D)  
Motoneurons grown for 5 days with BDNF (C) or GDNF (D) at 1 ng/ml show comparable 
p75NTR immunoreactivity. (E) Neurofilament immunocytochemistry in mouse motoneurons 
after 5 days in culture. Bar in (A) valid for (A,B), bar in (C), valid for (C,D), bar in (E): 10 
µm. 
 

 

Isolated mouse motoneurons could survive in the presence of BDNF, NT-3, CNTF and 

GDNF, but not NGF, as shown in Fig. 2. Half-maximal survival with BDNF and NT-3 was 

observed at 1.2 x 10-12 M and 7.1 x 10-12 M, respectively. Similarly, CNTF and GDNF 

supported half-maximal survival at 0.6 x 10-12 M and 0.5 x 10-12 M (Fig. 2). NGF had no 

significant survival effect on spinal motoneurons at 3 and 5 days in culture (Table 1). However, 

transiently increased survival was observed in p75NTR-/- motoneurons with 100 pg/ml NGF 

(80.3 ± 2.8%) in comparison with untreated cells (42.8 ± 1.8%) after 1 day in culture (data not 

shown). 
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Fig. 2. Survival of isolated E14 mouse motoneurons after 5 days in cell culture. BDNF, NT-3, 
GDNF and CNTF were added at concentrations shown. Data were obtained from at least three 
independent experiments. 
4.1.2. The effect of BDNF on cultured motoneurons from control and p75NTR-/- mice  

 

In order to characterize the role of the low-affinity neurotrophin receptor in embryonic 

motoneurons, we have investigated the survival response of motoneurons derived from wild-

type Balb/C and p75NTR-/- mice to neurotrophins. Interestingly, motoneurons from wild-type 

mice showed a bell-shaped survival response in the presence of BDNF with decreased survival 

when cultured at concentrations higher than 1 ng/ml (Fig. 3A). This drop in the dose-response 

curve was not seen in p75NTR-/- motoneurons. In addition, half-maximal survival responses were 

shifted from 1.2 ± 0.4 x 10-12 M in control cultures to 5.4 ± 1.2 x 10-12 M in p75NTR-/- 

motoneurons (Fig. 3B). This indicates that BDNF interacts with p75NTR on motoneurons, and 

that p75NTR can alter the survival response of motoneurons in the presence of BDNF. 
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Fig. 3. Effect of BDNF and NT-3 on survival of WT and p75NTR-deficient motoneurons after 5 
days in culture. (A) BDNF-mediated survival of WT motoneurons is maximal at 0.5 ng/ml, and 
decreases at higher concentrations. The difference in motoneuron survival at 0.5 ng/ml from 
the survival at concentrations higher than 20 ng/ml was statistically significant (P<0.05, 
unpaired Student’s t-test). (B) The EC50 for BDNF-mediated survival of motoneurons was 
compared between WT and p75NTR-/- motoneurons. About five times higher concentrations of 
BDNF were necessary for half-maximal survival of p75NTR-/- in comparison to WT 
motoneurons. (C) NT-3-mediated survival of WT and p75NTR-/- motoneurons. Although 
survival of p75NTR-/- motoneurons appeared slightly reduced in comparison to WT, this 
difference did not reach statistical significance (P>0.05, unpaired Student’s t-test).   
     

 

4.1.3. Characterization of the neurotrophin effects in cultured p75NTR-deficient motoneurons  

 

In order to investigate how p75NTR is involved in mediating neurotrophin survival responses in 

mouse motoneurons, we have compared the survival effects of BDNF and NT-3 in the absence 

and presence of various concentrations of NGF.  
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In wild-type motoneurons, concentrations of NGF which are known to saturate p75NTR 

receptors on the cell surface significantly reduced the survival response to BDNF and NT-3 

(Table 1). This effect could be interpreted in two ways: (1) NGF actively induces cell death 

through p75NTR, as shown before in embryonic chick retinal ganglionic cells (Frade et al., 

1996), in trigeminal mesencephalic sensory neurons (Davey and Davies, 1998) or other cell 

types in culture (Casaccia Bonnefil et al., 1996; Dechant and Barde, 1997). (2) Binding of 

NGF to p75NTR interferes with the binding of BDNF to its cellular high-affinity receptor on 

motoneurons.  
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In order to investigate which of these possibilities applies to our system, we have tested 

whether NGF addition could also reduce survival of these motoneurons in the presence of 

CNTF or GDNF. As a result, NGF at 20 ng/ml did not alter maximal survival in the presence 

of these factors at 0.5 ng/ml (data not shown). 

Effect of NGF on BDNF- and NT-3-mediated survival

of WT motoneurons after 5 days in culture

                                 Motoneuron survival (% of originally plated cells)____  

Concentration of NGF (pg/ml)

                      0                    10                  100                1000              10000_  

BDNF  

(pg/ml)

0 3.8 ± 0.9 5.4 ± 1.2 3.4 ± 1.0 5.2 ± 0.8 3.8 ± 1.0

10 16.1 ±  0.7 2.3 ± 0.6 0.0 ± 0.0 ND ND

100 31.6 ±  1.2 26.4 ±  2.8 0.0 ± 0.0 ND ND

1000 45.2 ±  3.8 ND 38.3 ±  1.8 3.2 ± 1.3 0.0 ± 0.0

NT-3  

(pg/ml)

10 13.8 ±  1.5 12.4 ±  1.0 0.0 ± 0.0 ND ND

100 21.3 ±  1.5 ND 2.5 ± 1 0.0 ± 0.0 ND

1000 40.0 ±  2.2 ND 30.8 ±  2.1 6.3 ± 0.9 0.0 ± 0.0

_____________________________________________________________

Table 1. Values represent mean ±  SEM of at least three determinations. The
experiment was repeated five times. ND, not determined.



 50

Addition of NGF at increasing concentrations to BDNF- and NT-3-treated cultured 

motoneurons showed that NGF could reduce the survival already at very low concentrations. 

For example, 100 pg BDNF/ml supported 31.6 ± 1.2% of plated motoneurons after 5 days in 

culture.  This survival effect was significantly reduced (p<0.05) by the addition of 100 pg/ml 

NGF to 12.5 ± 1.3% at 3 days (data not shown) and undetectable levels at 5 days. Moreover, 

as shown in Fig. 4, BDNF and NGF were added at concentrations indicated at 10 or 100 

pg/ml. The survival effect of BDNF is significantly reduced in the presence of NGF at 

equimolar concentrations, and completely abolished when NGF is given at doses 10 times 

higher than BDNF after 3 adys in culture (Sendtner et al., 2000). Similarly, 100 pg/ml NGF 

reduced the survival effect of 100 pg/ml NT-3 from 21.3 ± 1.5% to 2.5 ± 1.0% of originally 

plated cells (Table 1). These data suggest that NGF could interfere with BDNF and NT-3 

supported survival of cultured motoneurons at concentrations in the range of high-affinity 

binding to cellular receptors.  
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Fig. 4. NGF antagonizes BDNF-mediated 
survival of mouse motoneurons in culture. 
Motoneurons were isolated from lumbar 
spinal cord of 14-day-old mouse embryos 
(Wiese et al., 1999b). Survival of 
motoneurons was determined by counting 
surviving motoneurons after 3 days in 
culture. Values shown are percentages of 
initially plated neurons in the culture dish. 
BDNF and NGF were added at 
concentrations indicated at 10 or 100 pg/ml. 
The survival effect of BDNF is significantly 
reduced in the presence of NGF at 
equimolar concentrations, and completely 
abolished when NGF is given at doses 10 
times higher than BDNF. Note that the 
maximal concentration of NGF in this 
experiment was 100 pg/ml, which is below 
the concentration thought to saturate low-
affinity neurotrophin receptors. NGF could 
not reduce the survival response initiated by 
GDNF, even when the concentration was 
increased to a level of 1000 pg/ml, thus 
suggesting that NGF acts as a specific 
antagonist, probably at the receptor level, 
rather than acting as an independent cell 
death effector on these cultured 
motoneurons. 
 

 

 

 

 

 

 

In order to investigate whether p75NTR plays a role in the observed effects, the same 

experiments were performed with motoneurons isolated from p75NTR-/- mice. The results 

(presented in Table 2) clearly demonstrate that NGF does not reduce survival of motoneurons 

cultured with BDNF or NT-3 when p75NTR is absent. Therefore, we conclude that NGF can 
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interfere at high-affinity binding sites for BDNF and NT-3 at the cell surface of motoneurons, 

and that the p75NTR is probably part of these receptor complexes. 

 

 

 

NGF does not reduce BDNF- and NT-3-mediated motoneuron

survival in p75NTR -/- motoneurons after 5 days in culture

                                 Motoneuron survival (% of originally plated cells)     .  

Concentration of NGF (pg/ml)

                      0                    10                  100                1000              10000  

BDNF  

[pg/ml]

0 3.4 ± 1.3 4.2 ± 1.2 5.1 ± 1.3 3.8 ± 1.0 3.2 ± 1.1

10 4.1 ± 0.8 2.3 ± 0.6 6.3 ± 1.1 ND ND

100 29.5 ± 3.1 32.4 ± 2.0 33.8 ± 1.9 31.4 ± 2.3 ND

1000 38.9 ± 1.3 ND 39.0 ± 2.8 43.2 ± 3.1 39.5 ± 4.1

NT-3  

[pg/ml]

10 13.0 ± 1.1 12.1 ± 1.0 13.2 ± 0.9 ND ND

100 21.3 ± 2.0 ND 22.3 ± 1.8 20.7 ± 2.5 ND

1000 39.8 ± 3.0 ND 42.5 ± 2.5 40.0 ± 3.6 38.4 ± 2.6

____________________________________________________________

Table 2. Values represent mean ± SEM of at least three determinations. The
experiment was repeated five times. ND, not determined.
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4.1.4. NGF reduces facial motoneuron survival after axotomy: Role of p75NTR in vivo  

 

Previously, it has been observed that NGF can reduce motoneuron survival after axotomy 

(Miyata et al., 1986; Sendtner et al., 1992) in newborn rats. After facial nerve transection in 

newborn Balb/C mice, 83 ± 4% lesioned motoneuron degenerate within 1 week.  This rate of 

degeneration is increased in Balb/C mice when NGF is added at 5 µg in gel foam to the 

proximal nerve stump (Table 3). Similar results have been observed with newborn rats 

(Sendtner et al., 1992). In order to investigate whether the p75NTR receptor component is 

involved, the same experiment was performed with p75NTR knockout mice. On the lesioned 

side, 21 ± 16% of motoneurons survived in the absence of added factors and 36 ± 9% of 

lesioned motoneurons survived in the presence of NGF. Thus, survival after NGF addition was 

significantly (P<0.005) higher in p75NTR-/- mice in comparison to control Balb/C mice (Table 3). 

Interestingly, the number of motoneurons on the unlesioned side was significantly reduced in 

p75NTR-/-  mice, indicating that the role of p75NTR in motoneurons differs from other neuronal 

populations, e.g. the septal cholinergic neurons, whose number is enhanced in p75NTR-deficient 

mice (van der Zee, 1996; Yeo et al., 1997). 
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4.2. The role of Bcl-2 for mediation of neurotrophic factor signals on motoneuron 

survival 

 

4.2.1. Expression and cellular localization of Raf kinases in bcl-2 deficient motoneurons  

 

Number of facial motoneurons in 1-week-old WT and

p75NTR-/- mice after unilateral facial nerve lesion

______________________________________________________________

unlesioned side les ioned side % survival

______________________________________________________________

control BalbC (n=4) 2897 ±  98** 488 ±  67 17 ± 4

control BalbC (n=3) 2583 ±  68** 54 ±  9 2 ± 0.1*

+NGF to lesioned nerve

p75  N T R-/- (n=7) 1988 ±  77** 451 ±  112 21 ± 16

p75  N T R-/- (n=4) 2221 ±  136** 806 ±  148 36 ± 9*

+NGF to lesioned nerve

-----------------------------------------------------------------------------------------------------

control C57Bl/6 (n=1) 1662 362 22%

control C57Bl/6 (n=2) 1897 35 1.8%

+NGF to lesioned nerve

_____________________________________________________________

Table 3. Values shown are mean ±  SEM for animals with Balb/C genetic back-
ground. *P<0.005, Student’s t-test. **Statistical comparison of motoneuron cell
numbers on the unlesioned side between control Balb/C (n = 7) and p75N T R-/-
mice (n = 11) revealed a significant difference (P<0.0005, Student’s t-test).
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Immunostaining of B-Raf and c-Raf-1 in bcl-2+/+ and bcl-2-/- adult mouse spinal motoneurons 

showed that B-Raf and c-Raf-1 are confined obviously to the cytoplasm of the motoneurons 

(Fig. 5) in the spinal cord. The immunointensities of B-Raf and c-Raf-1 are the same as in wild-

type mice (Fig. 10). There is no difference between bcl-2+/+ (Fig. 5A,C) and bcl-2-/- (Fig. 

5B,D) mice.  

 

4.3. The role of cytochrome c: Developmental expression in mouse spinal cord and 

immunolocalization in motoneurons in the presence and absence of bcl-2 gene 

 

4.3.1. Developmental expression of cytochrome c in normal mouse spinal cord and its 

expression in bcl-2+/+ and bcl-2-/- mouse spinal cords by Western blot analysis 

 

Western blot analysis of cytochrome c from mouse spinal cord showed that during 

development, cytochrome c could be detected as early as at E13, but the expression is 

extremely weak (Fig. 6), it starts to be slightly upregulated around at E14 and maintains the 

same low level before birth. After birth (P1), the expression of cytochrome c is increased. It is 

upregulated to maximal level at P7 and continuously expressed thereafter to adulthood at the 

same high level (Fig. 6). In bcl-2+/+ and bcl-2-/- adult mouse spinal cords, the expression of 

cytochrome c is indistinguishable from wild-type adult mouse and there is no difference in 

expression between bcl-2+/+ and bcl-2-/- mice (Fig. 6).  

 

In cultured motoneurons from E14 mouse spinal cord, expression of cytochrome c was not 

detectable by Western blotting. The results from BDNF treated cultured motoneurons and 

untreated motoneurons did not differ (data not shown). 
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Fig. 5 and the text are on this page. 
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Fig. 6. Western blot analysis of cytochrome c from different embryonic and postnatal stages of 
wild-type and bcl-2 mutant mouse spinal homogenates. Fifty micrograms of proteins of each 
stage were loaded onto each lane, separated on 15% SDS-PAGE and transferred to 
nitrocellulose. Membranes were probed with a cytochrome c antibody and, after stripping, with 
an actin antibody. Immunoreactivity was revealed by ECL detection. This Western blot is 
representive of five independent experiments. Note that during development, cytochrome c 
could be detected as early as at E13 but the expression was extremely weak (a very faint band). 
It starts to be slightly upregulated around at E14 and maintained the same level before birth. 
After birth (P1), the expression level of cytochrome c is increased. It is upregulated to the 
maximal level at P7 and continuously expressed thereafter to adulthood at the same level. In 
addition, in bcl-2+/+ and bcl-2-/- adult mouse spinal cords, the expression of cytochrome c is 
similar as in wild-type adult mice and there is no difference in expression between bcl-2+/+ and 
bcl-2-/- mice. 
 

 

4.3.2. Cytochrome c immunostaining in bcl-2+/+ and bcl-2-/- mouse spinal and facial 

motoneurons 

 

Since cytochrome c release from mitochondria is a crucial step in apoptosis induction, and Bcl-

2 can block the release of cytochrome c from mitochondria in this scenario, we have 

investigated the expression of cytochrome c in motoneurons of bcl-2+/+ and bcl-2-/- mice. 
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Cytochrome c immunostaining in bcl-2+/+ and bcl-2-/- mouse spinal and facial motoneurons 

demonstrates that cytochrome c is confined to specific intracellular compartments 

(mitochondria) (Fig. 7A,C). Interestingly, the immunosignal for cytochrome c in the cytosol of 

motoneurons appears and more diffusely distributed in bcl-2-/- motoneuorons (Fig. 7B,D) in 

comparison with bcl-2+/+ ones (Fig. 7A,C).  

 

4.4. Expression and localization of Rafs in the developing spinal cord and in 

motoneurons 

 

4.4.1. Development of techniques for immunolocalization of Rafs in motoneurons: Specificity 

of Raf antibodies for their corresponding Raf isoforms 

 

Preadsorption of A-Raf, B-Raf and c-Raf-1 antibodies with peptides and recombinant Raf 

proteins supressed or specifically decreased the immunostaining observed in mouse lumbar 

spinal sections (Fig. 8B,E,H). Sections incubated with 10% goat serum in the absence of the 

primary antibodies appeared unstained (Fig. 8 C,F,I). For the both controls, no specific signal 

was detectable. 
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Fig. 7 and the text are on this page. 
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Fig. 8 and the text are on this page. 
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4.4.2. Expression of A-Raf, B-Raf and c-Raf-1 proteins in mouse spinal cord at different 

embryonic and postnatal stages  

 

Western blot analysis of Raf-kinases from extracts of the mouse spinal cords showed that the  

A-Raf, B-Raf and c-Raf-1 protein kinases are expressed in the mouse spinal cord during all 

stages of development. The expression of all three Rafs is maintained until adulthood but their 

isoforms are differentially distributed and expressed (Fig. 9). The two higher molecular weight 

isoforms of A-Raf (Fig. 9A) are weakly expressed at E13, E16 and P20 and found throughout 

adulthood. The expression of the lower molecular isoform of A-Raf is much more intense than 

the higher ones: corresponding bands are already present at E13 and increase at E16. The same 

level of expression is maintained until adulthood. For B-Raf (Fig. 9B), two isoforms are 

expressed in the mouse spinal cord. The two isoforms of B-Raf are constantly present at 

different stages from E13 to adult. For c-Raf-1 (Fig. 9C), the expression of the higher 

molecular weight isoform of the protein is present at P20 and the adult. The lower molecular 

weight isoform of c-Raf-1 is already expressed at E13 mouse spinal cord and the expression is 

maintained at the same intensity during embryonic and postnatal stages, but in the adulthood its 

expression is slightly decreased. These experiments were repeated five times and similar results 

obtained. 
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Fig. 9. Western blot analysis of A-Raf (A), B-Raf (B) and c-Raf-1 (C) protein kinases in mouse 
spinal cord from different embryonic and postnatal stages. Fifty micrograms of proteins of each 
stage were loaded onto each lane, separated on 7% SDS-PAGE and transferred to 
nitrocellulose. Membranes were probed with A-Raf, B-Raf and c-Raf-1 antibodies and, after 
stripping, with an actin antibody. Immunoreactivity was revealed by ECL detection. The 
position of molecular weight (kDa) standards is indicated on the left side of each gel. These 
Western blots are representive of five independent experiments. Note that the three Raf 
proteins are expressed at all stages of development in mouse spinal cord. For A-Raf (A) and c-
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Raf-1 (C), their isoforms appear differentially distributed and expressed at different mouse 
stages.  Two isoforms of B-Raf (B) are constantly present at all stages. 
4.4.3. Detection of the distribution of A-Raf, B-Raf and c-Raf-1 protein kinases in mouse 

motoneurons within the ventral horn of the spinal cord and the facial nucleus 

 

Staining for the different Raf protein kinases showed that motoneurons in the postnatal mouse 

express exclusively B-Raf and c-Raf-1. The expression of A-Raf is very weak (data not shown) 

and mostly confined to glial cells. B-Raf and c-Raf-1 proteins are detectable by 

immunostaining in motoneurons within the same regions of the CNS (facial nucleus and lumbar 

spinal cord) but with slightly differential staining intensity. B-Raf immunoexpression appears 

stronger than c-Raf-1 (Fig. 10, Fig. 11). The immunoreactivities detected both by conventional 

(Fig. 10) and confocal laser scanning microscopy (Fig. 11) showed that B-Raf and c-Raf-1 are 

localized in the cytoplasm of the motoneurons. Both B-Raf and c-Raf-1 staining was 

widespread in both motoneuron cell bodies and processes but the nucleus of these cells 

appeared unstained. In lumbar spinal sections, some distinct staining patterns were found in 

cytoplasmic compartments of motoneurons resembling mitochondria (Fig. 10C,D) (Wang et 

al., 1996a). When single motoneurons in the same regions were selected and analysed under 

the confocal laser scanning microscope, we found expression of B-Raf and c-Raf-1 widespread 

within cytosol of the motoneurons. Moreover, the staining was concentrated at punctate 

structures. Apparently, both B-Raf and c-Raf-1 are associated with cytoplasmic organelles 

(Fig. 11A,B,C,D). This observation further suggests association with mitochondria (see 

below). In addition, strong B-Raf immunoreactivity was also located in association with the 

nuclear membrane (Fig. 11C). 
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Fig. 10 and the text are on this page. 
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Fig. 11 and the text are on this page. 
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4.4.4. B-Raf and c-Raf-1 are colocalized with A-6403 mitochondrial marker cytochrome c 

oxidase subunit I in mouse motoneurons 

 

To explore the association of Raf protein kinases with mitochondria in motoneurons within  

the facial nucleus or spinal cord, the A-6403 antibody against the mitochondrial marker 

cytochrome c oxidase subunit I was used for the co-immunolocalization detection. It was 

found the Raf-kinases co-locolize with this specific mitochondial marker in motoneurons. This 

could be clearly observed by double immunofluorescence with B-Raf or c-Raf-1 and A-6403 

mitochondrial marker, respectively (Fig. 12C,F). In order to investigate the subcellular 

colocalization of c-Raf-1 and A-6403 in more detail, 10 single motoneurons in the same 

section stained with c-Raf-1/Cy2 (green) and A-6403/Cy3 (red) were selected, scanned and 3-

D-reconstructed by confocal laser scanning microscopy (TCS, Leica, Heidelberg, Germany) 

using double filters for visualization of combined fluorescence (orange, Fig. 13). Our results 

show that c-Raf-1 and A-6403 immunorecativities colocalized within the mitochondrial 

compartments of the motoneurons (Fig. 13A,B). Moreover, not all of c-Raf-1 

immunoreactivities (green) were localized at mitochondria, staining also appeared in other 

cytoplasmic regions of the motoneurons (Fig. 13A,B). 
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Fig. 12 and the text are on this page. 
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Fig. 13 and the text are on this page. 
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4.4.5. Redistribution of Raf protein kinases to the perinuclear space and to the nucleus of 

motoneurons after addition of neurotrophic factors in vitro 

 

In order to investigate subcellular redistribution of Raf protein kinases after activation of cell 

surface receptors, motoneurons from E14 mouse spinal cords were isolated and divided into 

four groups: (1) 6 h culture without neurotrophic factor treatment (Fig. 14A,B,C); (2) 6 h 

culture with CNTF and BDNF addition for induction of Raf kinase activity (Fig. 14D,E,F); (3) 

3 min treatment with both neurotrophic factors after 6 h culture (Fig. 14G,H.I); (4) continuous 

4 d culture with CNTF and BDNF  (Fig. 14J,K,L). In contrast to our in vivo study for 

subcellular localization of Raf protein kinases which revealed a widespread cytoplasmic 

localization pattern, most of the A-Raf and B-Raf immunoreactivities after 6 h in vitro in 

motoneurons were distributed predominantly in the perinuclear space as well as in the nuclei, 

especially after addition of CNTF and BDNF (Fig. 14A,B,D,E,G,H,J,K). Interestingly, for the 

distribution of c-Raf-1 immunoreactivity, we observed that after 6 h of culture, irrespective of 

addition of the neurotrophic factors, c-Raf-1 dramatically translocated from cytoplasmic region 

to the nucleus of the motoneurons (Fig. 14C,F,I,L). The same staining for c-Raf-1 in the 

nucleus was also observed in CNTF and BDNF treated cultured motoneurons (Fig. 14,F,I,L). 

The same result was obtained from cultured E13 mouse motoneurons as well (data not 

shown). 
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Fig. 14 and the tex are on this page. 
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4.4.6. Intracellular involvement of B-Raf kinase signalling in anti-apoptotic effects via 

neurotrophic factors in motoneurons 

 

Previous study has shown that B-raf deficient mice die during embryogenesis with vascular 

defects caused in part by enhanced apoptosis of differentiated cells of the endothelial lineage 

(Wojnowski et al., 1997). This result provides the first genetic evidence for an essential role of 

B-raf gene, but not A-raf and c-raf-1 genes, in the regulation of programmed cell death. We 

then speculated that cell death prevention by neurotrophic factors via the Raf kinase pathway 

might occur a MAPK pathways independent form. Therefore, to investigate the potential anti-

apoptotic role of B-Raf kinase on motoneurons, we have isolated motoneurons (Wiese et al., 

1999b) from B-raf-/- mouse embryos and analyzed the survival and differentiation effects of 

neurotrophic factors in these motoneurons of lacking B-Raf. 

 

4.4.6.1. Immunohistochemical detection of A-Raf, B-Raf and c-Raf-1 protein kinases in E13 

B-raf+/+ and B-raf-/- mouse spinal motoneurons, and in E14 c-raf-1+/+ and c-raf-1-/- mouse 

spinal motoneurons  

 

4.4.6.1.1. Expression in E13 B-raf+/+ and B-raf-/- mouse spinal motoneurons  

 

Breeding of B-raf heterozygous mice can not produce viable homozygous mutant (B-raf-/-) 

offspring. Most homozygous embryos die in uterus before E14 after fertilization. This overall 

growth deficiency because also manifest as a diminished embryonic weight. Former study 

(Wojnowski et al., 1997) has clarified that this growth deficit could not be attributed to a 

developmental arrest. Rather, the B-raf-/- embryos have vascular abnormalities due to apoptotic 

endothelial cell death. 
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During development, the ventral horn region of E13 mouse spinal cord contains a high number 

of motoneurons since at this time point the period of naturally occurring cell death has not 

started yet. Our results demonstrate that B-raf-/- mouse completely lacks the B-Raf protein 

(Fig. 15B), as shown by immunohistochemistry indicating the protein is completely lacking and 

not expressed in a truncated form. In contrast, B-Raf immunostaining in B-raf+/+ mouse 

showed distinct high expression in the motoneurons (Fig. 15A). The intensities of A-Raf and c-

Raf-1 immunostaining in the motoneurons were not different in both B-raf+/+ and B-raf-/- mice 

(Fig. 15C,D,E,F). Our results also demonstrate that the intensities of the immunostainings with 

B-Raf (in B-raf+/+ mouse), c-Raf-1 and A-Raf (both in B-raf+/+ and B-raf-/- mice) antibodies 

decreased progressively during development in the spinal ventral horn (Fig. 15A,C,D,E,F). 

 

4.4.6.1.2. Expression in E14 c-raf-1+/+ and c-raf-1-/- mouse spinal motoneurons 

 

In c-raf-1-/- mouse spinal motoneurons, c-Raf-1 immunostaining is negative (Fig. 16B). The 

intensities of the immunosignals for B-Raf (both c-raf-1+/+ and c-raf-1-/-  mice) (Fig. 16E,F), c-

Raf-1 (c-raf-1+/+ mouse) (Fig. 16A), and A-Raf (both B-raf+/+ and B-raf-/- mice) (Fig. 16C,D) 

in turn decreased successively. Also, the intensities of A-Raf and B-Raf immunoexpression in 

both c-raf-1+/+ and c-raf-1-/- animals were not different.  
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Fig. 15 and the text are on this page. 
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Fig. 16 and the text are on this page. 
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4.4.6.2. Islet-1 and p75NTR immunoreactivities in motoneurons are decreased in B-raf-/- mouse 

but no differences are detectable between c-raf-1+/+ and c-raf-1-/- mice 

 

4.4.6.2.1. Expression in E13 B-raf+/+ and B-raf-/- mouse spinal motoneurons  

 

Since developing motoneurons express high levels of Islet-1 (Ericson et al., 1992) and p75NTR  

(Ernfors et al., 1989) at embryonic day 13, we have investigated the expression of these 

proteins in order to test whether differentiation of motoneurons is abnormal before embryonic 

day 13 in B-raf-/- mice. Islet-1 has been found as a key regulator of motoneuron development 

(Pfaff et al., 1996), p75NTR is also highly expressed in developing motoneurons (Ernfors et al., 

1989), although its physiological role as a receptor protein in motoneurons during this 

developmental period is not clear. We have examined the immunoreactivities for these two 

proteins in E13 B-raf+/+ and B-raf-/- mouse spinal motoneurons. Islet-1 (Fig. 17A,B) and 

p75NTR (Fig. 17C,D) immunoreactivities in spinal motoneurons were both found at slightly 

lower levels in B-raf-/- mouse in comparison with B-raf+/+ mouse. 

 

4.4.6.2.2. Expression in E14 c-raf-1+/+ and c-raf-1-/- mouse spinal motoneurons 

 

In E14 c-raf-1+/+ and c-raf-1-/- mouse spinal motoneurons, both Islet-1 and p75NTR 

immunoreactivities in the motoneurons within the ventral horn region displayed 

indistinguishable between c-raf-1+/+ mouse and c-raf-1-/- animals (Fig.18.A,B,C,D). 
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Fig. 17 and the text are on this page. 
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Fig. 18 and the text are on this page. 
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4.4.6.3. Absence of B-raf gene but not c-raf-1 leads to loss of viability of mouse motoneurons 

in vitro  

 

We have investigated the survival response of isolated motoneurons derived from E12.5 B-raf 

mutant mice to neurotrophic factors. The B-raf+/- and B-raf+/+ motoneurons could survive in 

the presence of BDNF and CNTF for more than 5 d in vitro at normal rates as observed in our 

previous studies employing wild-type motoneurons from 14 day old mouse embryos (Wiese et 

al., 1999b). Fig. 19 A and B show that B-raf+/- mouse motoneurons display marked expression 

of B-Raf immunoreactivity after 24 h culture, which was distributed mainly in the perinuclear 

space, some staining was also found in the nucleus. The same result had been obtained with 

motoneurons from wild-type E13 and E14 mice (Fig. 14B,E,H,K). In addition, in order to 

demonstrate that the motoneurons had properly developed and reached a normal level of 

maturity at E12.5, the cultured motoneurons were immunodouble-labelled with B-Raf (Fig. 

19C) and neurofilament (Fig.19D) in B-raf+/- mice. The result demonstrated that both proteins 

are normally expressed (Fig. 19E). 
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Fig. 19 and the text are on this page. 
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Surprisingly, the isolated motoneurons from E12.5 B-raf-/-
 

mice could not survive after 6 h in 

culture under the same condition as B-raf+/-
 

motoneurons in response to BDNF and CNTF (1 

ng/ml each growth factor). Our investigation also showed that no motoneurons immunostained 

with B-Raf and/or neurofilament antibodies could be found after 6 h in vitro (Fig. 19F). All 

cells did obviously undergo cell death until this time point. Fig. 20 shows the quantification of 

survival of isolated motoneurons from E12.5 B-raf mutant mice after 3 days in culture. The 

results demonstrate that CNTF, BDNF or GDNF can not support B-raf-/-
 

 motoneuron survival 

in vitro (Fig. 20). In contrast, almost 80% motoneurons from B-raf+/-
 

(Fig. 20) and B-raf+/+
 

(data not shown) mice can survive with the same different single neurotrophic factors after 3 

days in culture. 
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Fig. 20. Survival of motoneurons from E12.5 B-raf mutant mice after 3 days in culture. 
Surviving motoneurons were counted after 3 days in culture in the presence of neurotrophic 
factors. CNTF, BDNF and GDNF can not support B-raf-/- motoneuron survival in vitro. In 
contrast, almost 80% motoneurons from B-raf+/+ and B-raf+/- mice can survive in the presence 
of these neurotrophic factors after 3 days in culture. The data represent mean ± SEM from 
three independent experiments. 
 

 

Conversely, CNTF, BDNF and GDNF can support both E12.5 c-raf-1+/- and c-raf-1-/- 

motoneuron survival after 5 days in vitro. Almost 50% motoneurons from both c-raf-1+/- and 

c-raf-1-/- mice can survive in response to various neurotrophic factors after 5 days in culture 

(Fig. 21). The survival of motoneurons from E12.5 c-raf-1 heterozygous and knockout mice 

after 5 days in culture is not statistically different.  
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Fig. 21. Survival of motoneurons from E12.5 c-raf-1 mutant mice after 5 days in culture. 
Surviving motoneurons were counted after 5 days in culture in the presence of neurotrophic 
factors. In contrast to B-raf-/- motoneurons (Fig. 20), CNTF, BDNF and GDNF can support 
both E12.5 c-raf-1+/- and c-raf-1-/- motoneuron survival after 5 days in vitro. Almost 50% 
motoneurons from both c-raf-1+/- and c-raf-1-/- mice can survive with neurotrophic factors after 
5 days in culture. The survival rates of motoneurons from E12.5 c-raf-1 heterozygous and 
knockout mice after 5 days in culture are no statistically different from wild-type mouse 
motoneurons. The data represent mean ± SEM from three independent experiments. 
 
 

The similar results also obtained from sensory neurons which were isolated from both 12.5 day 

old B-raf and c-raf-1 mutant mouse embryos (data not shown). 
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4.4.6.4. Transfection of B-raf expression plasmids to B-raf-/- motoneurons and sensory 

neurons rescues neurotrophic factor-mediated survival 

 

Based on these data that the viability of isolated motoneurons from B-raf knockout mice is lost 

in the presence of neurotrophic factors, as well as in order to further analyse and prove the 

anti-apoptotic effects of B-Raf kinase for supporting motoneuronal survival during 

development, we transfected exogenous B-raf gene into the motoneurons and sensory neurons 

from E12.5 B-raf-/- mice. We found that transfected neurons could respond again to 

neurotrophic factors and the viability of the cells could be recovered by B-Raf.  

 

4.4.6.4.1. Development of techniques for plasmid transfection of primary sensory and 

sympathetic neurons 

 

A. NGF upregulates ITA expression via PI-3 pathways in cultured neurons  

 

In order to investigate downstream signalling processes which mediate the survival effect of 

neurotrophic factors, we have studied ITA expression in response to NGF in developing 

sensory and sympathetic neurons. Dorsal root ganglia (DRG) were isolated from 8-day-old 

chick embryos and paravertebral sympathetic chains from 11-day-old embryos. After 

dissociation of the ganglia and neuronal enrichment by preplating, the neurons were cultured 

for periods up to 18 h with or without NGF or CNTF. We chose 18 h as the longest culture 

period because sensory and sympathetic neurons started to die between 18 and 20 hours in the 

absence of NGF (data not shown) and can no longer be rescued by delayed addition of NGF 

(unpublished observations; Sendtner et al., 1988). Thus, under our specific experimental 

conditions, after 18 h an irreversible cell death process was switched on. Cells were harvested 
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and lysed, and the extracts were analyzed by Western blot analysis using polyclonal antibodies 

against ITA. The specificity of the ITA antibodies was tested by preadsorption of the 

antiserum with the immunising peptide (580 amino acids from the C-terminal part of the ITA 

protein). The ITA-immunoreactive band in Western blots of E8 DRG neurons was completely 

abolished by preadsorption (Fig. 22e). The ITA protein is expressed in E8 chick dorsal root 

ganglia, but expression drops below the detection level after isolation and during preplating of 

the freshly prepared neuronal cells (Fig. 22e). Without NGF (at 5 h after preparation or 0.5 

and 18 hours after plating), ITA protein levels remained low. However, 2 hours of NGF 

exposure led to a 26-fold increase of ITA protein content in dorsal root ganglionic sensory 

neurons (Fig. 22a). A similar increase (51-fold) was detectable in sympathetic neurons at 6 h 

after NGF exposure (Fig. 22b,c).  
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Fig. 22. Time course of NGF-induced upregulation of ITA in primary sensory and sympathetic 
neurons from developing chick embryos. (a) Time course of ITA upregulation in primary 
dorsal root ganglionic sensory neurons after addition of NGF. The relative intensity of the ITA 
bands were quantitated from Western blots. (b) Time course of ITA upregulation in primary 
sympathetic neurons after addition of NGF. (c) Western blot showing ITA protein content in 
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cultured sympathetic neurons at various time points after addition of NGF or in its absence. (d) 
Blockade of PI3-K by Wortmannin (50 nM) abolishes NGF induced upreglation of ITA in 
primary sympathetic neurons after NGF addition.  (e) Expression of ITA in E8 dorsal root 
ganglia (DRG) and E11 sympathetic chain ganglia (SCG). ITA protein expression was 
compared in 100.000 neurons obtained directly after the preplating step (about 5 h after 
isolation). For comparison, 15 E8 DRG ganglia containing approximately the same number of 
neurons were homogenized directly after preparation and the protein extract loaded on the 
same gel. A strong immunoreactive band for ITA was detectable in the extract of the DRG 
ganglia but not in the isolated neurons, indicating that ITA protein levels dropped during 
preparation, trypsin incubation and preplating (approximately 5 h).  In the same experiment, 
preadsorption of the antiserum with ITA peptide abolished the signal obtained with an extract 
from 15 E8 dorsal root ganglia. (f) Expression of ita mRNA in dorsal root and sympathetic 
ganglia during development. RT-PCR (25 cycles) showed significant expression of ITA in vivo 
at E6 and E8 in lumbar dorsal root and at E8 and E11 in paravertebral sympathetic ganglia. At 
later stages (E11 in dorsal root and E16 in sympathetic ganglia), expression was reduced. 
 

 

In vivo, ita mRNA expression was detected by semiquantitative RT-PCR in dorsal root ganglia 

from E6 and E8 and in sympathetic chains from E8 and E11 chick embryos. At later 

developmental stages (E11 in sensory and E16 in sympathetic ganglia), ita mRNA levels were 

decreased (Fig. 22f).  

 

Signalling pathways involving PI-3K have been shown to play an important role in NGF-

mediated survival at least of sympathetic neurons (Crowder et al., 1998). To investigate 

whether the involvement of PI3-K mediated pathways in the upregulation of ITA expression, 

we inhibited PI3-K activity with Wortmannin in NGF treated cultures. Wortmannin (50 nM) 

completely abolished the upregulation of ITA expression in sympathetic neurons after 18 h in 

culture (Fig. 22d). Similarly, a recent observation also showed that Wortmannin at a 

concentration of 100 nM inhibits NGF-mediated survival of primary rat sympathetic neurons 

(Crowder et al., 1998 and references therein). 
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B. Overexpression of ITA promotes neuronal survival in primary sensory and sympathetic 

neurons 

 

In order to investigate whether ITA is essential for neuronal survival in response to NGF, we 

developed a mechanical trituration methold for transfection of primary neurons with expression 

plasmids (Fig. 23). This method allowed us to transfect about 56 ± 8% of isolated sensory 

neurons and 48 ± 6% of sympathetic neurons, as revealed by a lacZ reporter plasmid in NGF-

supported neuronal cultures at 24 (Fig. 24f) and 72 hours (Fig. 25) after plating. Transfection 

with ita supported survival of 21.7 ± 1.4% of the cultured sensory neurons at 72 h in culture. 

At this time point, only 7.7 ± 1.2% of the originally plated mock-transfected cells could survive 

without NGF. Addition of NGF to ita-transfected sensory neurons supported 48.4 ± 2.0% 

survival, which was not significantly different from the survival of mock-transfected cultures 

with NGF (42.2 ± 2.2%). As a positive control for assessment of transfection efficacy, a bcl-2 

expression plasmid was introduced into parallel cultures, supporting survival of 16.8 ± 1.0% of 

the cells at the same time point. These data indicate that about 50% of the NGF-responsive 

sensory neurons were transfected, and could be supported by ITA in the absence of NGF. Thus 

ITA is at least as effective in supporting survival of primary neurons as mammalian IAPs or 

neuronal apoptosis inhibitory proteins (NAIPs) (Liston et al., 1996; Simons et al., 1999).  
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Fig. 23. Technique for transfection of primary sensory and sympathetic neurons with 
expression plasmids. Ganglia (5∼8 DRG, or 2∼3 sympathetic chains) were trypsinized for 30 
min at 37 °C, then centrifuged for 5 min at 400 x g, and the supernatant removed. After gently 
washing in 1.5 ml F14 media with 10% horse serum, ganglia were transferred to 1.5 ml 
trituration buffer containing 0.8 % NaCl, 35 mM KCl and 1 µM 2-Mercaptoethanol. After 
centrifugation, ganglia were transferred to 50 µl of fresh trituration buffer containing 50 nM 
plasmid DNA for 5 min at room temperature. Ganglia were then triturated using a 200 µl 
Gilson pipet with the tip opening placed in the bottom of the tube, and bent against the 
opposing wall to prevent formation of a tight seal. A volume of 40 µl was used for 35 strokes, 
and the cells were left in the buffer containing the plasmid at room temperature for 10 min. 
Cells were then preplated and cultured accordingly to related text in this dissertation. 
 

Transfection  technique for primary embryonic
chick sympathetic and sensory neurons

0.1%  Trypsin F14 + 10 %
horse serum

35 mM KCl
140 mM NaCl

1 nM ß-ME

35 mM KCl
140 mM NaCl

1 nM ß-ME
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3 h
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Fig. 24 is on this page and the text is on the following page. 
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Fig. 24. Morphology of primary embryonic chick dorsal root ganglionic sensory neurons after 
transfection with plasmids coding for ita, antisense ita, ita∆BIR, bcl-2 or lacZ. (a) Cells 
transfected with a control vector (pcDNA3 without insert) after 24 h in culture with NGF. (b) 
Cells transfected with a bcl-2 transfection vector (pcDNA3 vector, positive control) after 24 h 
in culture without NGF. (c) Cells transfected with an antisense-ita vector after 24 h in culture 
with NGF. (d) Cells transfected with a sense-ita vector after 24 h without NGF. (e) Cells 
transfected with an expression vector coding for a truncated ITA lacking the BIR domains 
(ITA∆BIR). Cells were grown for 24 h without NGF. (f) Cells transfected with a lacZ 
expression plasmid after 24 h in culture with NGF. Scale bar in (a), 50 µm, for figures a∼f. 
 
 
 

 
 

 
 
 
 
Fig. 25. Neuronal survival of sensory and sympathetic neurons after transfection with control 
and ita expression plasmids. (a) Survival of E8 chick dorsal root ganglionic sensory neurons 
with or without NGF, after transfection with plasmids coding for bcl-2, ita, antisense-ita or a 
truncated ITA protein lacking the 328 N-terminal amino acids that contain the three BIR 
domains (ITA∆BIR). (b) Survival of E11 chick sympathetic neurons with or without NGF, 
after transfection with the same expression plasmids as in (a). Transfection efficacy was 
determined in parallel cultures with the lacZ expression plasmid in the presence of NGF. The 
culture period for all sensory neurons was 72 h and for all sympathetic neurons 96 h. Surviving 
cells were counted under the phase contrast microscope. The number of lacZ-positive cells was 
determined after fixation and visualization of transfected cells by X-gal staining.        
 

 

We have also tested whether the positive survival effect of ITA involves the BIR domains, as 

recently shown in other cellular contexts (Takahashi, et al., 1998). As the result, transfection of 
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a construct coding for a truncated ITA protein lacking the BIR domains into primary sensory 

and sympathetic neurons failed to prevent cell death without NGF (Fig. 24e, Fig. 25).  

 

When ita-transfected sensory neurons were grown for 18 hours, strong ITA immunoreactivity 

was observed in the surviving neurons (Fig. 26e,f). To distinguish between endogenous ITA 

and ITA from plasmid transfection in NGF-treated cultures, we expressed a haemagglutinin-

tagged ITA and detected it with antibodies against the tag. In this experiment, 62% of the cells 

stained with antibodies against the tag (Fig. 26a,b), and this proportion increased to 95% when 

the cells were grown in the absence of NGF (Fig. 26c,d). The few unstained cells lacked 

neurites, were small and probably reflect dying cells. Specificity of the antibody for ITA was 

tested by preadsorption with the immunizing peptide, which abolished ITA immunostaining in 

ita-transfected neuronal cultures (Fig. 26g,h). 
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Fig. 26 is on this page and the text is on the following page. 
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Fig. 26. ITA immundetection in transfected sensory neurons. Sensory neurons were transfected 
either with an ita expression plasmid or a ha-ita expression plasmid. The cells were cultured 
for 18 h with or without NGF. (a,b) Cells transfected with ha-ita and cultured with NGF. 
Immunostaining (a) was done with an anti-mouse-HA antibody (Boehringer, Mannheim). 
Three of six cells in the corresponding phase-contrast picture (b) are strongly labelled. 
Unlabelled cell bodies are indicated by arrows in (b). Similar staining was observed in 248 out 
of 400 cells individually investigated and counted, corresponding to 62 % labelled cells. This 
probably reflects the transfection efficacy in this particular experiment. In three parallel control 
groups with a lacZ expression plasmid, 58 ± 5 % of the cells appeared labelled. (c,d) Cells 
transfected with ha-ita and cultured without NGF. Virtually all cells with long neurites 
expressed ITA, as detected by the haemagglutinin tag antibody. Small shrunken cells without 
processes (indicated by arrows in d) were not or were only faintly stained with the HA 
antibody. (e,f) ITA Immunoreactivity in transfected cells cultured without NGF. Cells were 
immunostained with a polyclonal antiserum against ITA. (g,h) Controls were incubated with 
the peptide-preadsorbed antiserum, which did not stain the cells. Scale bar, 20 µm. 
 

 

C. Ita antisense expression abolishes NGF-mediated survival in primary sensory and 

sympathetic neurons 

 

An ita antisense plasmid was constructed and transfected into E8 DRG sensory neurons. This 

led to a reduction of the NGF survival response from 42.2 ± 2.2% to 17.2 ± 2.1% in these cell 

cultures (Fig. 25a). Because only about half of the NGF-sensitive cells were transfected, this 

suggests that ita antisense expression abolishes NGF-mediated survival in virtually all 

transfected cells.  

 

We tested the ita antisense plasmid for specificity with an ITA-overexpressing PC12 cell line. 

The same antisense plasmid which was used in our experiments with primary neurons 

significantly reduced ITA protein content in ITA-overexpressing PC12 cells (data not shown), 

without any effect on cell survival, thus demonstrating that the ita antisense plasmid can 

specifically suppress ITA protein expression in transfected cells. 
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We have also tested the ita antisense plasmid in cultured E8 sensory neurons. The antisense 

plasmid leads to reduction of ITA as revealed by Western blot analysis with a specific ITA 

antiserum (Fig. 27a). The blots shown in Fig. 27a was stripped and reincubated with an 

antibody against α actin as a control for equal amounts of protein in the individual lanes.  

 

 

 

     

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 27. The ita antisense plasmid leads to reduction of ITA protein and ita mRNA content in 
primary neurons. (a) Transfection of ita antisense plasmid into cultured sensory neurons 
reduces ITA levels as revealed by Western blot analysis with a specific ITA antiserum. The 
blots were stripped and reincubated with an antibody against α actin as a control for equal 
amounts of protein in each lanes. (b) Transfection of ita antisense plasmid reduces ita mRNA 
in cultured sympathetic neurons. Upregulation of ita expression was investigated by RT-PCR 
(25 cycles). The ita mRNA expression was clearly detectable at 8 h after initiation of NGF 
treatment, and the strong signal seen at 20 h was markedly reduced by the antisense treatment. 
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To demonstrate that the ita antisense plasmid specifically suppresses ITA expression in primary 

neuronal cultures from E11 sympathetic ganglia, we performed a RT-PCR for ita with a 

specific 3´ primer which allowed us to amplify the cDNA corresponding to ita mRNA. 

Antisense treatment leads to significant reduction of ita mRNA expression after 20 h in culture 

in the presence of NGF (Fig. 27b). The mRNA for ita in antisense-treated cultures was only 

detectable at significant levels when the PCR for ita mRNA was performed with 30 instead of 

25 cycles (data not shown).  

 

Similar results were also obtained with E11 chick sympathetic neurons. In this cell population, 

ita antisense expression decreased NGF-mediated survival from 60.3 ± 2.2% to 30.7 ± 2.5 % 

(Fig. 25b). ITA overexpression supported 28.7 ± 2.3% of the cells in the absence of NGF. Bcl-

2 overexpression supported 40.2 ± 2.5%, corresponding to our observation that only about 

half of the isolated cells could be transfected. Thus, ITA overexpression supports survival of 

primary sensory and sympathetic neurons, and antisense expression abolishes NGF-mediated 

survival of these cells.  

 

4.4.6.4.2. Transfection of B-raf expression plasmids to B-raf-/- motoneurons and sensory 

neurons rescues neurotrophic factor-mediated survival 

 

We have investigated the survival of E12.5 sensory neurons of dorsal root ganglia from B-

raf+/+ and B-raf-/- mice, which were transfected with exogenous B-raf expression plasmids and 

cultured with BDNF and CNTF for 18 h. The sensory neurons were immunostained with 

specific antibodies against B-Raf and neurofilament by employing combination of two 

fluorochrome-labelled secondary antibodies. After transfection of the B-raf expression 

plasmids, sensory neurons from B-raf+/+ and B-raf-/- animals survived for 18 h in culture with 
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BDNF and CNTF, which was the period for our investigation in vitro, and both showed 

marked expression of B-Raf immunoreactivity (Fig. 28A,B,E.F). In contrast, non-transfected 

individual sensory neurons among the DRG neurons from B-raf-/- mouse were undergoing cell 

death (Fig. 28E,F, arrowheads) in these cultures. In addition, for verifying the specificity of the 

primary antibody used in this experiment, controls were employed in which the primary 

antibody was omitted (Fig. 28I,J,K,L). Independent controls in which the primary antibody 

was preadsorbed (Fig. 28M,N,O,P) are also shown. 
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Fig. 28 and the text are on this page. 
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Fig. 28 (continued) and the text are on this page. 
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5. Discussion 

 

The Raf family of serine/threonine protein kinases are major signalling molecules in virtually all 

cells which transduce signals from the cell surface to the nucleus. However, very little is known 

so far about their function in the nervous system. We have studied the distribution and 

subcellular localization of Raf kinases in mouse motoneurons in vivo, and investigated the role 

of these kinases in motoneurons in vitro specifically after activation via neurotrophic factor 

receptors. In addition, we have tried to define the function of A-Raf, B-Raf and c-Raf-1 in 

regulating neuronal survival and axon growth. 

 

5.1. Expression of Raf protein kinases during embryonic and postnatal development 

 

As a first step of our analysis, we have investigated Raf protein expression and localization in 

motoneurons with specific antibodies which recognize the 3 known isoforms of Raf (Fig. 8). 

As shown in Fig. 9, Western blot analysis of mouse spinal cord obtained at different 

developmental stages showed no cross-reactivity of the antisera for their specific antigens. The 

three Raf protein kinases show different patterns and various isoforms of expression in mouse 

spinal extracts, indicating that their expression is regulated independently and that they might 

be involved in separate signalling pathways in motoneurons and their specialized subcellular 

compartments. Although previous studies (Storm et al., 1990; Morice et al., 1999) have shown 

that A-Raf mRNA and protein expression is restricted to urogenital tissues and is poorly 

detectable in the CNS of adult rodents, by using specific A-Raf antibody we could detect A-

Raf protein kinase expression at different stages of mouse development in spinal extracts. 

There are two higher molecular weight isoforms of A-Raf faintly present from E13 until 
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adulthood. Also one intensely expressed lower molecular weight isoform of A-Raf is already 

present at E13 and its expression is increased at E16 and maintained at the same level of 

expression until adulthood (Fig. 9A). On the other hand, at the immunohistochemical level, A-

Raf expression in motoneurons is relatively weak.  

 

Previous studies have shown that B-Raf protein kinase exists in more than 10 isoforms in most 

areas of the rat brain, some of them being ubiquitously distributed but others showing region 

specific distribution, whereas for c-Raf-1 expression, only one isoform is detectable (Morice et 

al., 1999). The B-Raf isoforms are generated by alternative splicing of the exons 8b and 10 or 

correspond to two different N-termini of the protein, and they are identified by several sera 

specific for alternative exons (exons 1-2, exon 8b, exon 10). These studies also found various 

B-Raf isoforms differentially localized at the subcellular level (Barnier et al., 1995; Morice et 

al., 1999). Our results show that there are only two isoforms of B-Raf protein expressed in 

mouse spinal cord. The two isoforms of B-Raf are expressed at similar rate and they are 

constantly present from E13 to adult. Our results are consistent with former findings at mRNA 

level that B-Raf protein kinase is the most abundant Raf isoform during embryonic and 

postnatal development in the CNS (Storm et al., 1990).  

 

C-Raf-1 is expressed as two isoforms and significant amounts of c-Raf-1 protein are found 

both during development and adulthood in mouse spinal cord. The expression of the higher 

molecular weight isoform of c-Raf-1 is similar at P20 and in the adult. Its lower molecular 

weight isoform is already expressed at E13 and is maintained at the same intensity during 

embryonic and early postnatal development but its expression is slightly decreased during 

adulthood. We conclude that all three Raf protein kinases are expressed in mouse spinal 

motoneurons. Their expression increases during the period of natually occurring cell death of  
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motoneurons. 

5.2. Immunohistochemical distribution of three Raf protein kinases in mouse 

motoneurons within the spinal ventral horn and the facial nucleus 

 

Former immunohistochemical studies have revealed that B-Raf and c-Raf-1 are widely 

distributed in the CNS including the hippocampus, neocortex and spinal cord, and their 

immunoreactivities are confined mainly to neuronal cell bodies and dendrites (Mihaly et al., 

1991, 1993; Mihaly and Rapp, 1993). However, another study has shown that they are present 

not only in neurons but also in astrocytes (Mihaly and Rapp, 1994). Our study on the 

immunohistochemical distribution of the Raf kinases in mouse spinal and facial motoneurons 

showed that the neuronal cells expressed exclusively B-Raf and c-Raf-1 (A-Raf 

immunoreactivity is very faint in motonerons). Also, the staining intensity with B-Raf and c-

Raf-1 antibodies indicates that the concentration of B-Raf protein in the motoneuronal 

cytoplasm tended to be higher than that of c-Raf-1 kinase. The immunosignals observed both 

by conventional and confocal laser scanning microscopy reveal that B-Raf and c-Raf-1 are 

confined obviously to the cytoplasm of the motoneurons. A previous report has exhibited that 

B-Raf and c-Raf-1 immunostaining is mostly confined to neurons and that these two kinases 

are coexpressed in most of the neurons (Morice et al., 1999). Other investigators have 

suggested that these two kinases have ubiquitous distribution with a decreasing antero-

posterior gradient of expression which is similar to the distribution pattern for MEK and ERK 

proteins (Ortiz et al., 1995). Our results demonstrate that B-Raf and c-Raf-1 

immunoreactivities are localized in the cytosol of motoneurons suggesting that B-Raf and c-

Raf-1 protein kinases play a role in intracellular signalling of motoneurons. Although both B-

Raf and c-Raf-1 kinases are present in the CNS, only B-Raf was detected as a MEK activator 

in bovine brain (Catling et al., 1994; Yamamori et al., 1995). The question still remains 
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whether B-Raf also signals through another pathway which does not require the 

phosphrylation of MEK in neurons. In contrast, several studies support the view that c-Raf-1 is 

the major player within this protein family which regulates at least ERK-driven entry in the cell 

cycle. However, some investigations also implicate that c-Raf-1 could act in other signalling 

pathways which do not require MEK/ERK activation (Galaktionov et al., 1995; Kuo et al., 

1996; Lu et al., 1998). 

 

5.3. Subcellular localization of Raf protein kinases: colocalization with the A-6403 

mitochondrial marker in mouse motoneurons 

 

Our results indicate that the immunoreactivities for B-Raf and c-Raf-1 are concentrated at 

cytoplasmic organelles, which most probably are mitochondria (Wang et al., 1996a). We have 

investigated this observation at more detail using the specific A-6403 mitochondrial marker. 

The result proved that subcellularly Raf kinases are localized at mitochondrial compartments in 

motoneurons in vivo. This result also indicates that Raf kinase signalling in motoneurons might 

be restricted to specific subcellular compartments such as mitochondria. 

 

Unlike traditionally known roles of Raf protein kinases as promoters of cell proliferation and 

differentiation within the context of the Ras signalling pathway, recent evidence also showed 

that Bcl-2 protein can target c-Raf-1 to mitochondria, where Bcl-2 is located, through an 

interaction that depends on the BH4 domain of Bcl-2 and the catalytic domain of c-Raf-1 

(Wang et al., 1996a). Consequently, Bcl-2 targets c-Raf-1 to mitochondria as an effector 

protein kinase which mediates resistance to apoptosis. Our data show that Raf kinases are also 

localized at mitochondria of motoneurons within the facial nucleus, in particular when the 

tissue sections are analyzed. Previous studies have demonstrated that after targeting by Bcl-2 
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to mitochondria, c-Raf-1 may become activated by Bag-1 (Wang et al, 1996b). Bag-1 is a Bcl-

2- and c-Raf-1-interacting protein that enhances the anti-apoptotic effects of Bcl-2 (Wang et 

al., 1996b). C-Raf-1 can phosphorylate and inactivate Bad and possibly also other protein 

substrates involved in apoptosis regulation (Wang et al., 1996a). Since active Bad binds to Bcl-

2 instead of c-Raf-1 and induces a signalling cascade which causes cell death (Gajewski and 

Thompson, 1996; Kroemer, 1997; Zha et al., 1996), phosphorylation of Bad by c-Raf-1 seems 

to be an important signal preventing its binding to Bcl-2 and Bcl-XL, thus relieving repression 

of these anti-apoptotic proteins. This hypothetical mechanism of protection of cells from 

apoptosis appears as an alternative pathway compared with the currently intensively 

investigated Ras/PI3/PKB/Akt pathway (Yao and Cooper, 1995; Marte and Downward, 1997; 

Khwaja et al., 1997; Marte et al., 1997): After activation of PKB/Akt via PI3-kinase, PKB/Akt 

phosphorylates Bad, preventing its interaction with, and inhibition of, the apoptosis inhibitory 

proteins Bcl-2 and Bcl-XL ( Zha et al., 1996; Del Peso L et al., 1997; Datta et al., 1997). 

Moreover, Raf kinases have been reported to exert anti-apoptotic as well as pro-apoptotic 

effects. The regulation of apoptosis appears to be complex and highly dependent on cell types 

(Downward, 1998). Therefore, we suppose that the localization of Raf kinase to the 

mitochondria in motoneurons in vivo might play a role in suppressing apoptosis by interaction 

with Bcl-2 in a MAP kinase cascade- or PKB/Akt pathway-independent manner. Further 

experiments with Raf knockout mice focusing on the investigation of Raf kinases as an effector 

kinase of Bcl-2 protein leading to Bad phosphorylation could be helpful to define such 

functions in motoneurons. Thus the involvement of Raf kinases in mediating survival and 

differentiation in motoneurons could be investigated. 
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5.4. Intracellullar redistribution of Raf protein kinases in motoneurons after activation 

by neurotrophic factors in vitro 

 

Previous study have shown that c-Raf-1 undergoes intracellular redistribution in cultured cells 

following its activation (Rapp et al., 1988; Lissoos et al., 1993; Olah et al., 1991; Brennscheidt 

et al., 1994; Lu et al., 1988). On the contrary, another report showed that no detectable 

movement of c-Raf-1 protein to the perinuclear or nuclear space can be observed in a 

fibroblastic cell line (Rat-1) ( Prouty et al., 1998). Up to now, the mechanism of signal-induced 

intracellular redistribution of the c-Raf-1 protein kinase is not well known. Thus the question is 

still open whether c-Raf-1 which has been redistributed to the nucleus is involved in the 

regulation of gene expression or whether this redistribution effect is merely a general 

phenomenon without specific function. We suspect that this redistribution event may play an 

important role in transcriptional regulation of target genes. However, further studies have to 

clarify whether this is the case. Therefore, in the present study we have investigated the 

intracellular fate of Raf kinases after stimulation with neurotrophic factors in motoneurons. 

This corresponds to our data on the situation in vivo which did not reveal c-Raf-1 or B-Raf 

immunoreactivity in the nucleus in motoneurons (Fig. 10, Fig. 11). However, this could be due 

to the fact that the motoneurons are not exposed to excessive concentrations of neurotrophic 

factors. Our in vitro analysis was designed to induce Raf kinase activation by addition of both 

CNTF and BDNF to cultured motoneurons, subsequently the intracellular redistribution and 

translocation of Raf kinases in the cultured motoneurons was detected by confocal laser 

scanning microscopy.  

 

These experiments showed that after 6 h culture most of A-Raf and B-Raf immunoreactivities 

were located in the perinuclear space and nuclei of E14 mouse motoneurons, especially when 
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CNTF and BDNF were added to the cultures. Interestingly, we observed c-Raf-1 being 

dramatically translocated from the cytoplasma into the nuclei of motoneurons after 6 h culture, 

irrespective of addition of neurotrophic factors. This could be due to the possibility that c-Raf-

1 is activated by other signals than neurotrophic factors. However, isolated motoneurons 

depend on neurotrophic factors for their survival, and motoneuron cell death starts around 6 h 

in culture in the absence of neurotrophic factors. This indicates that the nuclear translocation of 

c-Raf-1 is not involved in mediating the survival effects of neurotophic factors.  

 

What could be the function of c-Raf-1 in the nucleus of motoneurons? Raf protein kinases 

neither contain an established or putative nuclear localization signal sequence nor nucleolar 

localization sequences (Boulikas, 1993; Szebeni et al., 1995; Schlenstedt, 1996). Moreover, 

the amino acid sequence of Raf kinase does contain a consensus appropriate for DNA binding, 

while the high proportion of hydrophobic residues may allow for lipid-protein or protein-

protein interactions. Such properties might contribute to the intracellular and intranuclear 

redistribution (Rapp et al., 1988a). The consequence of nuclear translocation of c-Raf-1 after 

factor-induced phosphorylation and activation has been shown in previous work (Rapp et al., 

1988b). Treatment of serum-deprived NIH3T3 cells with the mitogen platelet-derived growth 

factor (PDGF, maximal at 5 min) or with the phorbol ester tumor promoter TPA (maximal at 

20 min) provokes a rapid redistribution of c-Raf-1 from the cytosolic fraction to the 

perinuclear area (Rapp et al., 1988b). Olah et al. (1991) demonstrated that an ischemic insult 

causes redistribution of Raf protein kinase into the cell nucleus of hippocampal neurons. 

Increased amounts of Raf protein in the nuclei of pyramidal cells following ischemia were also 

detected by Western blot analysis of isolated nuclear fractions of neuronal cells. This result 

indicated that in the hippocampal neurons the intracellular redistribution patterns of Raf kinases 

seem to coincide with the ongoing pathological processes. Thus the subcellular localization of 
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Raf protein kinases is thought to constitute a sensitive indicator of postischemic cellular 

damage. It has been suggested that this nuclear scaffold-bound pool of Raf in the hippocampal 

cells may be more resistant to proteolytic breakdown evoked by transient ischemic attack 

(Olah et al., 1991). Another study (Lu et al, 1998) has shown that angiotensin ΙΙ (Ang II) 

stimulates c-Raf-1 targeting into the neuronal nucleus, suggesting that this translocation may 

play a direct role in regulating synthesis and processing of the ribosomal RNA involved in the 

control of protein synthesis relevant to the neuromodulatory and other cellular actions of 

angiotensin II in neurons. With regard to the mechanism of the translocation, it is likely that c-

Raf-1 is transported across the nuclear membrane accomplished by its binding to another 

carrier protein. One such carrier could be MAPK since MAPK kinase inhibitor can block Ang 

II-induced nuclear translocation of both MARK and c-Raf-1 (Lu et al, 1998). Future studies 

are needed to better define the precise role of the cellular effects of nuclear translocation of 

Rafs. Our study indicates that this translocation is not associated with neuronal survival. 

However, other functions in gene expression, possibly also in the initiation of pathways which 

ultimately lead to cell death are feasible and need further characterization in future studies. 

 

5.5. B-Raf kinase and apoptosis in motoneurons 

 

B-raf deficient mice die during embryogenesis with vascular defects caused by enhanced 

apoptosis of differentiated cells of the endothelial lineage. This finding is the first genetic 

evidence for an essential role of raf genes in the regulation of programmed cell death 

(Wojnowski et al., 1997). In addition, B-raf knock-out mice show subtle anatomical 

abnormalities in neuronal tissue with disturbed growth and differentiation of neuroepithelium 

(Wojnowski et al., 1997). Because B-Raf is predominantly expressed in mouse brain (Storm et 

al., 1990) and in motoneurons as revealed by our experiments, B-raf deficient mice represent 
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an ideal tool for studying its specific role in motoneurons. As the regulation of apoptosis by 

Raf is highly dependent on cell type (Downward, 1998), we suspect that cell death prevention 

by neurotrophic factors via Raf kinase pathways could play an important role and might 

involve both MAPK-dependent and MAPK-independent mechanisms. Therefore, the potential 

role of B-Raf in mediating anti-apoptotic signals in motoneurons was investigated in this study. 

We analyzed the survival and differentiation effects of neurotrophic factors on the E12.5 

mouse motoneurons isolated from B-raf deficient mice. In order to make sure that these mice 

do not express alternatively truncated B-Raf protein or B-Raf from another gene which is not 

targeted in these mice, we have performed immunohistochemistry with B-Raf specific 

antibody. These experiments clearly demonstrated that at the histochemical level, the B-raf-/- 

mouse used for the study completely lacks the B-Raf protein, whereas A-Raf and c-Raf-1 

expression was normal (Fig. 15). 

 

Our experiments showed that at E13, the latest time point when we could obtain alive B-raf 

mutant mice, Islet-1 and p75NTR immunoreactivities were both decreased in B-raf-/- mice 

compared with B-raf+/+ mice. Islet-1 is a transcription factor specifically expressed in 

developing motoneurons (Tsuchida et al., 1994). During development, the differentiation of 

motoneurons is dependent on the expression of Islet-1. Spinal motoneurons fail to develop in 

Islet-1 null mutant embryos, thus establishing Islet-1 as a key regulator of motoneuron 

development (Pfaff et al., 1996). This LIM homeodomain transcription factor is the first 

marker of postmitotic motoneurons and is expressed soon after their exit from the cell cycle 

(Ericson et al., 1992). All motoneurons pass through a period of Islet-1 expression, but not all 

motoneurons remain Islet-1-positive (Tsuchida et al., 1994).  

BDNF, neurotrophin 3 (NT3) and neurotrophin 4/5 (NT4/5) which belong to the nerve growth 

factor (NGF) family promote embryonic motoneuron survival at later developmental stages 
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(Oppenheim et al., 1992; Henderson et al., 1993; Becker et al., 1998). Very little is known 

about the requirements of motoneurons for their survival before they become dependent on 

these neurotrophins. One recent study (Dutton et al., 1999) has shown that in isolated spinal 

cord precursor and in explant cultures, purified N-terminal Sonic hedgehog (Shh-N), a neural 

tube ventralizing factor, can cooperate with NT3 but not with other neurotrophic factors 

resulting in Islet-1/2 expression in almost all neurons generated. This result suggests that NT3 

is the endogenous factor that acts specifically with Shh-N to induce Islet-1. This could indicate 

that NT3 signalling and Shh-regulated signalling pathways do not only support differentiation 

but also survival before the peroid of physiological motoneuron cell death. NT3 is expressed in 

spinal cord and in skeletal muscle, the regions where motoneurons receive signals for 

differentiation and survival. In particular the spinal fusimotor neurons are lost in NT3 knockout 

animals (Kucera et al., 1995). Correspondingly, mice lacking a functional TrkC receptor also 

show a 30% loss of motoneuron fibers in the ventral root of spinal cord, indicating a similar 

reduction in motoneuron numbers (Klein et al., 1994). Our results show that Islet-1 

immunoreactivity within the spinal ventral horn is reduced in E13 B-raf-/- mouse. In this 

respect, this could mean that NT3 produced by surrounding cells (e.g. embryonic myotubes) 

(Hughes et al., 1993; Oppenheim, 1996) during this developmental stage could not normally 

transmit signals when the B-Raf kinase is lacking, and thus could not synergically cooperate 

with Shh to induce Islet-1 expression. On the other hand, cell-culture experiments and the 

knockout phenotype of mice lacking individual Raf genes suggest that the three Raf isoforms 

also have overlapping functions (Hagemann and Rapp, 1999): For example, B-Raf and c-Raf-1 

mRNA are both highly expressed in embryonic mouse brain (Storm et al., 1990). The results 

from the knockout mice suggest a role for B-Raf (Wojnowski et al., 1997) in addition to c-

Raf-1 (Wang et al., 1996a) as a survival mediator. Thus, B-Raf and c-Raf-1 could cooperate 
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during early embryonic development and display functional redundancy (Hagemann and Rapp, 

1999). 

 

We have also investigated the expression of p75NTR in B-raf-/- and control mice because this 

low-affinity neurotrophin receptor is also highly expressed in developing motoneurons, long 

before they become dependent on neurotrophins for their survival (Ernfors, et al., 1989). We 

observed that p75NTR immunoreactivity is also reduced in E13 B-raf-/- mice when compared to 

B-raf+/+ animals. However, p75NTR expression is not absent, and we speculate that this could 

be due to the fact that the signalling mechanisms involving c-Raf-1 are still active and lead to 

upregulation on p75NTR expression, at least to a certain level. Experiments with chick embryos 

have shown that p75NTR could act as a cell death receptor early during development before 

retinal ganglionic cells and motoneurons have reached their target tissue, optic tectum and the 

skeletal muscle, respectively (Frade et al., 1996; Frade, 2000). Recent findings indicate that at 

later stages an  antagonistic cross-talk between Trk and p75NTR comes up, with Trk being able 

to silence the cell death promoting p75NTR signalling pathways (Dobrowsky et al., 1994). As 

well, investigations on sympathetic neurons led to the conclusion that p75NTR could vice versa 

downregulate at least some TrkA functions (Miller, 1994). In line with the concept that these 

two receptors both functionally and biochemically antagonize each other in some situations, 

the ultimate outcome for a individual motoneuron is likely to be determined by cross-talk 

between Trk receptors and p75NTR pathways (Kaplan and Miller, 1997). We assume that the 

lower expression of p75NTR seems to be balanced by a reduced capacity of Trk tyrosine kinase 

signalling in B-raf-/- mice, which allows relatively normal development of motoneurons up to 

the developmental stage (E12) when they become dependent on neurotrophins (BDNF, NT-4) 

for their survival. 
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In order to investigate the role of B-Raf in motoneurons during later developmental stages 

(later than E12) when motoneurons depend on neurotrophic factors for their survival, we have 

isolated motoneurons from E12.5 B-raf+/+, B-raf+/- and B-raf-/- mice and investigated their 

further development in culture. Isolated motoneurons from E12.5 B-raf-/- mice could not 

survive after 6 h in culture (Fig. 19F) under the same condition as B-raf+/- or B-raf+/+ 

motoneurons which were supported by both BDNF and CNTF (Fig. 19A,B,C,D,E). The 

motoneurons derived from B-raf+/- and B-raf+/+ mice could survive for more than 5 d in the 

culture as observed in our previous investigations with isolated wild-type motoneurons from 

14 day old mouse embryos (Wiese et al., 1999b). There was no difference in the survival rate 

of motoneurons from B-raf+/- and B-raf+/+ mice. After 3 days in culture, CNTF, BDNF or 

GDNF could support almost 80% of cultured B-raf+/- and B-raf+/+ motoneurons (Fig. 20). This 

result strongly indicates that B-Raf kinase is a key regulator of neuronal survival for 

motoneurons in vitro and probably also in vivo. Interestingly, our data also suggest that c-Raf-

1, which is normally expressed in B-raf deficient motoneurons can not compensate for the lack 

of B-Raf during this late phase of development. This appears interesting, given that the 

expression of Islet-1 and p75NTR which is thought to be upregulated by signals involving the 

Ras/Raf/MAPK pathway is only reduced but not absent in B-raf-/- motoneurons, suggestive of 

partial compensation during later developmental periods. 

 

To proof that B-Raf but not c-Raf-1 is involved in mediating motoneuron survival after 

embryonic day 12, we have transfected an exogenous B-raf gene or a c-raf-1 gene into the 

sensory neurons and motoneurons from E12.5 B-raf-/- mice. First data clearly show that B-Raf 

but not c-Raf-1 can rescue the survival of these sensory neurons (Fig. 28) and motoneurons in 

response to neurotrophic factors. 
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With regard to the mechanism of the anti-apoptotic effect of B-Raf-mediated signalling 

pathways, it is only known so far that PI3-kinase and Raf-kinases both are implicated in the 

suppression of apoptosis. Although the PI3-kinase/PKB/Akt pathway always appears to have a 

protective effect, Raf/MAPK pathway has been reported to have anti-apoptotic as well as pro-

apoptotic effects. Moreover, these previous studies did not distinguish between the isoforms of 

Raf kinases but concentrated on c-Raf-1. The regulation of apoptosis by Raf kinases seem to 

be complex and highly dependent on cell type. Findings from one cell type may not hold far 

another, even if cells are closely related, perhaps depending on the degree of activation 

(Downward, 1998). In neuronal cells, the activation of the MAPK pathway protects cells from 

neurotrophic factor withdrawal induced apoptosis but the JNK pathway promotes cell death 

after its activation (Xia et al., 1995). Some recent reports also showed that Raf kinases have an 

anti-apoptotic function. For example, v-Raf can protect myeloid cells from apoptosis 

(Cleveland et al., 1994), possibly due to formation of direct complexes between Raf and Bcl-2 

(Wang, et al., 1994). C-Raf-1 is recruited by Bcl-2 to the mitochondrial membrane (Wang et 

al., 1996a) then phosphorylates Bad and thus inhibits apoptosis. It has also been shown that c-

Raf-1 acts together with Bcl-2 as an apoptosis suppressor in IL3-starved 32D.3 cells 

(Troppmair and Rapp, 1997). However, other studies have failed to find Raf interaction with 

Bcl-2 in fibroblasts (Olivier et al., 1997). Again, these studies did not distinguish between c-

Raf-1 and B-Raf, a fact which might contribute to these apparently complicating results. It is 

not known whether B-Raf-mediated survival pathways in neurons involve Bcl-2. Interestingly, 

Erhardt et al. (1999) reported that overexpression of B-Raf in Rat-1 fibroblast cell lines leading 

to activation of the MEK/MAPK pathway inhibits apoptosis which is induced by growth factor 

withdrawal and even by PI3-kinase inhibition. This study showed that the activity of MEK is 

essential for cellular survival mediated by B-Raf overexpression, since either treatment with the 

specific MEK inhibitor or expression of a dominant inhibitory MEK mutant blocked the anti-
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apoptotic activity of B-Raf. Moreover, the B-Raf/MEK/MAPK pathway confers protection 

against apoptosis at the level of cytosolic caspase activation, downstream of the release of 

cytochrome c from mitochondria. This suggests that B-Raf does not interfere with the release 

of cytochrome c after growth factor deprivation. Moreover, cytochrome c failed to induce 

caspase activation in cytosols prepared from B-Raf overexpressing Rat-1 cells. The authors of 

this study concluded that B-Raf/MEK/MAPK signalling may affect the expression or activation 

of caspase inhibitors such as IAPs (Erhardt et al., 1999). This fits perfectly with our 

observation that overexpression of ITA, a chicken homologue of mammalian cIAP-2 can 

inhibit cell death of primary sensory or sympathetic neurons, and that antisense ITA expression 

inhibits NGF-mediated survival of these primary neurons (Wiese et al., 1999a). Interestingly, 

both ITA in chick neurons (Wiese et al., 1999a) and cIAP-2 in neurons from rodents (C. 

Karch, personal communication) are strongly upregulated after addition of neurotrophic 

factors, indicating that the IAP molecules are important downstream effectors of neurotrophic 

factor-mediated survival pathways. 

 

Taken together, our data indicate the B-Raf function can be partially compensated by c-Raf-1 

in early motoneurons, which do not get dependent on neurotrophic factors for their survival, 

but that B-Raf then plays a specific role in mediating the survival effects of neurotrophic 

factors in motoneurons. This pathway probably involves the upregulation of IAP molecules, in 

response to neurotrophic factors, which then can act as inhibitors of specific caspases and then 

block apoptosis in these neurons, at least during a critical period of development when 

physiological cell death occurs. Future studies have to show whether disturbances of these 

signalling pathways are also involved postnatally under physiological conditions such as 

neurodegenerative disorders leading cell death of specific neuronal cell populations. 
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7. Abbreviations 

 
 
A    adenosine 

AIF    apoptosis-inducing factor 

AMP    adenosine monophosphate 

ANT    adenosine nucleotide translocation  

Apaf-1    apoptotic protease activating factor-1 

Apaf-2    apoptotic protease activating factor-2 

Apaf-3    apoptotic protease activating factor-3 

BDNF    brain-derived neurotrophic factor 

BH    Bcl-2 homology 

BIR    baculovirus iap repeat 

bp    base pair 

C    cytosine 
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°C    degrees Celsius 

cAMP    cyclic AMP 

CARD    caspase recruitment domain   

cDNA    complementary deoxyribonucleic acid 

CNS    central nervous system  

CNTF    ciliary neurotrophic factor 

CO2    carbon dioxide 

Cy2    carboxymethyl indocyanine-2 

Cy3    carboxymethyl indocyanine-3 

d    day 

Da    dalton 

DD    death domain 

DNA    deoxyribonucleic acid 

DRG    dorsal root ganglia 

E    embryonic day 

ER    endoplasmic reticulum  

ERK    extracellular signal regulated kinase 

et al    and others 
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FITC    fluorescein isothiocyanate   

g    gram 

G    guanosine  

GDNF    glial-derived neurotrophic factor 

GDP    guanosine diphosphate 

GEF    GDP-GTP exchange factor  

GTP    guanosine triphosphate 

h    hour 

HA    haemagglutinin 

HBSS    Hank´s balanced salt solution 

IAP    inhibitor of apoptosis 

ICE    interleukin-1β-converting enzyme 

Ig    immunoglobulin 

ITA    inhibitor of T cell apoptosis 

JNK    Jun amino-terminal kinase 

k    kilo 

l    liter 

m    milli 

M    molar 

MAPK    mitogen-activated protein kinase                                                 

MEK    MAPK and ERK kinase 

min    minute 

mRNA    messenger ribonucleic acid 

n    nano 

NAIP    neuronal apoptotic inhibitory protein 

NGF    nerve growth factor 

NT3    neurotrophin 3 

NT4/5    neurotrophin 4/5 

p    pico 

P    postnatal day 

p75NTR    low-affinity neurotrophin receptor 

PARP    poly(ADP-ribose) polymerase  

PBS    phosphate-buffered saline 
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PC12 cells   pheochromocytoma PC12 cells 

PCD    programmed cell death  

PCR    polymerase chain reaction 

PDGF    platelet-derived growth factor  

PI3-kinase   phosphatidylinositol 3-kinase 

PKB    protein kinase B 

PKC    protein kinase C 

PS    phosphatidylserine  

PT    mitochondrial permeability transition     

R    receptor 

ROS    reactive oxygen species  

RT-PCR   reverse transcriptase-polymerase chain reaction 

SCG    sympathetic chain ganglia  

SDS-PAGE   sodium dodecyl sulphate-polyacrylamide gel electrophoresis 

SEM    standard error of the mean 

Shh    Sonic hedgehog   

SREBP   sterol-regulatory element-binding protein  

T    thymidine 

TBS    Tris-buffered saline 

TGT    Tris-buffered saline with gelatine and Triton 

Tris    tris (hydroxymethyl) aminomethane 

v/v    volume per volume 

WT    wild-type 

w/v    weight per volume 

XIAP    Χ-chromosome-linked IAP 

µ    micro 

∆Ψm    mitochondrial transmembrane potential 
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8. Zusammenfassung 

 

Die Vermittlung von wachstumsfördernden und entwicklungsspezifischen Signalen von 

aktivierten Zelloberflächenrezeptoren führt zur Initiation von Transkriptionsprogrammen im 

Zellkern, die durch das koodinierte Zusammenwirken von intrazellulären Signalproteinen 

synergistisch gesteuert werden. Der Ras/Raf/MEK/MAPK-Weg steuert die Expression von 

Genen für die physiologische Regulation der Zellproliferation, Differenzierung und Apoptose. 

Innerhalb dieser Signalkaskade stellen die Serin/Threonin Kinasen der Raf Familie eine zentrale 

Zwischenstufe dar, die Verbindungen zu vielen anderen Signaltransduktionswegen herstellt. 

 

Um die Funktionen der verschiedenen Raf-Kinasen in Motoneuronen während der Entwicklung 

aufzuklären, wurden die Expression, Verteilung und subzelluläre Lokalisation der Raf-

Isoformen in spinalen Motoneuronen und im Nucleus Fazialis der Maus während der 

Embryonalentwicklung und postnatal untersucht. Desweiteren haben wir die intrazelluläre 

Umverteilung der Raf-Moleküle in isolierten Motoneuronen von 13 oder 14 Tage alten 

Mäusembryonen untersucht. Um die Rolle der Raf-Kinasen nach Zugabe oder Entzug von 

neurotrophen Faktoren bei Motoneuronen zu untersuchen, analysierten wir die Überlebens-und 

Differenzierungseffekte von neurotrophen Faktoren bei Motoneuronen von B-raf oder c-raf-1 

defizienten Mäusen. 

 

Wir zeigen in dieser Arbeit, daß alle drei Raf-Kinasen in spinalen Motoneuronen der Mäuse 

exprimiert sind. Ihre Expression steigt während der Zeit des natürlich auftretenden Zelltods. 

An Schnitten von embryonalem und postnatalem Rückenmark exprimieren Motoneurone 

ausschließlich B-Raf and c-Raf-1, aber nicht A-Raf. Raf-Kinasen sind offensichtlich an 
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Mitochondrien lokalisiert. In isolierten Motoneuronen findet man B-Raf und c-Raf-1, 

Immunreaktivität vor allem im perinukleären Bereich, aber auch im Zellkern, vor allem nach 

Aktivierung durch Zugabe von CNTF und BDNF in vitro. Wir haben gefunden, daß die 

Translokation von c-Raf-1 vom Zytosol in den Nukleus von Motoneuronen nach Aktivierung 

durch neurotrophe Faktoren ein spezifischer Vorgang ist. 

 

Als zentralen Befund dieser Arbeit beobachteten wir, daß Motoneurone von B-raf-/-, aber nicht 

von c-raf-1-/-, Embryonen nicht lebensfähig sind, auch nicht in Gegenwart von CNTF oder 

anderer neurotropher Faktoren. Dies bedeutet, daß B-Raf und nicht c-Raf-1, welches noch 

immer in B-raf defizienten Motoneuronen präsent ist, eine entscheidende Rolle als Vermitter 

des Überlebenseffektes von neurotrophen Faktoren spielt. Um zu beweisen, daß B-Raf hierbei 

eine essentielle Komponente darstellt, haben wir in B-raf defizienten sensorischen und 

Motoneuronen B-Raf durch Transfektion exprimiert. Erfolgreich mit B-raf Plasmid 

transfizierte B-raf-/- sensorische und Motoneurone zeigten dieselbe Überlebensfähigkeit in 

Gegenwart von neurotrophen Faktoren wie primäre Neurone von Wildtyp-Mäusen. 

 

Diese Arbeit zeigt daher, daß Raf-Kinasen wichtige Funktionen in Motoneuronen der Maus 

haben. Die Aktivierung von Raf-Kinasen in vitro führt zur Änderung ihrer subzellulären 

Verteilung, vor allem von c-Raf-1 vom Zytoplasma in den Kern. Diese Umverteilung von c-

Raf-1 ist jedoch nicht notwendig für den Überlebenseffekt von neurotrophen Faktoren, vor 

allem, wenn man in Betracht zieht, daß B-raf defiziente sensorische und Motoneuronen trotz 

der Gegenwart von c-Raf-1 nicht überleben. Wir nehmen an, daß die nukleäre Translokation 

von c-Raf-1 eine direkte Rolle bei der transkriptionellen Regulation durch neurotrophe 

Faktoren spielt. Die Indentifizierung von c-Raf-1 regulierten Zielgenen und von durch diese 

beeinflussten zellulären Funktionen ist eine Aufgabe für die Zukunft. 
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