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Introduction 

More than 100 billions of neurons in the brain are joined together into 
functional networks by trillions of synaptic connections in a remarkably 
well-controlled manner. This network controls everything we do. Walking, 
talking, sleeping, eating, feeling, perceiving, or perhaps writing a thesis… 
How can the fertilized egg develop into a person with body, brain and mind? 
How do brain and nerves know how to organize themselves into a functional 
system? How can the brain produce the individuality of human action? What 
is consciousness? Where and how are our memories stored? What goes 
wrong when a person suffers from depression, schizophrenia, Parkinson’s or 
Alzheimer’s disease?  

Molecular biology, neurophysiology, genetics, cell biology, anatomy, 
developmental neurobiology and psychology are some of the disciplines 
contributing to modern neuroscience research dealing with these mysteries, 
attempting to link genes and proteins to mind, behaviour and disease.  

 
This thesis is focused on how growth factors belonging to the transforming 
growth factor beta (TGFβ) superfamily affect neuronal cells. I have used 
different genetic and cell biological strategies to study the molecular 
mechanisms and the effects of BMP-signalling on neuronal morphology in 
cell cultures, as well as on neuronal function and behaviour in mouse 
models. 
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The transforming growth factor beta superfamily 
The TGFβ superfamily of secreted cytokines is extensive. In this 
introduction, I will give an overview of different aspects of TGFβ 
superfamily signalling. I will focus on the biological functions of the 
subgroups that constitute Bone Morphogenetic Proteins (BMPs) and 
especially the action of these cytokines in neuronal cells.  

Crosstalk between the BMP/TGFβ pathways and other intracellular 
signalling cascades is a way for cells to adjust their behaviour to the 
environment by integrating input from various extracellular cues. Papers III 
and IV describe apparent crosstalk between BMPs and neurotrophic factors 
resulting in potentiation of neurite formation. I will therefore also make a 
summary of pathways activated upon neurotrophic factor stimulation and 
their biological actions.  

The hippocampus, a brain area involved in memory formation, as well as 
the catecholaminergic parts of the nervous system regulating behaviours like 
affect, emotion, memory storage, drives, motivation and movement will also 
be introduced as a background to papers I and II respectively. 

Ligands 
The cytokines of the TGFβ superfamily are dimeric proteins with a broad 
range of biological effects, that control actions such as cellular growth, 
differentiation, chemotaxis, apoptosis, and secretion of extracellular matrix 
components, both during development and in the adult (Kawabata et al., 
1998a). Over 30 members of this superfamily have been described in 
mammals, and in addition, a number of homologues in Drosophila 
melanogaster, Xenopus laevis and Caenorhabitis elegans (FIG. 1; reviewed 
by Kawabata et al., 1998a; Miyazawa et al., 2002). All factors are 
synthesized as large precursor proteins with an N-terminal pro-peptide, 
which is proteolytically cleaved off from the biologically active C-terminal 
peptide upon secretion. The active peptide contains seven conserved cystein 
residues, characteristic for all superfamily members (Kingsley, 1994), except 
GDF3 and GDF9 with only six cystines in conserved positions (McPherron 
and Lee, 1993). Disulfide bonds between six of the cysteins in the 
monomeric form of the proteins have been shown to form the core cystine 
knot, essential for their three-dimensional structure (Daopin et al., 1992; 
Griffith et al., 1996; Schlunegger and Grutter, 1992). The seventh cysteine 
has, together with hydrophobic contact surfaces, been implicated in the 
formation of the biologically active dimeric factors (Kingsley, 1994).  
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FIG. 1: TGFβ superfamily members. (d) Drosophila, (h) human, (m) mouse, (x) 
Xenopus (adapted from Miyazawa et al., 2002). 

Typically, this superfamily is divided into the following subgroups, based on 
sequence homology in the c-terminal region: the TGFβs (TGFβs and nodal), 
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the BMPs (all BMPs and some of the GDFs), the activin/inhibin group, and 
anti-Müllerian hormone (AMH) forming its own subgroup. To exert action, 
the factors bind hetero-tetrameric typeI/typeII-serine/threonine kinase 
receptor complexes, transmitting the signal through the cytoplasm via the 
Smad-pathways to the nucleus, where transcription of target genes is 
regulated (see below). The two groups can be functionally grouped in two 
subgroups, depending on which intracellular pathway they use. One group is 
signalling via the activin/TGFβ activated Smads (Smad2/3) and the other 
signalling via the BMP activated Smads (Smad1/5/8; FIG. 2). The fact that a 
factor is related to BMPs by its sequence does, however, not necessarily 
mean that it signals via the BMP-Smads, as exemplified by BMP3, shown to 
use the Smad2/3 pathway to inhibit bone formation (Bahamonde and Lyons, 
2001; Daluiski et al., 2001). Glial cell-line derived neurotrophic factor 
(GDNF), neurturin (NTN), artemin (ART) and persephin (PSP) form another 
subgroup, sharing the cystein knot structure with the TGFβ related proteins. 
These proteins do however signal via other pathways and will be discussed 
separately.  

Receptors 
All factors belonging to the TGFβ superfamily, except the GDNF-subgroup, 
signal via tetrameric typeI/typeII serine/threonine-kinase-receptor 
complexes. In mammals, seven type I and five type II receptors have been 
described (Miyazono, 2000a). Theoretically, more than 30 combinations of 
type I and type II receptors can be formed (one for each ligand). However, 
under physiological conditions some combinations are favoured as some 
type I receptors tend to interact only with certain type II receptors. Hence, 
the number of ligands is larger than the number of functional receptor 
complexes, causing the variety of ligands to converge to a lower degree of 
variability at the receptor level. The type I receptors, termed activin receptor-
like kinase (ALK) 1-7 consist of (i) an extracellular ligand-binding domain, 
(ii) a hydrophobic trans-membrane region, (iii) a characteristic glycine-
serine rich GS-domain and (iv) a serine/threonine kinase. The type II 
receptors display a similar arrangement, with an extracellular ligand-binding 
domain, a transmembrane region and an intracellular kinase, but differ in 
that they lack the GS-domain. The kinase domain of the type II receptor is 
constitutively active even without ligand stimulation. Upon ligand binding, 
hetero-tetrameric complexes, containing two type I and two type II receptor 
molecules, are formed and the type II kinases transphosphorylate the GS-
domain of the type I receptors, thereby activating them to transmit the signal 
to specific intracellular substrates (Kirsch et al., 2000; Qin et al., 2002).   
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The seven ALKs differ in ligand specificity and in the use of intracellular 
substrates. The choice of intracellular substrate is determined by the L45 
loop of the type I receptors (Feng and Derynck, 1997). ALK1 is only 
expressed in endothelial cells, where it acts as a type I receptor for TGFβ. It 
is structurally very similar to ALK2. However, ALK2 has been shown to act 
as a BMP receptor, responding to BMP6 and BMP7 (ten Dijke et al., 1994; 
Macias-Silva et al., 1998; Ebisawa et al., 1999; Aoki et al., 2001). ALK3 and 
ALK6 are also acting as BMP receptors, however less restricted in their 
choice of ligand, transmitting signals from all BMPs. Another difference 
between ALK2 on one hand, and ALK3 and ALK6 on the other is that 
ALK2 recruits only Smad1/5 while ALK3/6 can signal to Smad1/5/8 
(Ebisawa et al., 1999; Aoki et al., 2001). ALK5 binds TGFβs and the ALK5-
relatives; ALK4 responds to activins and nodal, while ALK7 has nodal as its 
only known ligand (Reissmann et al., 2001). The activin/TGFβ/nodal/GDF8-
responding receptors; ALK4, ALK5 and ALK7 have Smad2/3 as 
intracellular targets while ALK2, ALK3 and ALK6 transmit BMP2-8/GDF5-
7/AMH-induced signals to Smad1/5/8. The endothelial specific TGFβ 
receptor, ALK1, was recently shown to use Smad1/5 to induce the BMP-
target gene IdI and thereby to counteract TGFβ signalling via ALK5 to 
Smad2/3 in the same cells (Oh et al., 2000; Goumans et al., 2002). In other 
words, ALK1 and ALK2 use Smad1/5/8 as intracellular substrate, 
irrespective of their closer relation, based on amino-acid sequence 
comparisons, to ALK4/5/7 than to ALK3/6. The receptor and intracellular 
signalling pathway remains to be shown for some ligands including BMP9-
11, GDF1,3,9 and GDF10 (paper I). GDF10 is also called BMP3b, and is 
highly homologous to BMP3. One could therefore speculate that it is likely 
that GDF10 uses the Smad2/3 pathway, as BMP3 does. However, it would 
not be a big surprise if the opposite is shown, considering the many 
exceptions to the concept that sequence homology indicates similar 
functions, as exemplified above. 

Of the five type II receptors present in mammals, the TGFβ type II 
receptor (TβRII) is specific for TGFβs. Activin type II receptors (ActRII and 
ActRIIB) can in addition to responding to activin, also transmit signals from 
other TGFβ superfamily members, including BMPs and nodal. The BMP 
type II receptor (BMPRII) is specific for BMPs and AMH type II receptor 
(AMHRII) for AMH (FIG. 2; Mishina et al., 1997). Many of the type1/typeII 
receptors are expressed in the nervous system and some of them are also 
present in the adult brain (Bengtsson et al., 1995; Söderström et al., 1996).  
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FIG. 2: TGFβ superfamily signalling.  

A pseudo-receptor, structurally similar to type I receptors in the 
extracellular ligand-binding domain, but lacking the intracellular kinase, can 
antagonize BMP/TGFβ signalling by forming heteromeric complexes with 
the serine/threonine kinase receptors. This type of pseudo-receptor was first 
shown in Xenopus and named BAMBI (BMP and Activin membrane-bound 
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inhibitor; (Onichtchouk et al., 1999). The mammalian BAMBI-homologue is 
the nma gene product. Other membrane-anchored factors, including β-
glycan endoglin and crypto seem to facilitate ligand binding to the TGFβ 
superfamily receptors. Some of these play dual roles, exemplified by β-
glycan, which is facilitating TGFβ signalling as well as the binding of the 
activin inhibitor α-inhibin to activin receptors, decreasing the cellular 
response to activin (Lopez-Casillas et al., 1993; Massagué, 1998; Lewis et 
al., 2000) 

Smad as an intracellular signalling mediator 
Smad, the name for the mammalian intracellular serine/threonine kinase-
substrates, was formed from the name of two homologues; Sma from the C. 
elegans Small-gene and mad from the Drosophila mad (mothers against 
decapentaplegic)-gene (Raftery et al., 1995; Sekelsky et al., 1995; Derynck 
et al., 1996; Hoodless et al., 1996; Savage et al., 1996). The eight known 
mammalian Smads are divided into three groups based on their functions. 
One group of Smads is recruited to and activated by type I receptors and is 
hence denoted receptor-activated Smads (R-Smads). This group constitutes 
of the already mentioned Smad2/3 and Smad1/5/8, classically known to 
respond to activin/TGFβs and BMPs respectively. The second group, with 
Smad4 (Hahn et al., 1996) as its only member, functions as a common-
mediator Co-Smad, forming complexes with the activated R-Smads. These 
R-Smad/Co-Smad complexes can then be translocated to the nucleus where 
they participate in transcriptional regulation of target genes. Smad6/7, 
belonging to the third group of Smads, acts as a negative regulator of Smad-
signalling in a negative feedback loop. These inhibitory I-Smads are 
produced in response to BMP or TGFβ signalling and can interfere with the 
Smad-pathways at different levels to exert their negative feedback effect. 
The I-Smads can also be induced by other signals, which in this way can 
modulate the amount of I-Smads present and hence also the magnitude and 
duration of TGFβ superfamily signalling (Heldin et al., 1997; Itoh et al., 
2000; Moustakas et al., 2001). 

Smads have two mad homology domains, MH1 and MH2, connected by a 
linker region. The N-terminal MH1 domain, which is responsible for DNA-
binding to specific sequences present in target gene promoters, is conserved 
in the R-Smad and Co-Smad subgroups but not in I-Smads. The C-terminal 
MH2 domain, on the other hand, is conserved in all three subclasses. The R-
Smads have a characteristic Serine-Serine-X-Serine (SSXS) motif at the 
extreme C-terminal end of MH2, which is phosphorylated by type I 
receptors. The amino acid sequence of the linker region is quite divergent 
between the different Smads. Some Smads (Smad1, Smad2 and Smad5) 
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have been shown to carry a number of sites in the linker region which, when 
phosphorylated by Erk, can prevent nuclear translocation of the R-Smad/Co-
Smad complexes (Kretzschmar et al., 1997 and 1999; paper III and IV). I 
will come back to this topic when describing crosstalk between Smads and 
other intracellular signalling pathways. 

The MH1 and MH2 domains of inactive R-Smads are physically 
associated to each other and at least R-Smad2/3 are anchored as dimers to 
the plasma membrane through SARA (Smad anchor for receptor activation) 
and possibly other molecules (Tsukazaki et al., 1998; Qin et al., 2002) via 
their MH2 domains. Upon receptor activation and phosphorylation of the 
SSXS motifs, the interactions between the MH-domains as well as between 
the MH domains and the anchor proteins are disrupted. The R-Smads form 
hetero-oligomers with Co-Smad through the MH2-motifs. The number of 
Smads involved in each oligomer is a subject for controversy, since both 
hetero-dimer and hetero-trimer models have been proposed (Kawabata et al., 
1998b; Qin et al., 2001; Wu et al., 2001). R-Smad/Co-Smad complexes 
translocate into the nucleus, where they interact with various DNA-binding 
proteins and target gene promoters in order to regulate transcription of these 
genes. Somewhat generalised; the activin/TGFβ responsive Smads work by 
binding a CAGA-promoter motif, while BMP-Smads have been shown to 
use CG-rich promoter sequences in stead in order to transactivate target 
genes (Dennler et al., 1998; Ishida et al., 2000; Itoh et al., 2000; Kusanagi et 
al., 2000; Miyazono et al., 2001; Zawel et al., 1998). Surprisingly, a reporter 
construct (Smad Binding Element x4 - SBEx4-luc) containing repeated 
CAGAC sequences from the junB gene could unexpectedly respond strongly 
to BMP signalling as well as to TGFβ signalling (Jonk et al., 1998; this 
reporter was used in paper IV). R-Smad/Co-Smad complexes can also 
interact with transcriptional co-activators and co-repressors to promote 
acetylation and de-acetylation of histones, respectively, and in this way 
influence the transcription machinery of the cell (Massagué and Wotton, 
2000; Miyazono, 2000a; ten Dijke et al., 2000). 

The I-Smads can, as already stated above, inhibit Smad-signalling at 
different levels. Both Smad6 and Smad7 can interact with activated type I 
receptors and in this way prevent phosphorylation of R-Smads. In addition, 
Smad6 can bind to already activated R-Smads and thus interfere with the 
complex formation between Co-Smad. Smad7 has broader action-spectrum 
and inhibits TGFβ, activin and BMP-signalling, while Smad6 acts mostly on 
BMP-signalling (Bai et al., 2000). Smad6 has also been reported to act as a 
transcriptional repressor in the nucleus by interaction with Hoxc8, a 
homeobox gene (Bai et al., 2000). I-Smad expression is induced by TGFβ 
superfamily members themselves (Nakao et al., 1997), and by for example 
Interferon gamma (IFNγ) and Tumour Necrosis Factor alfa (TNFα).  

8 



Smad activity is also regulated by mechanisms causing its degradation. 
Smad1/5 (but not Smad8) have a PY motif (PPAY) in their linker region, 
which is recognized by a HECT-class E3 ubiquitin ligase called Smurf1 
(Smad ubiquitination regulatory factor). Smurf1 recognition of Smad1/5 
leads to ubiquitin-mediated proteasomal degradation of these Smads. Smad8 
does not have the PY-motif and cannot be degraded by the Smurf1-
mechanism unlike the other BMP-Smads. Interestingly, the Smurf1 mediated 
degradation of Smad1/5 occurs independently of BMP receptor activation, 
indicating that Smurf1 does not function downstream of activated Smads to 
turn off BMP signals, but rather adjusts the basal level of Smads (Heldin and 
ten Dijke, 1999; Zhu et al., 1999; Suzuki et al., 2002) 

BMP target genes 
Only a few DNA-binding partners for the BMP Smads 1/5/8 have been 
identified, in contrast to the long list of interactors for the activin/TGFβ- 
Smads 2/3 (Miyazawa et al., 2002). In addition, the transcriptional co-
activators p300 and CBP, as well as the co-repressors cSki and SnoN interact 
strongly with Smad2/3 but only weakly with Smad1/5/8. p300 and CBP have 
histone-acetyl transferase activity, suggesting that they may help 
transcription of Smad-target genes by chromatin remodelling, and hence 
make the promoter more accessible to the transcription machinery. With 
their many partners, Smad2/3 have the ability to transactivate many target 
genes, including plasminogen activator inhibitor-1 (PAI-1), type I collagen, 
the junB transcription factor, Smad7, Mix.2, and the cell cycle regulators 
p21 and p15, to influence cellular processes such as extracellular matrix 
formation and growth inhibition (reviewed by Massagué and Wotton, 2000). 
In addition, Smad2/3 inhibits transcription of the c-Myc gene. In consistence 
with the small number of DNA-binding partners, only a few BMP target 
genes have been found, including inhibitor of differentiation (Id) 1-3, 
Smad6, Vent-2 and Tlx-2 (Ogata et al., 1993; Onichtchouk et al., 1996; 
Norton et al., 1998; Afrakhte et al., 1998; Tang et al., 1998; Takase et al., 
1998; Hollnagel et al., 1999; Ishisaki et al., 1999; Lopez-Rovira et al., 2002). 
The question of how BMPs exert their multiple cellular actions is thus still 
unanswered. Recent reports have raised interest for the Id-proteins as 
important mediators of BMP induced biological activities (Miyazawa et al., 
2002).  

Id proteins have a Helix-Loop-Helix (HLH) dimerisation structure, which 
enables them to negatively regulate the actions of other bHLH transcription 
factors, as well as members of the retinoblastoma (Rb) and Ets families 
(Norton et al., 1998; Miyazono and Miyazawa, 2002; Yokota and Mori, 
2002). However, they lack a basic DNA binding structure and by physically 
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interfering with ubiquitously expressed bHLH transcription factors, normally 
forming heteromers with tissue specific bHLH proteins, they block 
transcription of genes that have an E-box motif in their promoters. In other 
words, Id proteins act as dominant negative antagonists of bHLH 
transcription factors. Four mammalian Id proteins (Id1-4) with partially 
overlapping expression patterns have been identified. Generally, Id proteins 
block differentiation because most bHLH proteins positively regulate 
differentiation. Id proteins (at least Id2, possibly also in Id4) promote cell 
cycle progression by inhibiting the anti-proliferative actions of Rb-family 
proteins. Other Id proteins can also regulate the cell cycle, by suppression of 
bHLHs leading to induced expression of cyclin dependent kinase (CDK) 
inhibitors, including p21 (Yokota and Mori, 2002). Having these two major 
tasks, Id-proteins play an important role in regulating the balance between 
cell proliferation and differentiation during embryogenesis. For example, 
Id1/Id3 double knockout mice die at embryonic day 13.5. Their brains are 
very small due to premature withdrawal of neuroblasts from the cell cycle, 
instead causing them to differentiate and express neuron-specific markers, 
with too few neurons as result (Lyden et al., 1999). During neurogenesis, the 
expression of the Id family members has unique patterns along the 
dorsoventral axis of the neural tube. Later on, Id1 and Id3 are found in 
dividing neuroblasts, while Id2 and Id4 are expressed by maturing neurons 
(Jen et al., 1997). This indicates that different Ids may have different 
physiological tasks, contributing in unique ways in neuronal differentiation.   

Biological actions of BMPs 
The first indication of a BMP was found over 30 years ago in experiments 
done by Urist et al., showing the existence of a diffusible substance with 
bone inducing properties. In 1973, he identified a secreted factor, a protein 
that he named bone morphogenetic protein (Urist, 1965; Urist et al., 1979). 
Since then, many more BMPs have been isolated and shown to control a 
plethora of cellular functions, such as proliferation, differentiation, 
apoptosis, survival and even cell fate. Their activity is critical for regulating 
numerous developmental and homeostatic processes and they play pivotal 
roles in morphogenesis of various tissues and organs, including the nervous 
system (Reviewed by Hogan, 1996). Spontaneous mutations in GDF8 in 
cattle have for example resulted in double-muscled Belgian Blue breed 
(Kambadur et al., 1997). We have shown, that BMPs cooperate with 
neurotrophic factors in inducing neuronal differentiation and survival both in 
sympathetic and sensory neurons using explanted ganglia from embryonic 
day 9 chickens (Paper III; Bengtsson et al., 1998). 
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Gene targeting experiments in the mouse have revealed that BMP 
signalling is strictly required for early embryonic developmental events, 
such as primitive streak formation and epiblast proliferation during 
gastrulation (Goumans and Mummery, 2000; Zhao, 2003). GDF1, nodal and 
its antagonists lefty1 and lefty2, as well as ActRIIa, ActRIIb, Smad2 and 
Smad5 appear to play key roles in the establishment of left-right asymmetry 
(Meno et al., 1997; Nomura and Li, 1998; Chang et al., 2000; Rankin et al., 
2000; Lowe et al., 2001; Whitman and Mercola, 2001). However, the 
relationship between these ligands, receptors and downstream Smads 
remains to be determined.  

Due to early embryonic lethality resulting from conventional targeted 
deletions of many of the molecules involved in BMP signalling in the 
mouse, it has been hard to show their contribution in mammalian neuronal 
development. Data obtained from other animal models, for example 
embryonic Xenopus and chick assays (Hartley et al., 2001; Wilson et al., 
2001; Stern, 2002), have however revealed that BMP-signalling is essential 
for the proper formation of the peripheral and central nervous systems, 
through effects on primary neuronal induction, dorso-ventral patterning of 
the neural tube, regionalisation of the brain, eye development and lineage 
determination in the peripheral nervous system (Hemmati-Brivanlou et al., 
1994; Hemmati-Brivanlou and Melton, 1994; Xu et al., 1995; Furuta et al., 
1997; Hemmati-Brivanlou and  Melton, 1997; Wilson and Hemmati-
Brivanlou, 1997; Baker et al., 1999; Harland, 2000). Tissue-specific and 
inducible knockouts and mutants (i.e. the Cre/LoxP and Tet on/off systems) 
will be highly valuable in the mapping of BMP-functions in the nervous 
system (Chytil et al., 2002; Higashi et al., 2002; Huang et al., 2002; Kulessa 
and Hogan, 2002; Mishina et al., 2002).  

Many of the ligands, receptors and Smads are expressed in the nervous 
system, both during development and in the adult (Bengtsson et al., 1995; 
Lorentzon et al., 1996; Rydén et al., 1996; Söderström et al., 1996; Tsuchida 
et al., 1996; Ebendal et al., 1998; Söderström and Ebendal, 1999). The 
expression of various BMP-signalling components is regulated in response 
to traumatic brain injury, global cerebral ischemia and kainic acid induced 
seizures (Lewén et al., 1997; Charytoniuk et al., 2000; Wang et al., 2001). 

In the developing PNS, selected BMPs play an instructive role in 
programming the elaboration of the neuronal lineage from neural crest stem 
cells. BMPs, secreted from the dorsal aorta, are sensed by migrating, Mash1-
expressing neural crest cells, leading to the induction of Phox2a, Phox2b and 
eventually tyrosine hydroxylase (TH) and dopamine β-hydroxylase (DBH) 
gene expression, pushing these cells to develop into sympathetic 
noradrenergic neurons (Schneider et al., 1999; Ernsberger et al., 2000; 
McPherson et al., 2000). The same gene products, of which Phox and GATA 
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represent transcription factors and TH and DBH enzymes needed for 
catecholamine synthesis, are also involved in the development of other 
noradrenergic neurons (in locus coeruleus and other NA-nuclei). It is not 
clear, however, how the molecular cascade of the BMP signal transduction 
connects to the action of Phox2 transcription factors and the expression of 
TH and DBH (Reissmann et al., 1996; Varley and Maxwell, 1996; Schneider 
et al., 1999; Ernsberger et al., 2000; Pattyn et al., 2000; Stull et al., 2001;).  

Peripheral sensory neurons do, like sympathetic neurons, emanate from 
the neural crest. They develop from committed precursors that differentiate 
within two days after emigration from the neural tube. These precursors are 
different from the once differentiating into sympathetic neurons and the 
presence of BMPs cannot force these precursors into a sympathetic neuronal 
fate, nor prevent expression of sensory neuronal markers, such as 
neurogenin-1 and -2, and NeuroD. The mechanism that induces the 
resistance to BMP signalling and hence the commitment for a sensory fate is 
still unknown (Greenwood et al., 1999; Christiansen et al., 2000). 

In addition to involvement in determination of the catecholaminergic 
neuronal phenotype, BMPs have been shown to affect the production of 
other neurotransmitters. BMP9 induces the expression of genes required for 
a cholinergic neuronal phenotype in the CNS. Primary embryonic cells from 
the septal area treated with BMP9 respond by increased levels of choline 
acetyltransferase (ChAT) and the vesicular acetylcholine transporter 
(VAChT), leading to up-regulation of acetylcholine synthesis. Indications 
for a direct effect through a BMP9 responsive element within the cholinergic 
gene locus were also shown (Lopez-Coviella et al., 2000, 2002).  

A human neuroblastoma cell line (SH-SY5Y) expresses catecholamine 
features upon TGFβ1 treatment, an effect that is counteracted by BMP2. In 
addition, BMP2 could, under certain conditions, induce the cholinergic 
marker ChAT in these cells, suggesting that TGFβ1 and BMP2 contribute in 
opposite ways to the differentiation of neurotransmitter phenotype (Gomez-
Santos et al., 2002). BMPs (2, 4 and 6) can transiently induce TH expression 
in mouse embryonic striatal neurons in culture, during a time window from 
E13 to E16, making them potentially important for the specification of a 
dopaminergic phenotype (Stull et al., 2001). Additionally, BMP6 has been 
shown to have neurotrophic effect on developing striatal neuron; this effect 
is however in part mediated by astroglia (Gratacos et al., 2002). Indirect 
trophic effects of BMPs have also been noted before; BMP2 and BMP6 are 
highly expressed in the developing rat midbrain and protect dopaminergic 
neurons against MPP+ toxicity by promoting astroglial differentiation, 
probably leading to production and/or release of glial derived neurotrophic 
factor (GDNF, see below; Jordan et al., 1997). 
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At the earliest stages of the development of the nervous system, BMPs 
actually inhibit neural fate and have to be antagonized by other factors (e.g. 
noggin, chordin) for normal gastrulation and neurulation to occur. This 
happens much earlier than the instructive effects BMPs have on peripheral 
sympathetic neuron differentiation. In addition, embryonic telencephalic 
neuroblasts, treated with BMP2, choose an astrocytic fate, rather than a 
neuronal. BMP2 induces Smad-dependent expression of Id1 and Id3 and 
Hes5, which in turn inhibits neurogenic transcription factors (Mash1, 
neurogenin, NeuroD etc.) and hence also neurogenesis (Nakashima et al., 
2001). Adult neuronal stem cells in the subventricular zone (SVZ) 
continuously undergo neuronal differentiation. The BMP inhibitor Noggin is 
expressed by ependymal cells adjacent to the SVZ, and has been shown to 
create a microenvironment that permits neurogenesis by blocking BMP-
induced glial differentiation (Lim et al., 2000). This is again different to the 
BMP-effects on neural crest cells. In conclusion, depending on 
developmental stage and cell type, the effects of BMPs can be contradictive, 
at some stages inhibiting neuronal fate and at others driving neuronal 
differentiation.  
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Neurotrophic factors  
 
“Neurotrophic factors are 
endogenous soluble proteins 
regulating survival, growth, 
morphological plasticity, or 
synthesis of proteins for 
differentiated functions of 
neurons” 
(Hefti et al., 1993) 

 

 
FIG. 3: Target derived neurotrophic factors.  

The family of neurotrophins 
The “NGF saga” started in the middle of the last century when Rita Levi-
Montalcini, Victor Hamburger and colleagues first discovered trophic effects 
of mouse sarcomas grafted to chick embryos with drastic enlargement of 
sympathetic and dorsal root ganglia as a result (Bueker, 1948; Levi-
Montalcini and Hambuger 1951 and 1953). Stanley Cohen made some 
critical experiments to identify the active substance, and showed how it 
could be isolated from male mouse submandibular glands and by chance, 
that it was present at a high concentration in moccasin snake venom (Cohen 
et al., 1954; Cohen 1959 and 1960). The substance was termed Nerve 
Growth Factor or NGF and Rita Levi-Montalcini and Stanley Cohen were 
awarded the Nobel Prize in medicine or physiology in 1986 for their 
discoveries (reviewed by Cowan, 2001). The isolation and characterisation 
of NGF led to the formulation of the “neurotrophic theory,” which states that 
target tissues produce limited amounts of secreted neurotrophic factors and 
that neurons, sending out their axons towards the target, compete for the 
support given by the trophic factors, in order to avoid programmed cell 
death, causing death of the least successful neurons (Thoenen and Barde, 
1980). To date, four murine members of the family of neurotrophins are 
known; NGF, BDNF (brain derived neurotrophic factor) NT3 and NT4 (NT 
is short for neurotrophin) The amount of research done on these factors is 
voluminous and has been extensively reviewed over the years and recently 
by Segal (2003).  
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FIG. 4: The neurotrophins and their receptors  

The neurotrophins bind to and activate Trk tyrosine kinase receptors and can 
in addition bind p75NTR, a member of the tumour-necrosis-factor receptor 
family (Radeke et al., 1987). NGF binds to TrkA (Cordon-Cardo et al., 1991; 
Hempstead et al., 1991; Kaplan et al., 1991a; Kaplan et al., 1991b), BDNF 
and NT4 to TrkB (Soppet et al., 1991; Klein et al., 1992) and NT3 
preferentially to TrkC (Lamballe et al., 1991) but also to TrkA and TrkB.  

The neurotrophins are found both in the in peripheral and central nervous 
systems, as well as in target tissues. They have different expression patterns, 
which also changes during embryogenesis and in the development of the 
adult nervous system. The neurotrophins are involved in the sculpting of the 
functional nervous system due to their ability to regulate neuronal survival, 
programmed cell death, axon guidance, axon and dendrite arborisation and 
activity dependent neuronal plasticity. Most of these effects are mediated 
through Trk-signalling, and one role of p75NTR may be to induce apoptosis. 
Balancing the expression of Trks, p75NTR and neurotrophins create a means 
for eliminating excessive neurons, or neurons sending projections in wrong 
directions (Miller and Kaplan, 2001). Gene targeting studies of several of the 
Trks and neurotrophins have revealed essential roles for neurotrophic 
signalling during development of the peripheral nervous system (Snider, 
1994). Signalling downstream of the different Trks can have remarkably 
different outcomes in the same cells, as exemplified in differentiating avian 
neurons. In these cells signalling from NT3/TrkC promote cholinergic 
differentiation, whereas NGF/TrkA induce an adrenergic phenotype (Bibel 
and Barde, 2000; Brodski et al., 2000). 

In the adult nervous system, the function of neurotrophins is less clear 
than during the development, since they are not needed for acute neuronal 
survival. They have however been shown to be involved in the maintenance 
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and the continuous sculpting of the nervous system during for example 
learning and memory storage. To function as molecular mediators of 
synaptic and morphological plasticity, the expression of the neurotrophins 
and their receptors must be activity dependent and their action must induce 
changes in neuronal circuits through altered synaptic function, membrane 
excitability or neuronal morphology and the number of synapses. Numerous 
experiments have indeed demonstrated neurotrophin mediated effects on 
synaptic plasticity but the mechanisms involved are still intriguingly elusive 
(McAllister et al., 1999).  

Neurotrophin induced intracellular signalling pathways 
The different intracellular signalling pathways activated by Trk tyrosine 
kinases regulate survival, differentiation, growth and apoptosis. Survival is a 
particularly potent activity of neurotrophins in developing sympathetic and 
sensory neurons, which to a high degree depend on constant neurotrophic 
support. This fact has made it problematic to study the mechanisms 
mediating other effects of neurotrophins, such as neurite outgrowth. 
Recently, experiments using apoptosis resistant sensory neurons from Bax-/- 
mice have given some insight into the mechanism of neurotrophin induced 
morphological changes (Markus et al., 2002). These experiments show that 
NGF/TrkA signalling induces a greater activation of Raf, while NT3/TrkC 
preferentially activate Akt. In addition, they show that Raf-dependent 
signalling primarily induces axonal elongation, whereas Akt seems to be 
critical for branching and increasing axonal calibre. Thus, the morphology of 
growing axons could, at least in part, depend on the relative strengths of Akt 
and Raf signalling. Bax-/- mice have also been crossed to generate double 
mutants with TrkA-/- and NGF-/-. These mutants show a drastic reduction in 
the number of sensory axons at birth, suggesting the requirement of NGF for 
either elongation or maintenance of peripheral axons in vivo (Patel et al., 
2000) 

The small GTP-binding protein Ras has been shown to be crucial for most 
neurons to survive. It functions by translating and directing neurotrophin-
induced signals into multiple intracellular signalling pathways. The major 
Ras activated pathways are the PI3K/Akt and the MEK/Erk cascades. For 
Trk-induced activation of PI3K, the action of Ras is combined with that of 
adapter protein Gab1. Crowder and Freeman (1998) showed that blocking of 
the PI3K pathway in sympathetic neurons with the inhibitor LY294002 
could counteract the NGF-mediated survival. PI3K activates many signalling 
proteins, among which the serine/threonine kinase Akt (also named protein 
kinase B) was one of the first to be shown to function as a survival mediator 
(Dudek et al., 1997; Andjelkovic et al., 1998; Ashcroft et al., 1999). In  
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FIG. 5: Trk-induced intracellular signalling pathways. 

addition, Akt has been shown to be involved in depolarisation-elicited 
survival, giving Akt a status as a convergence point for different survival-
signals (Crowder and Freeman, 1999; Vaillant et al., 1999; Brunet et al., 
2001a). Akt phosphorylation, and thereby inhibition, of a number of 
different pro-apoptotic substrates has been suggested to be involved in 
rescuing neurons from apoptosis (Brunet et al., 2001a; Miller and Kaplan, 
2001; Patapoutian and Reichardt, 2001). A prime actor downstream of Akt is 
FKHRL1, a member of a forkhead box subfamily (FOXO) of transcription 
factors. Phosphorylation of FKHRL1 locates it to the cytoplasm in complex 
with 14-3-3 docking proteins, thus preventing transcription of cell death 
genes like FasL (Brunet et al., 2001b). Other possible substrates for Akt 
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include Bad and glycogen synthase kinase-3β (GSK3) (Brunet et al., 2001a; 
Patapoutian and Reichardt, 2001). Akt inhibits GSK3 and this will prevent 
its apoptotic effects, as shown in cultured neurons using the GSK3 inhibitor 
SB216763 on dissociated sensory chicken neurons (Cross et al., 2001). 
Targets, for PI3K signalling other than Akt, are members of the IAP 
(inhibitor of apoptosis) family of caspase inhibitors (Wiese et al., 1999), also 
implicated as anti-apoptotic actors. 

The second well characterized pathway for the Trk receptors, that also 
starts with activation of Ras, continues with Raf/MEK1/Erk1,2 in 
succession. Downstream actors of the MAP kinase Erk2 (p42) include 
ternary complex factors like Elk and the Rsk kinase that under some 
circumstances activate further transcription factors including CREB (Kaplan 
and Miller, 2000). CREB interacts with the transcription machinery and 
induces transcription through the cAMP responsive elements, present in the 
promoter of some anti-apoptotic genes, including for example Bcl2, and is 
thus thought to be important for neuronal survival (Aloyz et al., 1998; Bonni 
et al., 1999). Evidence for the contribution of this pathway to neuronal 
survival is, however, conflicting (Kaplan and Miller, 2000). A major role for 
the Raf/MEK1/Erk1,2-pathway is to mediate neuronal growth. MEK-
induced survival pathways have, in contrast to the PI3K/Akt pathway, also 
been shown to protect from death due to injury or toxicity, rather than 
trophic factor withdrawal. This pathway may also serve other functions in 
neuronal differentiation, such as modulating neurite outgrowth (paper III).  

Other MAP kinase pathways including p38, c-Jun N-terminal kinase 
(JNK) and MEK5/Erk5 exist in neurons in parallel with the Raf/MEK/Erk 
signalling cascade (Watson et al., 2001). Removal of growth factors leads to 
inactivation of Erk activation of the JNK and p38 pathways (Xia et al., 1995) 
and in the case of JNK, further activation of c-jun mediated transcription of 
apoptotic genes. In addition, JNK has been demonstrated to serve functions 
in neurite outgrowth (Kita et al., 1998), presumably regulated by Trk-
receptor activated PI3K, engaging the small G proteins Rac or Cdc42 to 
activate JNK to reorganise actin in the cytoplasm (Otto et al., 2000). 
Horstmann et al., (1998) found that p38 inhibitors SB203580 and SB202190 
promoted survival in sympathetic, ciliary and sensory neurons from the 
chicken embryo, confirming that activation of p38 pathway in these neurons 
leads to neuronal death. When distal axons of sensory or sympathetic 
neurons are stimulated by neurotrophins, MEK1/Erk1,2 are activated in the 
nerve terminal whereas MEK5/Erk5 activation occurs in the remote cell 
soma. The activation of MEK5/Erk5 is therefore dependent on retrograde 
signalling in the axon (Watson et al., 2001), and because there are different 
substrates for the different Erks, this compartmentation may contribute to the 
neurotrophic outcome.  
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Trk elicited signalling from phospho lipase C gamma (PLCγ) releases 
Ca2+ from intracellular stores, hence increasing cytosolic Ca2+ concentration 
with various consequences. It also activates protein kinase C (PKC) may 
affect neurite outgrowth in neuronal cells (Friedman and Greene, 1999). 
PLCγ has been implicated as an important mediator of short pulses of 
neurotrophin signalling, likely reflecting a special role for PLCγ in 
mediating effects on synaptic plasticity (Minichiello et al., 1999; Segal, 
2003).  

Interestingly, the p75 receptor elicits pathways different from the ones 
induced by Trks. This receptor belongs to the TNFR/Fas superfamily and 
possesses a so-called death domain in its intracellular part. P75 appears to 
increase the sensitivity of Trks to the neurotrophins, but in the absence of 
their cognate Trk-receptor, the neurotrophins can induce caspase dependent 
apoptosis through the p75 receptor, which then probably exerts its action via 
the JNK/p53/Bax cascade (Kaplan and Miller, 2000). In sympathetic 
neurons, TrkA signalling, which inhibits the p75-mediated apoptosis, 
silences this JNK/p53/Bax cascade pathway via Ras and perhaps PI3K/Akt 
(Mazzoni et al., 1999). 

Many of the pathways described here as intracellular mediators of Trks, 
are also likely to be activated after GDNF family ligand (GFL)-activation of 
the Ret tyrosine kinase receptor (see next section). Creedon et al. (1997) 
showed that neurturin (NTN) stimulated survival as well as PI3K activity in 
cultured neurons from the superior cervical ganglion. Moreover, these 
authors showed that NTN induced phosphorylation of Erk1/2 to an extent 
similar to NGF in these sympathetic neurons. Ret has also been shown to 
signal through JNK, an effect mediated by Rac/Cdc42 and not dependent on 
Erk activation (Chiariello et al., 1998).  

The GDNF family 
Glial cell line derived neurotrophic factor (GDNF) was first purified from a 
rat glioma cell-line supernatant as a trophic agent for embryonic midbrain 
dopaminergic neurons (Lin et al., 1993). It has since then been shown to be 
involved in many developmental processes, both within and outside the 
nervous system. Knockout studies revealed its critical role in for example 
establishment of the enteric nervous system, kidney development, and 
spermatogenesis. It promotes survival of many types of neurons including 
subpopulations of peripheral autonomic and sensory, as well as central 
motor, dopamine and noradrenergic neurons (Lin et al., 1993; Arenas et al., 
1995; Buj-Bello et al., 1995; Trupp et al., 1995; Hearn et al., 1998; 
Heuckeroth et al., 1998; Airaksinen et al., 1999; Airaksinen and Saarma, 
2002). Because of its protective and regenerative effects on dopaminergic 
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neurons, much effort has over the last decade been put into developing 
restorative treatment for Parkinson’s disease using GDNF (Reviewed by 
Grondin and Gash, 1998). Unfortunately, no breakthrough leading to 
controlled clinical trials has so far been made.  

 
GDNF is the founder member 

of the GDNF-family of ligands 
(GFLs), with three additional 
members; neurturin (NTN; 
Kotzbauer et al., 1996), artemin 
(ART; Baloh et al., 1998) and 
persephin (PSP; Milbrandt et al., 
1998). They are, as stated above 
related to the TGFβ superfamily, 
despite low amino-acid sequence 
homology, by their cystine knot 
structure, involved in protein 
stabilization and dimer formation. 
All GFLs signal through the RET 
tyrosine kinase receptor (Re-
arranged in transformation; 
(Takahashi et al., 1985). To be able to do so, they must first bind to their 
corresponding GDNF family receptor-α (GFR α1-4), linked to lipid rafts in 
the plasma membrane by glycosyl phosphatidylinostisol (GPI) anchors. 
GDNF binds preferentially to GFR α1, NTN to GFR α2, ART to GFR α3 
and PSP only to GFR α4. RET has four extracellular cadherin-like repeats, 
one transmembrane region and a typical intracellular tyrosine kinase domain. 
Upon GFL-GFRα binding and recruitment of RET to the lipid raft, the 
association of the cytoplasmic protein Src is triggered, leading to the 
transmission of the signal further into the cell via additional adaptor proteins. 
Soluble forms of GFR α exist and trigger different intracellular signals than 
the GPI-anchored ones. Like neurotrophins signalling via Trk-tyrosine 
kinases, GFL activation of RET triggers two major intracellular routes; the 
phosphatidylinostisol-3 kinase (PI3K; van Weering and Bos, 1997) and the 
mitogen-activated protein kinase (MAPK; Santoro et al., 1994; Worby et al., 
1996) pathways, both contributing to neuronal survival. In addition, the Jun 
N-terminal kinase (JNK; Chiariello et al., 1998; Xing et al., 1998) and the 
phospholipase Cγ (PLCγ) pathways can also be activated to mediate survival 
upon RET-signalling. MAPK-activation is classically known to be crucial 
for neuritogenesis and PI3K and PLCγ have been implicated as potentiators 
of neurotransmission upon neurotrophin activation (Kaplan and Miller, 
2000). 

FIG. 6: GDNF family ligands and their 
receptors. 
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Nerve cells examined 

Hippocampus 
Named the seahorse, because of its shape, the hippocampus is the main relay 
station that determines whether a new memory goes into long-term storage 
or is deleted after its short-term usefulness is over. It is clear that the 
hippocampus is not the “hard drive” of the brain, although it has some 
capacity for memory storage, this storage is transient, and hence the function 
of hippocampus appears to be to prepare contents for long-term storage in 
the cortex (Albright et al., 2000a,b). Much information about the 
significance of the hippocampus have arisen from the studies of a famous 
patient named H.M. who had most of his medial temporal lobes, including 
the hippocampus, removed during an epilepsy surgery in 1953. After 
surgery, he formed no new declarative memories, i.e. he could not memorize 
people, places, objects or how to find the way home etc. He remembered 
things that happened before the surgery and had the ability to form 
procedural memories, like learning to play tennis or solving a puzzle. He 
could have a conversation with a person, but if H.M. left the room for a 
moment, he met a “new person” when he re-entered the room (Kandel et al., 
2000). Furthermore, the hippocampus is known to be important for spatial 
learning, or learning how to find the way based on landmarks in the 
environment. London taxi drivers are for example known for their ability to 
navigate the vast network of London streets, and have indeed been shown to 
have enlarged hippocampi (Maguire et al., 1996). Spatial learning is also 
often used in research as a marker for hippocampal function. In paper III of 
this thesis, I used a well-established model for studies of spatial learning in 
rats and mice, the Morris water maze (Morris et al., 1981; Morris, 1984), in 
which the rat/mouse is placed in a circular pool with a platform hidden just 
beneath the water surface. After repeated trials, a mouse with intact 
hippocampal function will learn to locate the platform by using visual cues 
around the pool. 

The hippocampus consists of multiple interconnected areas, including CA1, 
CA3 and the dentate gyrus (DG), each containing a unique set of neurons 
composing a distinct cellular network. There is essentially a one-way flow of 
information entering the hippocampus via the perforant path from the 
entorhinal cortex into the dentate gyrus, where the entorhinal axons synapse 
on cells, which in turn project their axons, called mossy fibres to the CA3 
region. The neurons in CA3 send axons called Schaffer collaterals to CA1, 
which sends yet another set of fibres exiting the hippocampus to the  
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FIG. 7: Schematic drawing of the hippocampus. Sites for electrophysiological 
stimulation and recording are indicated. (DG dentate gyrus, EC entorhinal cortex, 
GC granule cells, PP peforant path, LPP lateral PP, MMP medial PP, MFP mossy 
fibre path, SCP Schaffer collateral path) 

subiculum. The subiculum is responsible for the hippocampal output and has 
neurons that project to the hypothalamus and mammillary bodies via the 
fornix and neurons that project back to the entorhinal cortex or to the sensory 
cortex.  

The hippocampal mechanisms for long-term memory formations are not 
entirely understood. However, it is generally believed that a memory is 
stored in a neuronal network with a specific pattern of long-lasting 
alterations in synaptic strength. The synaptic strength can either be 
increased, as in long-term potentiation (LTP), or decreased, as in long-term 
depression. Whether both LTP and LTD contribute to memory storage is still 
under dispute. LTP is a mechanism by which individual neurons and sets of 
neurons increase their responsiveness to particular stimuli (Kandel, 2001). 
The changes in synaptic strength, mediated by electric neuronal activity, or 
by the action of growth factors or other substances, are collectively termed 
synaptic plasticity.  
If an axon signals to a particular dendrite repeatedly, the receiving dendrite 
will change its structure so that it responds with greater sensitivity to that 
input. Activation of a synapse leads to release of neurotransmitters from the 
presynaptic cell in the synaptic cleft where receptors on the postsynaptic cell 
bind the transmitter, in turn leading to opening of ion channels and 
propagation of the electric signal in the postsynaptic neuron. Frequent 
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activation of the synapse also leads to increased synthesis of cAMP and 
protein kinase signalling, eventually resulting in synthesis of new proteins 
contributing to growth and strengthening of the synapse (Greengard, 2001).  

 
 

 
 
FIG. 8: Brain areas involved in memory processing (adapted from Kandel et al., 
2000) 

Catecholaminergic neurons 
In the 1950’s Arvid Carlsson in Göteborg made some critical experiments, 
which led to the suggestion that dopamine is an important transmitter of 
neuronal signals in the brain. He injected rabbits with a drug called 
reseperine that empties the dopamine stores in the brain. The rabbits 
presented with symptoms such as akinesia and rigidity, much like patients 
with Parkinson’s disease. After treatment with L-dopa, the recovered from 
their symptoms, and the same treatment was then tested on Parkinson 
patients with very good result. This discovery was awarded the Nobel Prize 
in medicine or physiology 2000 (Benes, 2001; Carlsson, 2001a; Carlsson, 
2001b). The prize was shared with Paul Greengard and Eric Kandel, who 
both substantially have contributed to the knowledge about the underlying 
molecular mechanisms of synaptic plasticity and learning and memory. 
 
The catecholamines belong to the monoamine class of neurotransmitters, and 
are synthesized from the essential amino acid, tyrosine. The step-wise 
biosynthesis of catecholamines is initialised by the conversion of tyrosine to 
an inactive intermediate, L-dihydroxy phenylalanine (L-dopa), by tyrosine 
hydroxylase (TH; Nagatsu et al., 1964; Levitt et al., 1965). This enzyme is 
required for the synthesis of all catecholamines and represents the rate-
limiting step in this pathway. In turn, L-aromatic amino acid decarboxylase 
(AADC) converts L-dopa to dopamine, the first active neurotransmitter 
produced in this process. Therefore, all catecholaminergic neurons contain 
TH and AADC, whereas only noradrenergic and adrenergic cells express the 
enzymes converting dopamine into noradrenaline and then noradrenaline 
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into adrenaline. These enzymes are dopamine β-hydroxylase (DBH) and 
phenylethanolamine-N-methyl transferase respectively. TH and AADC are 
often used as markers for catecholaminergic neurons/cells whereas DBH can 
be used to distinguish between dopaminergic and noradrenergic neurons.  

In the adult, TH expression can be detected in all catecholaminergic 
neurons. During the development, TH shows a scattered pattern of 
expression in cells in the developing gut (Cochard et al., 1978; Teitelman et 
al., 1979; Jonakait et al., 1989) and a transient expression in cranial sensory 
ganglia, dorsal root ganglia, pancreas and kidney (Teitelman et al., 1981; 
Jonakait et al., 1984). Developing dopaminergic, noradrenergic and 
sympathetic systems do also express TH. CNS catecholaminergic neurons 
arise from precursors in the floor plate (Wang et al., 1995a; Wang et al., 
1995b; Stull et al., 2001) and peripheral sympathetic neurons are derived 
from the neural crest (Shah et al., 1996). BMP-signalling influences both 
central and peripheral catecholaminergic neuronal development via Mash-, 
Phox-, Hand- and Gata- transcription factors (Shah et al., 1996; Ernsberger, 
2000; Pattyn et al., 2000). 
 
In 1995, two groups independently presented targeted deletions of TH 
(Kobayashi et al., 1995; Zhou and Palmiter, 1995; Zhou et al., 1995) and 
showed that homozygous inactivation of TH is embryo lethal because of 
cardiovascular defects, while heterozygous mice survive to adulthood and 
apparently have a normal phenotype. The homozygous embryos can be 
rescued by a human TH-transgene or treatment of pregnant females with L-
dopa. However, the pups in the latter case died before weaning, indicating 
that catecholamines are essential for both embryogenesis and postnatal 
survival. The number of catecholaminergic neurons was not altered by the 
lack of TH, and is therefore probably not dependent on the presence of 
catecholamines for their development and survival. Even when the level of 
TH was lowered to ~50% in the heterozygotes as compared to wild-type 
littermates, were the levels of catecholamines only moderately decreased. 
This indicates the presence of regulatory mechanisms to compensate for the 
lack of TH. 

 
Dopaminergic neurons in the adult brain are mainly found in three midbrain 
nuclei; substantia nigra (SN), the ventral tegmental area (VTA) and the 
retrorubral field (Dahlström and Fuxe, 1964), as well as in several 
hypothalamic nuclei, the retina and the olfactory bulb (Dark grey areas in 
FIG. 9; Moore and Bloom, 1978). Three major tracts arise in the midbrain 
dopaminergic nuclei and project to various brain areas including the basal 
ganglia (striatum and globus pallidus), cortex and the limbic system. The 
nigrostriatal tract does, as the name implies, arise in SN and project to the  
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FIG. 9: Catecholamines in the nervous system of the mouse 
Dopaminergic neurons are found in the midbrain areas substantia nigra and ventral 
tegmental area (VTA), in some hypothalamic nuclei, the olfactory bulb and in the 
retina. The main site for noradrenergic neurons in the brain is locus coeruleus, and in 
the periphery, they are found in sympathetic ganglia. Dashed and drawn lines 
represent noradrenergic and dopaminergic projections, respectively.   

striatum. It is involved in the translation of motor plans into actual motor 
commands and is therefore important for control of movement. Parkinson’s 
disease, a condition associated with muscle tremor and difficulty in initiating 
and sustaining locomotion, is caused by degeneration of the nigrostriatal 
path (Lang and Lozano, 1998a; Lang and Lozano, 1998b). Neurons in the 
VTA and retrorubral field provide a major ascending input to frontal and 
temporal cortices and to the limbic system in the basal forebrain via the 
mesocortical and mesolimbic tracts, respectively (Ungerstedt, 1971). The 
mesolimbic tract modulates information from various brain regions in the 
nucleus accumbens and can in this way influence behaviours like affect, 
emotion, memory storage, drives and motivation. Some symptoms of 
schizophrenia result from over-activity in the mesolimbic system (Carlsson 
et al., 2001), and in addition, neurons of the mesolimbic system are involved 
in abuse of drugs such as cocaine, amphetamine and nicotine, which are 
increasing the levels of dopamine released from VTA neurons in the nucleus 
accumbens. The fourth dopaminergic tract arises in hypothalamus and 
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projects to the pituitary gland, where it controls hormone release and 
participates in autonomic and endocrine regulation. 
 

The main site for noradrenergic function in the brain is locus coeruleus 
(LC) that send projections diffusely to every major region of the brain 
throughout cortex, cerebellum and the spinal cord. LC maintains vigilance 
and responsiveness to novel stimuli and hence influences both arousal at the 
level of the forebrain and sensory perception and motor tone in the brain 
stem and spinal cord. There are also some other noradrenergic nuclei in pons 
and medulla oblongata, controlling cardiovascular and endocrine functions, 
as well as autonomic reflexes and pain sensation. The central noradrenergic 
nerve-populations are involved in control of feelings such as fear, motivation 
and pleasure. Disturbances here and in the serotonergic system cause anxiety 
and other mood disorders (Kandel et al., 2000).  

In the periphery, neural crest derivatives give rise to sympathetic ganglia, 
housing postganglionic sympathetic neurons and the chromaffin cells in the 
adrenal medulla, releasing adrenaline and noradrenaline into the blood 
(Cochard et al., 1978; Teitelman et al., 1979; Jonakait et al., 1989). The 
sympathetic division of the autonomic nervous system controls many 
physiological functions that are fundamental for survival and mediates the 
fight or flight response to stressful situation. 
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Present investigation 

Aims 
 
The aims of this thesis are to investigate functions of BMPs in neuronal cells 
in general and more specifically to: 
 
• evaluate the role of GDF10 in the brain by conventional gene targeting 

(paper I) 
• study impaired BMP-signalling in catecholaminergic neurons by cell-type 

specific gene targeting (paper II) 
• untangle the pathways of synergistic induction of neurite outgrowth by 

BMPs and neurotrophic factors in primary embryonic neurons and PC12 
cells (papers III and IV) 
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Results 

Paper I 
“Absence of evidence is not evidence of absence” 

Paper I describes the successful generation of a GDF10 knockout strain. 
Normally GDF10 is expressed in the granule cells of the dentate gyrus. 
However, we fail to prove that this targeted deletion has any impact on the 
phenotype. The mice appear normal regarding body weight, reproduction, 
age etc. Focusing the studies on the hippocampus, showed that lack of 
GDF10 does not affect long term potentiation of synaptic strength, nor 
spatial learning ability but that a few genes are differently regulated in the 
knockout, as studied by microarray analysis. Among these genes, the 
upregulation of CC10 and POD1 was most prominent. Real-time PCR of 
these genes did however not confirm the upregulation and we conclude that 
the impact on gene regulation by the GDF10 deficiency in the adult 
hippocampus is negligible.   

Paper II 
In Paper II, dominant negative ALK2- and BMPRII-constructs (A2 and B2 
respectively) were introduced in catecholaminergic cells in the mouse by 
gene targeting in the 3’ untranslated region of the TH locus, in order to 
impair BMP-signalling to these cells.  
The A2 and B2 constructs were produced by PCR using 3-primer strategies 
preserving the extracellular domain, truncating the receptors just inside the 
transmembrane region and replacing the intracellular kinase domain with a 
tag for future detection of the mutated receptors. The PCR-fragments were 
sequenced to confirm that no unexpected mutations had been introduced 
during the PCR, and then cloned into pcDNA3, a CMV-promoter driven 
expression vector for over-expression in cell culture. The dominant negative 
properties of A2 are shown below while B2 has been described earlier 
(Henrik Bengtsson, 2001, thesis).  

To test whether A2 was expressed on the cell surface, a crosslinking 
experiment was performed. HA-tagged A2, ALK2 and BMPRII were over-
expressed in COS-cells. Iodine labelled BMP7 was added after two days. 
Receptor-ligand complexes were fixated by crosslinking and subjected to 
immunoprecipitation with a HA-tag specific antibody. The expected size of 
A2 is ~25kD, so the BMP7/A2 complex corresponds to the size of the 
indicated band on the gel (FIG. 10A). In addition, a Smad-responsive 
luciferase reporter (SBEx4-luc) and the A2-HA-pcDNA3 plasmid were 
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transfected into HepG2 cells by calcium phosphate precipitation. The cells 
were then stimulated over night with BMP7, Activin A or TGFβ and 
harvested the next day for quantification of luciferase activity. As shown in 
FIG. 10B, the A2 construct efficiently inhibited Smad-activity in all three 
cases, as compared to mock-transfected cells. This result show that the 
truncated ALK2 receptors indeed have dominant negative properties.  
 
 

 
 
 
FIG. 10: (A) Crosslinking of 125I labelled BMP7 with overexpressed BMP receptors, 
including the dominant negative A2-construct. (B) Luciferase assay in HepG2 cells 
transfected with A2 and the Smad-signalling responsive SBE4x-luc reporter and 
stimulated with BMP7, ActivinA or TGFβ.    

A2 and B2 were cloned downstream of IRES and targeted to the 3’ 
untranslated region of the TH gene to generate bicistronic mRNAs, with the 
IRES mediating the production of both A2 (or B2) and TH proteins. Also 
included in the targeting vector, was a neor cassette for selection of ES-cell 
clones in which homologous recombination had occurred. The neor cassette 
was flanked with frt-sites to enable its removal in vivo. The promoter driving 
the transcription of neor runs in opposite orientation to that of the TH-gene, 
leading to the production of two complementary mRNAs. If they hybridise 
with each other, cellular mechanisms will recognise the fault and degrade the 
duplexed RNA, ultimately preventing protein production.  
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We show in paper II that the production of TH is severely hampered in the 
B2+ animals, leading to reduced catecholamine production. The reduction of 
TH-production was seen both on mRNA and protein levels. Using AADC (L-
aromatic amino acid decarboxylase) as a second marker for dopaminergic 
neurons of the substantia nigra and DAT (membrane-bound dopamine 
transporter) for dopaminergic nerve endings in the striatum, the presence of 
these neurons is shown and we conclude that the impaired TH-production is 
due to hypomorphic behaviour of the TH-locus, rather than neuronal death. 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
FIG. 11: TH-immunofluorescence in the substantia nigra and the striatum of A2- and 
wt mice. 

Removing the neor cassette from the altered TH-loci as in the A2- and B2- 
strains, restored the levels of TH in the substantia nigra of A2- and B2- as 
well as in the striatum of A2- but not in the striatum of B2- mice (A2- see 
FIG. 11; B2- see Fig. 4 in paper II). This discrepancy between the different 
strains with respect to TH-production is reflected in the results from 
extensive measurements of catecholamine levels in the corresponding brain 
areas of all strains. We have created a spectrum of strains with various 
degrees of dopamine deficiency in substantia nigra and striatum (FIG. 12). 
Double copies of the B2+-allele leads to severe TH-hypomorphism and 
concomitant dopamine deficiency, most prominent in the striatum where the 
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dopamine level drops to approximately 3% of that of the wild-type control. 
In the substantia nigra of these mice, the level is around 20% and for 
homozygous A2+-mice, the corresponding levels are 15% and 50% in 
substantia nigra and striatum, respectively. In heterozygous A2+ and B2+ 
mice, the presence of one wild-type TH-allele compensates for the effect of 
the hypomorphic one giving a less penetrating effect. However, in substantia 
nigra of B2+-heterozygouts and in striatum of B2+-heterozygouts, a smaller 
but significant decrease of dopamine was scored. This could possibly be 
ascribed to impaired BMP-signalling in the presence of the dominant 
negative ALK2 and BMPRII receptors. 
 

 
 
FIG. 12: Dopamine levels in the substantia nigra and the striatum of B2 mice (A and 
B) and of A2 mice (C and D).  
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Looking at the A2-- and B2-- strains, (in which the neor cassette was 
removed and hence also one possible explanation of TH-hypomorphism) it is 
clear that the effect of the B2- locus is more prominent than that of the A2- 
locus. In all of the studied B2- mice, a decrease in dopamine levels was seen, 
both in the substantia nigra and in the striatum with the most severe effect 
seen in homozygotes. The only significant decrease in dopamine levels in 
A2- mice was in the substantia nigra of the homozygotes. However it was 
only a ~20% decrease with a p-value of <0.05 to be compared to ~40% 
(p<0.001) decrease in the substantia nigra of homozygous B2- mice. To 
conclude, we see that the effect of B2 is stronger than that of A2; both in 
neor -positive and -negative mice and that homozygotes are more severely 
affected than heterozygotes.  
 
 

 
 
 
FIG. 13: Spontaneous movement (A) and body weight (B) of B2+ compared to A2+ 
mice.   

The tag sequences were shown to work when the constructs were 
overexpressed in cell cultures; however, we failed to detect A2-HA and B2-
cMyc in vivo by immunofluorescence. On the other hand, the bicistronic 
mRNAs are shown by in situ hybridisation, and taken together, these facts 
give us a reason to believe that the constructs actually are expressed as 
proteins on the cell surface of catecholaminergic neuron. The A2- and B2-
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probe signals in the substantia nigra of neor negative heterozygotes is quite 
strong while virtually absent in neor positive heterozygotes indicating that 
the presence of the neor cassette in the bicistronic mRNA leads to partial 
degradation thereof. We have not looked at the mRNA level in homozygous. 
However, I suspect that the level of the bicistronic mRNA in neor positive 
homozygotes is low and that the resulting TH-deficiency is the cause of 
impaired catecholamine biosynthesis rather than the expression of A2 or B2 
and their dominant negative effects on BMP-signalling. In the case of neor 
negative homozygous mice, it seems likely that the bicistronic mRNA-
expression more closely follows that of the wt TH-allele, so that rather high 
levels of dominant negative receptors are reached on TH-positive neurons. In 
this case, the effects seen might be a result of impaired BMP-signalling 
affecting aspects of the well being of catecholaminergic neurons. A critical 
experiment will be to cross our mouse-strains with a BMP-reporter mouse to 
get proof of what happens with BMP-signalling in TH-neurons. The levels 
of catecholamine deficiency have to pass some threshold level to give 
significant impact on explorative behaviour and body weight (FIG. 13). 
Consequently, the greatest effects are seen in homozygous B2+ mice.  

Paper III 
BMP7 has previously been shown to potentiate the action of NT3 and GDNF 
on neurite outgrowth in embryonic chick sympathetic ganglia (Bengtsson et 
al., 1998). Here we extend the range of neurotrophic factors tested with 
BMPs to also include the GDNF-related neurturin (NTN). Moreover, we 
tested BMP6, belonging to the BMP7-subfamily of BMPs, and the more 
distantly related BMP4. We did not find any variation in how the different 
BMPs affected the ganglia and conclude that the potentiation of neurotrophic 
factor induced neurite outgrowth is mediated through a general BMP-
induced mechanism. We could also show the potentiation effects in ciliary 
and nodose ganglia in addition to the previously shown sympathetic ganglia, 
indicating a general mechanism, also regarding neuronal subtype.  
As an attempt to find critical intracellular signalling pathways involved in 
the studied synergistic effects, we tried a number of commercially available 
kinase inhibitors. PI3K and JNK inhibitors partially and completely blocked 
neurite outgrowth induced by NT3 and potentiated by BMP4. P38, PKC, 
mTOR and GSK3 inhibitors did not affect ganglia treated with the same 
factors. Surprisingly, a MEK inhibitor seemed to act as an additional 
potentiator, which led us to test it together with NT3 alone. Inhibition of 
MEK strongly potentiates NT3 induced neurite outgrowth in the different 
ganglia tested and can also act to potentiate GDNF and NTN. We also show 
that 4h priming with either BMP-stimulation or MEK-inhibition followed by 
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washing before addition of NT3 alone to sympathetic ganglia was enough to 
potentiate neurite outgrowth. However, if the ganglia were first primed with 
NT3 for 4h and then treated with either BMP4 or a MEK-inhibitor, no 
neurites grew from the explants. This indicates that neurotrophic signalling 
must be maintained during the culture period whereas the potentiating 
effects by BMP-activation or MEK-inhibition requires only a priming period 
to become evident.  

Biologically, BMP-stimulation and MEK-inhibition show strikingly 
similar effects. We wanted to know if they also work by similar molecular 
mechanisms and therefore went on to measure phosphorylation of Erk, 
acting downstream of MEK and phosphorylation at the C-terminal of 
Smad1/5 in the BMP induced pathway. Our first hypothesis that activation 
of intracellular signals by BMPs would interfere with the signalling activated 
by NTs at the level of Erk-phosphorylation was disproved. Nor did 
inhibition of MEK interfere with BMP4 induced Smad-activation. It is 
however known from the literature that Smads have sites in their linker 
region, which if Erk phosphorylates them, prevent nuclear translocation of 
Smad and hence counteract BMP stimulation. In order to test if MEK-
inhibition leads to decreased phosphorylation of Smad in the linker region, 
releasing the restrain on Smad nuclear translocation and concomitant gene 
regulation, real time PCR was run on IdI and Smad6 known as BMP-target 
genes. BMP4 gives a 5-fold induction of Id1, but MEK-inhibition fails to 
induce a significant increase in Id1-expression. Smad6 expression is 
increased by a factor of 1.5 after 4h BMP-stimulation. MEK-inhibition does 
not significantly alter Smad6 expression. Hence, it seems that MEK-
inhibition does not lead to a generally increased Smad-activated gene 
transcription. We have also monitored the levels of TrkA and TrkC mRNAs 
after stimulation with BMP or MEK-inhibition in order to check if the 
improved effect of NT3 was caused through upregulation of its receptor. 
This mechanism was ruled out since the levels of TrkA and TrkC were 
unaffected by the BMP or MEK-inhibitor treatment. 

Paper IV 
PC12 cells grown on collagen send out neurites when stimulated with NGF. 
Here we describe a potentiating effect on neurite outgrowth from NGF-
stimulated PC12 cells when BMP4 or BMP6 is added to the cultures 
together with NGF in analogy with the findings in paper III. Erk-
phosphorylation was not affected by the addition of BMP6 as measured in a 
western blot using phospho-Erk antibodies. Luciferase reporters responding 
to BMP signalling or activation of Gal4-fusion proteins were transfected into 
NGF stimulated cells, which were then further stimulated in different ways. 

34 



To confirm that NGF treated PC12 cells do respond to BMP stimulation by 
activation of the BMP-Smad pathway, an SBE4x-luciferase reporter was 
used. This reporter was also co-transfected with caALK2, Smad1/wt, 
Smad7/wt, Smad5/wt and Smad5 with five mutated Erk-phosphorylation 
sites in the linker region. As expected, caALK2 efficiently induced a reporter 
response, which was enhanced by co-expression with Smad1 and reduced by 
Smad7. The Smad5 mutant, designated Smad5/5SA, with the defective 
Erk1/2-phosphorylation sites in the linker region was shown to give a 
stronger response than Smad5/wt, indicating a possible mechanism for 
Erk1/2 to down regulate Smad5-signalling. Fusion constructs of the Gal4 
DNA binding domain and the Smad5 variants were also tested in luciferase 
assays, using a Gal4-trans-reporter system. Smad5/5SA was shown to give a 
stronger response than the wt and the dominant negative Smad5/2SA, 
presumably caused by a release in Erk mediated Smad inhibition.  
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Discussion 

Knockout without phenotypical alterations 
Aspects of targeted gene disruption, commonly regarded as contributing to 
the phenotypical alterations, are for instance genetic background, 
compensatory mechanisms at different levels and redundancy among 
members of a gene family. We have backcrossed our GDF10 mice for 10 
generations but the penetrance of the GDF10 null allele does not seem to 
increase in a more homogeneous background. GDF10 is one of many ligands 
belonging to the TGFβ superfamily, of which at least some are co-expressed 
with GDF10. One could speculate that redundancy within this gene family 
could account for functional compensation for the lack of GDF10.  

Our attempts to characterise the GDF10 null mice have so far not resulted 
in any clearcut phenotypical alterations but; “Inability to observe a 
phenotypical change may not mean that there is no phenotypical change to 
observe” (Gerlai et al., 2001). One possibility could be that the knockouts 
are more susceptible to injury, and in an ongoing project we are testing this 
hypothesis in a traumatic brain injury model. 

Dopamine dysfunction in TH-hypomorphic mice 
DA and NA are products in the synthesis pathway in which TH is the first 
and rate-limiting enzyme. Measuring the concentration of these 
neurotransmitters in the TH hypomorphic mice gives insight into the effects 
of our different genotypes with respect to the catecholaminergic systems. 
B2+ mice have only 3% of normal levels of dopamine in striatum. Even with 
this severe dopamine deficiency, the mice survive to adulthood. Given that 
the dopamine deficiency results from TH hypomorphism, it will be of 
interest to see if treatment of these mice with L-dopa will restore the 
dopamine levels, as would be expected.  
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Crosstalk 
The topic of papers III and IV is crosstalk between BMP and 
neurotrophin/GFL signalling pathways, leading to potentiated neurite 
outgrowth and increased survival rate in primary neurons and in PC12 cells, 
respectively.  

Paper III demonstrates synergistic effects in a range of different neuronal 
populations, including sympathetic, ciliary and nodose ganglia giving 
credibility to the idea that the observed reaction is widespread among 
neurons. An extensive study of the effects of pharmacological inhibitors of 
various cascades involved in the apparent crosstalk showed a general 
requirement of PI3K and JNK for the synergistic effects. The most intriguing 
finding was that inhibition of MEK gave a robust potentiation of Trk/Ret 
induced neurite growth, very similar to that elicited by BMP signalling in 
neurons stimulated by NT3 and NTN. We did not obtain any suggestions of 
crosstalk between the NT3 and BMP pathways at the level of 
phosphorylation of activation sites in Erk and Smad. Nor did stimulation 
with BMP or MEK inhibition lead to increased expression of TrkA or TrkC 
receptors. Instead, the synergistic effects are likely to arise in the nucleus by 
transcriptional co-regulation of target genes, presumably involving Smads, 
Erk-substrates such as Elk1 or Rsk, and various co-regulators. Id1 and 
Smad6, known as BMP target genes, were confirmed to respond to BMP 
signalling but were not induced by MEK-inhibition. On the contrary, the 
expression of the neurotrophin-responsive immediate early gene Egr1 was 
reduced after BMP stimulation as well as after MEK inhibition. The 
relevance of the observed downregulation of Egr1 for the potentiation of 
neurite growth and survival remains to be proven. To further evaluate the 
underlying mechanisms of the apparent synergy in the BMP stimulated and 
MEK-inhibited ganglia, a comparison of transcription profiles by microarray 
would be of great interest.  

 
In paper IV, the suggested ihibiting influence of Erk activity on BMP 

signalling by phophorylation of the linker region of Smad5 was tested. We 
show that Erk-activity and hence Smad5-linker phosphorylation, helps 
keeping the background levels of BMP signalling low, while activation of 
the Smad5 pathway by constituively active ALK2 is strong enough to 
override the hampering effect of Erk. The system used is however artificial 
and the physiological relevance of Smad5-linker phosphorylation for 
enhanced neurite outgrowth is not demonstrated by these experiments. 
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Concluding remarks 

Paper I 
Describes the successful generation of a targeted GDF10 null allele and 
thereby the elimination of the transcription of this gene. The knock out has 
an apparently normal neuronal morphology in the hippocampus and the 
cerebellum where GDF10 expression normally is high during development 
and persists at a lower level in the adult. We have not been able to pinpoint 
any clear phenotypical alterations of the hippocampus on the level of gross 
morphology, neurophysiology or cognitive function. Nor could we show any 
alterations in the gene transcription profile of the adult hippocampus by 
cDNA microarray, followed by real-time PCR. 

 
 

Paper II 
Describes the establishment of four different tyrosine hydroxylase alleles in 
the mouse. These mice represent a novel spectrum of phenotypes, showing 
graded TH hypomorphism and reduction of catecholamines. We have made 
efforts to gather evidence for inhibited BMP signalling caused by the 
expression of truncated receptors on catecholaminergic neurons, driven by 
the TH locus. Despite the dominant negative properties of A2 and B2, 
confirmed in cell culture experiments, no clear evidence was obtained for 
neuromodulatory effects of BMPs in the nigro-striatal system using the 
presented approach. The created mice will nevertheless provide new tools 
for the research on the catecholaminergic system having relevance for 
Parkinson’s disease and L-dopa responsive dystonia.  
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Paper III 
Describes a striking similarity between BMPs and MEK inhibitors in 
potentiating neurotrophic activities of NT3, GDNF and NTN in embryonic 
autonomic and sensory neurons, seen as enhanced neurite outgrowth and 
survival. It is shown that inhibition of MEK does not result in activation of 
known BMP-induced genes, indicationg that convergence points involve 
novel gene activations. 

 
 

Paper IV 
Describes that BMPs potentiate the neurite formation response of PC12 cells 
stimulated NGF. BMPs do however not induce neuronal differentiation in 
PC12 on their own. This is reminiscent of other instances where BMPs have 
been shown to enhance neurotrophic activities of other classes of growth 
factors. 

We show here that elimination of the linker-region Erk-phosphorylation 
sites in Smad5 is not functionally equivalent to reducing Erk activity by 
MEK inhibition. This is in agreement with real-time PCR data in primary 
neurons (Paper III) where MEK inhibition did not activate the BMP-
regulated genes Id1 and Smad6. 

 
It is apperent that further genetic models are needed to firmly establish a 
physiological role for BMPs to enhance neurotrophic factors in vivo. The 
synergy between BMPs and neurotrophic factors seems to be regulated at the 
transcriptional level and to involve target genes that remains to be identified. 
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Materials and methods 

Targeted gene disruption/alteration (Paper I and II) 

Generation of truncated ALK2 and BMPRII by PCR 
The following primers were used: 5′-primer for A2 was 5′-TATGAATTCG 
TTATACCATGGTCGATGGAGTA-3′ (designated SAL1b; nucleotides 
487-510 of GenBank Acc. No. L15436) and for B2, 5′-TATGAATTCCAG 
CCATGGCTTCCTCGCTGCATCG-3′ (designated HB22b; nucleotides 375-
394 of GenBank Acc. No. AF003942). The “intermediate” 3’-primers used, 
were for A2; 5′-ACCATACTCCACGTCTCTGGGGTT-3′ (SAL2, antisense 
to nucleotides 966-990) and for B2; 5′-ACGCTGTTTCCGGTCTCCTGT 
CAACATTC-3′ (HB23, antisense to nucleotides 892-917). Tagged 3’-
primers (tag sequence underlined) were 5′-CAGTCTAGATCATGCATA 
ATCTGGAACGTCATATGGATATCCACCATACTCCA-3′ (SAL3) for A2 
and 5′-CTGTCTAGATCAGAGGTCCTCTTCGGAAATAAGTTTCTGTT 
CACGCTGTTT C-3′ (HB24) for B2. The 3’-Tag-primers do also introduce a 
translational TGA-stop codon just after the tag in the construct. (See paper II 
for further details.) 

Screening for genomic DNA clones and targeting vector 
construction 
A SVJ129 mouse genomic λ-phage library (Stratagene, CA, USA) was 
screened using the cDNA for GDF10 (paper I) and a fragment covering exon 
13 (including stop codon and poly-A signal of the TH-gene (paper II) as 
probes. A 15 kb GDF10 and a 16 kb TH clone were isolated and further 
characterized by Southern blot and DNA sequencing. Based on the physical 
maps of the clones, targeting vectors were constructed. For most clonings 
and subclonings, pMOS (Amersham) and pBluescriptKS/SK (Stratagene) 
vectors were used.  λ-phage library screening and all DNA manipulations 
were done according to standard protocols and suggestions from 
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manufacturers. Sequencing of DNA was achieved using fluorescent dye-
terminator chemistry and automated gel- or capillary-based ABI prism 
systems (Perkin Elmer). 

Culturing of embryonic stem (ES) cells  
30-40µg of the targeting constructs were linearised and electroporated 
(260V; 500µF) into 6x106 ES cells (GSI-1; derived from 129SVJ; Genome 
Systems Inc., S:t Louis, MO, USA), which were then left to recover in 
DMEM culture media supplemented with 16% ES-qualified fetal calf serum 
(FCS; Gibco-BRL), non essential amino acids, 2mM L-glutamine, 1000 
units/ml recombinant leukaemia inhibitory factor, 1:100 000 2-
mercaptoethanol  and 10mM HEPES on neomycin resistant feeder cells 
(semi-confluent, embryonic fibroblasts from Genome Systems inc.) for 24h, 
after which G-418 was added for 5-6 days of selection.  Single ES-cell 
clones were picked and dissociated with trypsin (0.5mg/ml and 1mM EDTA) 
for further culturing on feeder cells in 96-well plates under G-418 pressure. 
Subcultivation to replica plates was performed when sub-confluency was 
reached. The original plates (containing 2/3 of the cells) were stored frozen 
at –80°C with 26% FCS and 10% DMSO in the medium. The embryonic 
fibroblasts were, prior to use as feeders, mitotically arrested by a 3h-
treatment with 10mg/ml mitomycin. Care was taken to preserve 
undifferentiated morphology of ES-cell colonies throughout the procedure. 

DNA-preparation and screening of ES-cell clones 
ES cell DNA was prepared from the replica plates through lysis of the cells 
over night in a humified chamber at 60°C in 50 µl lysis buffer containing 
10mM Tris pH 7.7, 10mM EDTA, 10mM NaCl, 0.5% Sarcosyl, and 1mg/ml 
freshly added proteinase K. Precipitation of genomic DNA with 100 µl 96 % 
ethanol containing 75 mM NaCl and the following washing (70 % ethanol) 
step was performed in the 96-well plates with the DNA stuck to the bottom. 
Residual ethanol was allowed to evaporate and BglII restriction enzyme 
reactions in a total volume of 35 µl (1x appropriate buffer, 1 mM spermidin, 
0.1 µg/µl BSA and 0.1 µg/µl RNase; 37°C overnight) were prepared for 
Southern blot analysis. The digested DNA was run on a 0.7 % agarose gel in 
1x TAE buffer. The gel was then soaked in 0.2 M HCl for 20 min and in 0.4 
M NaOH for 20 min before blotting over night onto Hybond N+ membranes 
(Amersham) using 0.4M NaOH as transfer buffer. Neutralization of the 
membrane in 2x SSC, 0.2 M Tris pH 7.4 preceded hybridisation, in 10 % 
PEG 6000, 7 % SDS, 1.5x SSPE, 10 µg/ml salmon sperm DNA at 65°C over 
night with the external probes, described above. The probes were labelled 
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with 32P using the RediPrime kit (Amersham). After hybridisation, the 
membranes were washed at high stringency in 0.1x SSC, 0.1% SDS at 65°C 
for 2x 30 min and exposed to PhosphoImager screens (ABI). 

Blastocyst injection and germ line transmission 
ES-cell clones (129X1), shown to be positive for the targeted gene 
alterations in the screening procedure, were thawed, DMSO containing 
media removed and the cells were expanded on feeder cells for 
microinjection into B6 blastocysts under a Zeiss Diaphot 135 DIC inverted 
microscope in a chamber containing ES-medium with 5% FCS. 10-15 ES-
cells were injected per blastocyst and 8-12 re-expanded blastocysts were 
transferred to one of the uterine horns of pseudopregnant foster mothers 
(CBA), which, 4 days earlier, had been mated with vasectomised males. 
Successful transfer of injected blastocysts resulted in the birth of chimeric 
mice, easily recognized by their speckled (brown-black-white) coat colour. 
The chimera were mated to B6 dams and transmission of the mutation 
through the germline to coming generations, which depends on whether the 
manipulated ES-cells contribute to gonad formation in the chimera, resulted 
in brown pups.  

Housing and Breeding 
All mice were housed at constant room temperature (20°C) with free access 
to food and water. They were kept on a 12:12h light/dark cycle with all 
experiments, except the Morris water-maze tasks (see below) run during the 
light period. All experiments were run with the approval from the local 
ethical committee.  

The GDF10 knockout strain has been backcrossed to B6 for 10 generations 
and can therefore be considered to be congenic. 
 
The frt flanked neor cassette was removed from the TH-IRES-A2+/B2+ loci 
to generate the neor-negative strains (TH-IRES-A2- and TH-IRES-B2-) 
through breeding of the neor-positive strains (TH-IRES-A2+ and TH-IRES-
B2+) with Flp-deletor mice. A2+ and B2+ males were crossed with Flp-
deletor dams to generate offspring carrying both the A2+, or the B2+, and the 
Flp-deletor allele. Mice with these genotypes were then backcrossed to B6. 
The second round of crossings resulted (with low efficiency; 4 out of 65 for 
A2) in A2- and B2- mice, which were used as founders of the neor-negative 
strains and further backcrossed to B6.  
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Table 1, mouse strains described/used in the present thesis 

Strain Comment 
 

Genetic 
background 

Reference 
/ Source 

Paper 

129/SvJ Breeding to get 
pure lines 

129X1 Bomholt, 
Denmark 

I, II 

C57bl/6J Breeding to get 
congenic lines and 
production of 
blastocysts  

B6 Bomholt, 
Denmark 

I, II 

CBA  Breeding with B6 
to get foster 
mothers for 
blastocysts transfer 

CBA Bomholt, 
Denmark 

I, II 

GDF10  GDF10 Knockout 129X1;B6 – 
congenic B6 

 I 

NT3  NT3 Knockout B6 (Ernfors et 
al., 1994) 

I 

A2+  TH-locus Knockin, 
neor pos. 

129X1, 129X1;B6 (Althini et 
al 2003) 

II 

A2- TH-locus Knockin, 
neor neg. 

129X1;B6  (Althini et 
al 2003) 

II 

B2+  TH-locus Knockin, 
neor pos. 

129X1, 129X1;B6 (Althini et 
al 2003) 

II 

B2- TH-locus Knockin, 
neor neg. 

129X1;B6  (Althini et 
al 2003) 

II 

Flp-
deletor  

Strain 4917 B6 (Dymecki, 
1996) 

II 

Tail biopsies and DNA-preparation 
Tail biopsies were taken at weaning and lysed at 60°C over night in 0.5ml 
lysis buffer (0.5%SDS, 10mM Tris pH7.7, 10mM EDTA, 10mM NaCl and 
1mg/ml Proteinase K). Debris was removed by centrifugation, genomic 
DNA precipitated with 0.5ml 2-propanol and dissolved in 100µl milliQ 
water.  

Genotyping 
All genotyping of the GDF10 strain was performed by Southern blot of BglII 
digested genomic DNA with the 3’ external GDF10-probe, giving a 8kb and 
a 9.5kb band corresponding to the wild-type and the GDF10 null allele 
respectively (Paper I, fig. 1B). The Southern blot procedure is described 
above. 
The modified TH-alleles described in paper II were identified with high 
stringency PCR (hotstart 95°C 10min, then 94°C 30s, 59°C 30s, 72°C 60s, 
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36 cycles, finally 72°C 7 min) using the SAL12-SAL3 and HB22b-HB24 
primers for the A2- and B2-strains respectively. In both cases, 600bp 
fragments were amplified. The wild-type TH allele was identified, in the 
same reaction, with the 5TH-3TH primer pair giving a 280bp fragment. 
These primers did not amplify the IRES-A2/B2 cassette introduced between 
them in the mutated alleles. In case of heterozygosity, both the 600bp and 
the 280bp bands were amplified (Paper II, fig. 1C). A Southern blot strategy 
was used to confirm the deletion of the neor cassette in the A2- strain. The 5’ 
probe hybridised to BglII-digested DNA gives 5kb, 7kb and 14kb bands, 
corresponding to wild-type, A2+ and A2- respectively (see fig. 1A and 1C in 
paper II). 

Behavioural testing (Paper I and II) 

A protocol for primary phenotypic screening  
General status of the mice was scored according to the SHIRPA primary 
observation screen (Rogers et al., 1997), during which a total of 40 
separate measurements are recorded for each animal. Undisturbed behaviour 
was first observed in a cylindrical clear viewing jar. The mouse was then 
transferred to an arena (32x56 cm) that was marked into even sized squares 
(8×8 cm) for observation of motor behaviour startle response and the 
tendency to escape upon touch. This was followed by a sequence of tail 
suspension manipulations where measurements of positional passivity, 
visual acuity, grip strength, body tone, various reflexes (eye closure, ear 
twitch and toe pinch) and negative geotaxis were recorded. To complete the 
assessment, the animals were restrained in a supine position to record the 
skin colour, the body temperature and the heart rate. Estimation of limb tone, 
salivation and provoked biting responses were also recorded. Throughout 
this procedure, any incidences of abnormal behaviour, fear, irritability, 
aggression or vocalization were recorded. All parameters were individually 
scored to provide a quantitative measure of behaviours.  

The protocol was used to get a general picture of how a normal mouse 
behaves. It demands an experienced person and can be criticized in many 
ways. I do not show any data from my screens but I do think it is worth 
mentioning that this has been done since it has given me a lot of experience 
in judging mouse behaviour.  

44 



Spontaneous movement (Paper I and II) 
Spontaneous movement was monitored in activity field arenas (20x20 cm, 
beam spacing 1.5 cm) using TruScan software (Coulbourn Instruments, PA, 
USA) during 15 min sessions. The average distance moved by different 
groups of mice was compared and tested for significance using ANOVA or a 
student t-test. 

Spatial learning ability (Paper I) 
Mice, provided with secret codes, were housed separately with free access to 
food and water in the water maze room with reversed light/dark 12 h cycle 
(experiments were run during the dark period in dim lighting). The water 
maze tests were carried out in a circular open field pool (1.5m in diameter, 
24-26°C; Morris, 1984) with prominent extra-maze visual cues. A platform 
(10cm in diameter) was hidden ~0.5 cm beneath the water surface. Trials 
lasted for up to 120 s and each mouse went through 18 trials (6 per day) of 
place navigation, during which the platform was hidden at a (for each 
mouse) constant position. After 3 days of learning (the acquisition phase), 
the platform was moved to the opposite quadrant and reversal training was 
monitored for 2 more days (6 trials/day, the reversal phase). To test visual 
capacity of each mouse, a cued test with 6 trials was performed (Minichiello 
et al., 1999). In this case, a clearly visible object was placed on the platform, 
and moved together with it, to a new position for each trial. Video tracking 
of water maze experiments was done using the 2020 tracker and software 
from HVS Image ltd. UK. The accumulated data was then processed in 
Wintrack, public domain windows software for off-line path analysis 
(http://www.dpwolfer.ch/Wintrack/). 

Electrophysiological recordings (Paper I) 

LTP in the CA1-region of the hippocampus and the medial 
lateral perforant paths of the dentate gyrus 
The brains from wild type and mutant mice, sacrificed with halothane, were 
dissected out and cooled to 0-4oC in artificial cerebrospinal fluid (ACSF). 
Transverse slices from the middle portion of each hippocampus were cut 
with a vibroslicer. The slices were then placed in an interface chamber 
exposed to humidified gas at 28-32oC and perfused with ACSF. Orthodromic 
synaptic stimulation (0.2 Hz) was delivered alternately through two 
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monopolar tungsten electrodes placed in the outer and middle molecular 
layer in the dentate or in the stratum radiatum and stratum oriens in the CA1. 
Extracellular synaptic responses were monitored by two glass electrodes 
situated in the corresponding layers. After stable synaptic responses had 
been obtained in both pathways for at least 15 min, one pathway was 
tetanised (100 Hz, 1 sec), the other pathway served as an untetanised control 
pathway. The synaptic efficacy was assessed by measuring the slope of the 
field epsp in the middle third of its rising phase.  

Biological assays (Paper III) 

Neurite outgrowth assays 
E9 chicken (White Leghorn) 
sympathetic (paravertebral trunk), 
dorsal root (sensory) nodose (from 
the vagus nerve, rostral to the 
heart) and ciliary (from the orbit; 
parasympathetic) ganglia were 
dissected and embedded in 100µl 
transparent collagen gel (Ebendal, 
1989). The collagen was prepared 
from rat-tail tendons and dissolved 
in 0.5M acetic acid (Ebendal and 
Jacobson, 1977; Elsdale and Bard, 
1972). The cultures were incubated 
under standard tissue-culture 
(Eagle’s Basal Medium, 0.5% fetal 
calf serum) conditions for two 
days with the addition of 
neurotrophic factors, BMPs and 
inhibitors in different combinations in 100 µl additional media added on top 
of the collagen gel (Bengtsson et al., 1998). Ganglia were examined under 
dark-field illumination and two experienced observers, using a scale from 0-
5, scored neurite outgrowth in blinded cultures, where 0 is absence of 
neurites and 5 resembles a dense fibre halo. Each determination was 
repeated at least twice with 4-20 ganglia scored in each group. The mean +/- 
SEM was calculated and significance was tested with a Student T-test. 

FIG. 12: E9 chick embryo with the location
of ganglia used in Paper III indicated 
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Survival assay 
Sympathetic (paravertebral) and ciliary ganglia were dissected from E9 
chick embryos, dissociated with 0.25% trypsin, pre-plated for 90 min to 
remove many non-neuronal cells and cultured in a thin collagen gel in BME 
1%FCS plus combinations of growth factors and inhibitors (concentration 
range) (Ebendal et al., 1980). Surviving neurons, identified, by their size, 
rounded shape, phase-bright appearance and frequent possession of neuritis, 
were counted in a strip across the gel after two days under a phase-contrast 
microscope. Results are expressed as percent survival as compared to control 
cultures stimulated with factors known to be almost 100% protective for the 
different neurons (NGF 5ng/ml for sympathetic and extract from the choroid 
coat from the day 18 chicken embryo for ciliary ganglia). (Survival is shown 
relative to the number of cells initially seeded). Several hundred neurons 
were counted and the assays repeated at least twice. (Ebendal, 1989; Ebendal 
et al., 1982)  

Pharmacological inhibitors of MAPK pathways (Paper III) 
Mitogen activated protein kinase pathways (MAPK) are major information 
highways from the cell surface to the nucleus. In order to map the synergistic 
effects seen between neurotrophic factors signalling via Trk and Ret tyrosine 
kinase receptors and BMPs signalling via type I and type II serine/threonine 
kinases, a number of pharmacological inhibitors were tested.  

Table 2, Pharmacological inhibitors 

Inhibitors of: Final 
concentration 

 Inhibitors of: Final 
concentration 

MEK   PI3Kinase  
PD98059 50µM  LY294002 50µM 
U0126 1µM    
PD184352 2µM  mTOR/FRAP   
   Rapamycin 0.2 or 1µM 
p38      
SB203580 10µM  PKC  
SB202190 50µM  Gö6850 10(50)µM 
PD169316 10µM    
   GSK-3  
   SB216763 10 (5-50)µM 
Control 
substances 

   
RNA synthesis 

 

U0124 5µM  Actinomycin D 1µg/ml 
SB202474 50µM    
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Biochemical and molecular studies  

Determination of catecholamine and 5HT levels (Paper II) 
Endogenous levels of noradrenaline, dopamine and 5-HT were determined in 
substantia nigra, striatum, hippocampus and the submandibular gland by 
high-pressure liquid chromatography (HPLC) with electrochemical detection 
according to (Luthman et al., 1993). Shortly: Brains and submandibular 
glands were rapidly taken out from mice, sacrificed by decapitation, and 
chilled in saline (on ice). The cooled brains were further dissected in order to 
isolate the striatum, hippocampus and substantia nigra. The samples were 
immediately frozen on dry ice and stored at –70°C until homogenisation by 
sonication. After centrifugation of the homogenates, the supernatant was 
separated by HPLC on a reverse phase column (SupelcosilTM, LC-18, 75mm 
x 4.6mm, 3µm particle diameter). A buffer containing 0.05M sodium 
phosphate, 0.03M citric acid, 0.1mM EDTA and various amounts methanol 
and sulphonic acid was used as mobile phase, carrying the samples at a flow 
rate of 0.4ml/min through the column. Noradrenaline, dopamine and 5-HT 
were electrochemically detected using a glassy-carbon electrode detector and 
the resulting peak-heights were scored and compared to standard curves for 
the respective substance. 

Immunofluorescence (Paper II) 
Animals were anaesthetised with Dormicum/Hypnorm and fixated by 
perfusion. A butterfly needle coupled to a peristaltic pump was introduced 
into the apex of the heart and an incision was made in the left heart ventricle. 
The blood vessels were flushed with 10ml Tyrode before perfusion with 
50ml 4% paraformaldehyd. The brain was dissected out and immersed in 4% 
paraformaldehyd for 1h postfixation and then moved to a large volume 
tyrode containing 10% sucrose for storage at 4°C. Sucrose saturated brains 
were rapidly frozen on dry ice and mounted for Cryo sectioning. 12mm 
sections were collected on cold chromalun (Chrome Potassium 
Sulphate)/gelatine coated microscope slides. The sections were rinsed 3x10 
min in PBS prior to incubation with primary antibodies (diluted in PBS 
containing 0.3% Triton-x) over night at 4°C in a humified chamber. 
Fluorescein isothiocyanate (FITC)-labelled secondary antibodies were 
applied for 1h at room temperature. The slides were washed 3x10 min in 
PBS before and after incubation with the secondary antibodies. Finally, the 
slides were mounted in 90% glycerine containing the anti-fade substance 
1,4-phenylenediamine for evaluation by fluorescence microscopy (Zeiss, 
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Axioplan 2). The following antibodies were used; anti-rat TH (1:500; Pel-
Freeze, Rogers, AR, USA), anti-bovine AADC (1:200; Calbiochem, La 
Jolla, CA, USA), anti-human DAT (1:40 000; Chemicon International, 
Temecula, CA, USA). FITC-labelled secondary anti-bovine, -rat, or -human 
antibodies were used to detect primary antibodies. 

In situ hybridisation (paper I and II) 
Single stranded oligo nucleotide probes (~50 nucleotides; table 2) were 
designed, based on sequence information available in the literature, to cover 
unique parts of the coding regions of the genes of interest. The probes for A2 
and B2 (described in paper II) cover partly the truncated ALK2 and BMPRII 
receptors and partly the tag-sequence replacing the intracellular domain of 
these receptors in the constructs. All probes were synthesized by 
Scandinavian Gene Synthesis, Sweden.  

Table 3, Oligo nucleotide probes  

Probe  Probe sequence Reference 
GDF10 
(mouse) 

 5’-TCT GGA TGG TGG CAT 
GGT TGG ATG GGC GGA 
CAA TCT TGG GCA TGG 
GGA-3’ 

(Cunningham et 
al., 1995) 
 
Paper I 

TrkC 
(rat) 

 5’-GAA GTG GCC GTT G 
ATG GTC TGG TTG GCT 
GTG CCC AGG GCA TTC 
TTA GCA AT-3’ 

(Merlio et al., 
1993) 
 
 
Paper I 

TH  
(rat) 

 5’-TGC GTG GGC CAG GGT 
GTG CAG CTC ATC CTG 
GAC CCC CTC CAA GGA 
GCG-3’  

(Grima et al., 
1985) 
 
 
Paper II 

AADC  
(rat) 

 5’-AGC ATC AAT GTG CAG 
CCA TAC ACC CTC CTG 
GTT GCA GAT GGG ACC 
CAC-3’ 

(Tanaka et al., 
1989) 

A2  
(mouse) 

Truncated 
ALK2 
and HA-
tag 

5’-ATA TCC ACC ATA CTC 
CAC GTC TCT GGG GTT 
CAG GCG CTC TTG ATT G-
3’ 

Paper II 

B2  
(mouse) 

Truncated 
BMPRII 
and 
cMyc-tag 

5’-AGT TTC TGT TCA CGC 
TGT TTC CGG TCT CCT GTC 
AAC ATT CTG TAT CCA-3’ 

Paper II 
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Adult brains were rapidly dissected, frozen on dry ice, and serially sectioned 
on a Leitz Digital 1702 cryostat. 12 µm coronal sections from the 
hippocampal formation and the cerebellum were mounted onto SuperFrost+ 
slides and stored at -80°C until use. Oligonucleotide probes were 3′-end 
labelled with deoxyadenosine 5′-[α-35S]thiotriphosphate (α-35S-dATP; NEN) 
to a specific activity of approximately 1 106 cpm/ng, using terminal 
deoxynucleotidyl transferase (TdT; Intl. Biotechnologies, Inc.) and purified 
using G50 micro columns (Amersham Pharmacia). Hybridisation was 
performed at 42°C for 16 h in a formamide-humified chamber [Bengtsson, 
1995 #2]. The hybridisation cocktail contained 50 % formamide, 4x SSC, 1x 
Denhardt’s, 1 % sarcosyl, 20mM phosphate buffer pH 7.0, 0.1 g/ml dextrane 
sulphate, 0.27 µg/µl yeast tRNA, 0.5 µg/µl salmon sperm DNA and 1x107 
cpm/ml labelled probe.  Sections were rinsed and washed at 55°C 4 times in 
1 SSC (once in 1x SSC + 0.05 % sarcosyl, and then 3 times in 1x SSC). 
Thereafter, the slides were rinsed quickly in ice-cold RNase-free water, 
dehydrated in ethanol (70 % 5 min and 99 % 5 min) and left to air-dry. The 
sections were mounted for exposure to X-ray films (Kodak BioMax MR) for 
1 week at room temperature. 

RNA preparation and microarray analysis (Paper I) 
Hippocampi were dissected and put in RNAlater solution (Qiagen Inc.), 
which efficiently inhibits RNA degradation. Homogenisation of the tissue 
using a polytron was followed by preparation of total RNA with the Qiagen 
RNeasy kit. The final concentration and A260/A280 ratio was determined and 
the RNA samples were stored at –80°C. 10-20 µg of total RNA was labelled 
with Cy3-green and Cy5-red fluorescent dyes (Amersham Biosciences, 
Uppsala, Sweden) during reverse transcription into cDNA using oligo-dT 
primers. The labelled probes were hybridised with the micro-array spots 
(spotted slides were purchased from Toronto University, Canada) under a 
microscope slide cover slip at 65°C for 18 hours in a high-humidity 
chamber. Dye swap hybridisations were performed for parallel sample-pairs. 
After hybridisation, the arrays were washed repeatedly at increasing 
stringency, dried and thereafter immediately scanned using an Affymetrix ® 
418 Scanner. Two consecutive scans were done, first with a green laser (532 
nm) and subsequently with a red laser (635 nm). For quantification of array 
results, the scanned (16-bit TIFF) files were analysed using a commercial 
software package called Array Vision ®. Template grids were produced for 
all spots. Integrated background-subtracted spot intensities were transferred 
to a spreadsheet file (Excel) for statistical evaluation. 
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Western blot (Papers III and IV) 
Chick ganglia or PC12-cell cultures were lysed in 20mM Tris pH 7.4, 
150mM NaCl, 10% glycerol, 1% Triton X-100, 1mM PMSF and 10µg/ml 
aprotenin. Protein concentration was determined with the Bio-Rad Protein 
Assay kit, (Cat #500-0002). Loading buffer (100mM Tris pH 6.8, 5% 
glycerol, 2% SDS, 0.4M β-mercaptoethanol and bromophenol blue) was 
added to the samples, which were then boiled and run on a 10% SDS 
polyacrylamide gel. Separated proteins were transferred to a Hybond-P 
PVDF membrane (Amersham, RPN2020F) that was then blocked using dry 
milk powder in Tris buffered saline (TBS) at room temperature for >1h and 
subsequently incubated with a mouse monoclonal phospho-Erk antibody 
(recognizing activation by phosphorylation at Thr203/Tyr205 of rat Erk1 and 
Thr183/Tyr185 of rat Erk2; Cell Signalling Technology, diluted 1:10,000 in 
TBS) overnight at 4oC. The membrane was then washed in TBS-tween 
(3x10min) and incubated for 1h at room temperature with a secondary anti-
mouse antibody conjugated with horseradish peroxidase for visualization of 
specific band intensities with enhanced chemiluminescense detection on X-
ray film. The filter was stripped in 60mM Tris pH 6.8, 0.2% SDS, 1:400 β-
mercaptoethanol for 30min at 55ºC and re-probed with a rabbit polyclonal 
MAP kinase antibody (1:5000) recognizing the total Erk1/2 proteins.  

Cell culture 

PC12 cells 
In 1976, Greene and Tischler  established a cell line, PC12, responding to 
NGF with ceased proliferation and neurite extension, from a rat adrenal 
medulla derived phaeochromocytoma. This cell line has since then been used 
in thousands of neurobiological and neurochemical studies. Upon NGF 
treatment, PC12 cells differentiate into sympathetic like neurons, 
synthesizing and storing dopamine and noradrenaline, but not adrenaline.  
The PC12 cells used in paper IV were obtained from the European 
Collection of Cell Cultures, CAMR, Salisbury, Wiltshire, UK (ECACC, ref. 
No. 88022401) and routinely grown in RPMI 1640 with 2mM L-glutamine, 
10% horse serum and 5% fetal bovine serum (FBS). For differentiation in 
NGF-containing medium, the cells were seeded on a thin film of collagen 
type I. For luciferase assays (see below), PC12 cells were transfected using 
Lipofectamine 2000 according to recommendations from the manufacturer. 
HepG2 cells (Paper II) were cultured in DMEM supplemented with %FCS 
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and transfected by the calcium phosphate precipitation method described 
previously by (ref). 

Luciferase assay (Papers II and IV) 
Various luciferase reporters, a β-gal reporter and expression-vectors were 
used (Table 4) for transfection of HepG2 (paper II; supplementary data, 
shown in the results section of this thesis) or PC12 (paper IV) cells in order 
to measure transcriptional activity caused by activation of different 
intracellular signalling pathways. Transfected cells were lysed in reporter 
lysis buffer (#E397A; Promega, Inc., Madison, WI, USA) after 16-48 hours 
of stimulation. Following centrifugation, luciferase activity in the lysates 
was measured using a Wallac Victor luminometer (Model 1420 Multilabel 
Counter) and a luciferase assay substrate (Promega, #E151A). To normalize 
the transfection efficiency, β-gal activity was measured in a fluorometer 
(Dynatech MicroFluor reader) as the amount of the resulting fluorescent 
product of b-gal mediated breakdown of 4-methylumbelliferyl-β-galactoside 
(0.2 mM) in a β-galactosidase buffer. Each experiment is based on the 
analysis of three wells and repeated at least twice. Statistical analyses of 
normalized values were carried out using the SigmaStat software (SPSS, 
Chicago, IL, USA). 

Table 4, Expression-plasmids and luciferase reporters 

Description Vector name 
Expression vector pcDNA3 
Dominant negative ALK2 A2-HA-pcDNA3 
Dominant negative BMPRII B2-cMyc-pcDNA3 
Wild-type ALK2 wtALK2-HA-pcDNA3 
Wild-type BMPRII wtBMPRII-HA-pcDNA3 
Constitutively active ALK2 caALK2-pcDNA3 
Wild-type Smad1 FLAG-wtSmad1-pCMV5 
Wild-type Smad5 FLAG-wtSmad5-pcDNA3 
Wild-type Smad7 FLAG-wtSmad7-pcDNA3 
Dominant negative Smad5 FLAG-Smad52S/A-pcDNA3 
Linker region mutated Smad5 FLAG-Smad55S/A-pcDNA3 
Gal4 DNA-binding domain pFC2-dbd 
Gal4-wtSmad5 fusion wtSmad5-pFC2-dbd 
Gal4-Smad5 2S/A fusion Smad52S/A-pFC2-dbd 
Gal4-Smad5 5S/A fusion Smad55S/A-pFC2-dbd 
Gal4-Elk1 fusion pFA2-Elk1 
Constitutively active MEK1 pFC-MEK1 
Smad Binding Element- luciferase reporter SBE4x-luc 
Gal4-luciferace reporter pFR-luc 
βgal reporters PCMV-βgal and pCH110 
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Crosslinking (Paper II, supplementary data)  
Recombinant BMP7 was iodinated according to the chloramines T method, 
as described by (ten Dijke et al., 1994a). COS cells were transfected for 
overexpression of the dominant negative ALK2-construct (A2) or wild-type 
tALK2 in combination with wild-type tBMPRII (A2-HA-pcDNA3 plus 
wtALK2-HA-pcDNA3, wtBMPRII-HA-pcDNA3, pcDNA3 etc.). After two 
days, the cells were incubated on ice for 3h with 0.2-0.5nM of 125I-labelled 
BMP7 in a binding buffer composed of phosphate buffered saline (PBS), 
0.9mM CaCl2, 0.49mM MgCl2 and 1mg/ml bovine serum albumin (BSA). 
Thereafter, the cells were washed in binding buffer without BSA prior to 
crosslinking for 15 min on ice, by the addition of binding buffer containing 
0.27mM disuccinyl substrate (Pierce Chemical Co., Rockford, IL, USA). 
The cells were then washed in 10mM Tris pH 7.4, 1mM EDTA, 10% 
glycerol, and 0.3mM phenylmethylsulphonyl fluoride (PMSF) and incubated 
on ice for 1h in lysis buffer (20mM Tris pH 7.4, 150mM NaCl, 10mM 
EDTA, 1% Triton X-100, 1% sodium deoxycholate, supplemented with 
1.5% Trasylol and 1mM PMSF just before use). Lysates were cleared by 
centrifugation and the supernatants were then incubated at 4°C overnight 
with anti HA-tag antibodies. Immune complexes were bound to A-sepharose 
(Pharmacia Biotech, Uppsala, Sweden) for 1h at 4°C, washed by repeated 
centrifugations (twice in washing buffer; 20mM Tris pH 7.5, 500mM NaCl, 
1% Triton X-100, 1% sodium deoxycholate and 0.2% SDS; and once in 
MilliQ water) and finally diluted in sample buffer (100mM Tris-HCl pH 8.8, 
0.01% bromphenol blue, 36% glycerol, 4% SDS and 10mM dithiothreitol) 
for SDS-polyacrylamide gel electrophoresis (PAGE) on 8.5% gels. The gel 
was fixed, dried and exposed to a Fuji BAS 2000 Bio-image analyser (Fuji 
Photo Film, Tokyo, Japan). 
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Men ought to know that from the brain, and from the brain only, arise 
our pleasures, joys, laughters and jests, as well as our sorrows, pains, 
griefs and tears. Through it, in particular, we think, see, hear and 
distinguish the ugly from the beautiful, the bad from the good, the 
pleasant from the unpleasant… 
 
Attributed to Hippocrates  
The fifth century, BC. 
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