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Abbreviations

ALK Activin-like kinase 
AG Adrenal gland 
3’-UTR   3’-untranslated region 
5-HT 5-hydroxytryptamine, serotonin 
6-OHDA 6-hydroxydopamine 
AADC Aromatic amino acid decarboxylase 
Ab  Antibody 
BDNF Brain derived neurotrophic factor 
bHLH Basic helix-loop-helix 
BMP Bone Morphogenetic protein 
bp Base pairs 
cAMP Cyclic adenosine monophosphate 
CMV Cytomegalo virus 
CNS Central nervous system 
Cre Cre recombinase 
CRE cyclicAMP response element 
DAT Dopamine transporter 
DRG Dorsal root ganglia 
endog. Endogenous 
ES Embryonic stem (cells, etc) 
FCS Fetal calf serum 
FGF Fibroblast growth factor 
FITC Fluorescein isothiocyanate 
GDF Growth/differentiation factor 
GDNF Glial cell-derived neurotrophic factor 
Id Inhibitor of differentiation 
IRES Internal ribosome entry site  
kb Kilo base pairs 
LacZ -galactosidase  
LC Locus coeruleus  
MAPK Mitogen activated protein kinases 
MesDN Mesencephalic dopaminergic neurons  
MIC-1 Macrophage inhibitory cytokine-1 
MPP+ 1-methyl-4-phenylpyridinium ion 
MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
NGF Nerve growth factor 
NSC Neural stem cells 
NT-3 Neurotrophin-3  
PNS Peripheral nervous system 
Shh Sonic Hedgehog 



SN Substantia nigra 
TAB1 TAK1 binding protein 
TAK1 TGF-  activated kinase 
TC Temporarily catecholaminergic cells 
TGF-   Transforming growth factor-
TH Tyrosine hydroxylase 
Th Gene or locus coding for tyrosine hydroxylase 
Wnt “wingless-related MMTV integration site” (ligand) 
VTA Ventral tegmental area 
X-gal 5-bromo-4-chloro-3-indolyl-beta-D-galactopyranoside 
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Introduction

Communication between neurons in both central and peripheral nervous 
systems (CNS and PNS) occurs in highly specialized tight contacts between 
them, called synapses. In these sites one of the neurons forming the contact 
(called presynaptic) secretes a special compound (or several compounds), 
which trigger the reaction of the second neuron (post-synaptic). These neuro-
transmitter compounds are of different chemical nature including peptides 
and amino acid derivates. Three of these neurotransmitters, dopamine, 
adrenaline (epinephrine) and noradrenaline (norepinephrine) are derived 
from the amino acid tyrosine and designated as catecholamines. Correspon-
dently, neurons firing by means of these transmitters are called catechola-
minergic (dopaminergic, adrenergic, noradrenergic). The position of these 
cell groups through the body and their functions are well known (Fig. 1). In 
the PNS, neurons of the sympathetic system (mediating alert and stress reac-
tions) mainly use noradrenaline as a transmitter. In the central nervous sys-
tem (CNS) noradrenergic neurons are situated in several compact groups 
(nuclei) within the brain stem (hindbrain). Among those, locus coeruleus 
(LC)  comprises  an  area  with  numerous noradrenergic  neurons,  settling 

Fig. 1. Major catecholaminergic cell groups in the murine brain. Type of produced 
transmitter is indicated next to a cell group name: DA, dopamine, NA, noradrena-
line. Hippocampal and striatal cells do not produce catecholamines. Dashed lines 
show projection from substania nigra and VTA to striatum.  Adopted from Althini, 
(2003). 
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widely distributed contacts with neurons within the hippocampus and cere-
bral cortex. Dopaminergic neurons are situated in a number of nuclei within 
the hypothalamus, in the olfactory bulb and retina. In addition, in the ventral 
midbrain (mesencephalon) there are three groups of dopaminergic neurons, 
designated as the retrorubral field, ventral tegmental area (VTA) and sub-
stantia nigra (SN). Cells within these three groups represent about 75% of all 
dopaminergic neurons in the brain, in rat corresponding to about 40,000 
neurons (Wallen and Perlmann, 2003; Smidt et al., 2003). These neurons are 
recognized because of their involvement in a number of severe diseases. In 
particular, neuronal loss in the SN, which is known to be involved in the 
voluntary movement control, results in Parkinson’s disease.  

Two questions regarding dopaminergic neurons of the midbrain are of 
high practical importance: (1) How they differentiate in vivo and which ex-
ternal and internal factors regulate the process, and (2) which factors support 
their survival. Answering the first question is of importance for producting 
such neurons in vitro from stem cells for subsequent cell transplantation to 
Parkinson patients. Revealing the second issue might allow for recognition 
specific molecular reason of the each case of the disease, diagnose the poten-
tial risk, treat or prevent the disease. 

In this thesis I present generation a set of mice with specific genomic al-
terations intended to render catecholaminergic neurons non-responsive to a 
specific group of signaling molecules, designated as bone morphogenetic 
proteins (BMPs, a subclass of the transforming growth factors-  (TGF- )
superfamily). In fact, one of the mice generated (Th-IRES-Cre) allows inac-
tivation of any gene of interest in that cell population. But for doing so, this 
gene in murine genome also has to be modified in a special way. Crossing 
our Th-IRES-Cre mouse with two other mice (kindly provided by collaborat-
ing research groups), I inactivated two genes required for cell-
responsiveness to those signaling factors (genes encoding intracellular signal 
transducer proteins). Analyzing these mice, representing examples of the 
“loss-of-function” type of in vivo experiments, we, for obvious reasons, de-
voted the most of our efforts to midbrain neurons in the SN. However, other 
catecholaminergic neurons might also be affected. The results let us con-
clude that BMPs play a positive role for dopaminergic neurons in the sub-
stantia nigra. It requires further experiments to decipher if these factors are 
involved in the control of differentiation of these cell, their survival or both. 
Anyway, for the reasons outlined above, the results are of potential practical 
value for our understanding the etiology of Parkinson’s disease and to de-
velop strategies for its treatment. 
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TGF-  superfamily 
Transforming growth factor–  (TGF- ) superfamily (reviewed by 

Massague (1998)) is a large group of cytokines (Fig. 1), regulating the whole 
range of cellular reactions: proliferation, exit from the cell cycle, differentia-
tion and apoptosis. The majority of the superfamily members fall into one of 
the following subclasses: TGF-  proper, activins, bone morphogenetic pro-
teins (BMPs) and growth/differentiation factors (GDF). However, similarity 
in name does not always assume close similarity in structure and signaling 
properties (see Fig. 2). Glial cell-derived neurotrophic factor (GDNF) and its 
close relatives neurturin, artemin and persephin form a distinct group of the 
superfamily.  

These growth factors mainly act as homodimers. In fact, activins and in-
hibins represent a group of TGF-  superfamily, which are homo- and het-
erodimers of one  and four  chains (A, B, C and E), though not all poten-
tial combination were reported. Dimers of  and  chains are termed in-
hibins, while activins are  chain dimers (homo and hetero) (reviewed in 
(Risbridger et al., 2001)). Heterodimers for some other TGF-  factors and 
their biological role were also reported. As many other growth factors, 
monomeric TGF-  molecules are products of proteolitic cleavage of their 
precursors. Two large groups of TGF-  superfamily members share common 
features of signalling cascade, which is usually referred a canonical TGF-
signaling pathway (Fig. 3). For simplicity of the following signal cascade 
outlining the first group will be called TGF-  (includes TGF-  proper, in-
hibins, activins and nodal), while term BMP will refer to another (includes 
some BMPs, some GDFs and anti-Müllerian hormone (AMH, also termed 
Müllerian inhibiting substance, MIS) and, though these two groups are het-
erogeneous. GDNF group of ligand uses another pathway to transduce the 
signal. For some ligands of the TGF-  superfamily receptors and signalling 
cascades are still uncharacterized. 

Signals from these two groups are propagated via heterotetrameric com-
plexes of group-specific membrane receptor serine/threonine kinases 
(RS/TK) (Fig. 3). On binding of the stimulating ligand by a specific type II 
receptor, type I RS/TK molecules are recruited into this membrane ligand-
receptor complex. There is a great deal of redundancy in factor-receptor 
interactions within the two mentioned groups within TGF-  superfamily. 
Bringing together type II and I receptors results in phosphorylation and, by 
this mean, activation of type I receptor molecules by the constitutively active 
kinase activity of the type II receptors. On activation, appropriate intracellu-
lar messengers – the receptor-activated Smads or R-Smads – become en-
gaged into the complex and the activated type I receptors directly phos-
phorylate the R-Smads. The activation of R-Smads occurs by phosphoryla-
tion   at  the two   most   distal   serine   residues  in  their  C-terminal SSXS-
motif.  R-Smad  activation  is growth  factor  specific: BMP receptor 
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Fig. 2. Phylogenetic tree of TGF- superfamily factors from human. GDF6 is identi-
fied only in mouse (marked as “m”). Two major groups of BMPs named after 
orthologs from Drosophila are indicated. Adopted from Miyazawa et al. (2002). 

complex activates Smad1, 5 and/or 8, whereas Smad2 and 3 propagate a 
signal from the TGF- -specific receptors. The activated R-Smad binds a 
common mediator Smad – co-Smad (Smad4) - and this heterogeneous Smad 
complex is translocated into the nucleus where it takes part in transcription 
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activation from specific promoters with cooperation with other factors. 
There is a detailed review about structural aspects of interaction between 
different proteins involved in the TGF-  superfamily signal transduction 
(Shi and Massague, 2003).

All R-Smads have a similar structure consisting of two prolonged conser-
vative domains: a N-terminal MH1 domain and a C-terminal MH2 domain 
connected via a variable short linker region. The MH2 domain is responsible 
for specific interaction with receptors, provides Smad hetero- and homo-
oligomerization and carries a transcription activating domain and a nuclear 
export signal. The MH1 domain, in turn, mediates inhibition of MH2 domain 
functions, carries DNA binding (except for Smad3) and provides for nuclear 
localization. The linker region mentioned above serves less clear functions. 
At least it is involved in ubiquitination of the proteins and has several sites 
for functional phosphorylation interfering with signal transduction abilities.  

The MH2 domain of the Co-Smad – Smad4 - has a higher degree of simi-
larity to R-Smads, than the MH1 domain. In this protein both nuclear local-
ization and export signals are located within the MH1 domain. There is no 
reported role for Smad4 phosphorylation, although it was demonstrated in 
cell lines (Nakao et al., 1997). For reviews about Smad structures see 
Moustakas et al. (2001) and Derynck and Zhang, (2003).  

In the nucleus, complex of R- and Co-Smads interacts with other proteins 
to regulate transcription of specific target genes. Numerous recent reports on 
Smad interaction with other transcription activators and repressors makes it 
hardly possible to follow the field. In the review by Miyazawa and cowork-
ers (Miyazawa et al., 2002) 44 proteins are mentioned, which regulate tran-
scription and physically interact with Smads.  

Apart from Smad-dependent signal transduction from TGF-  and BMP, a 
number of alternative mechanisms have been reported. Although TGF-  and 
BMP are known to mediate many processes in the developing nervous sys-
tem (see below) there is almost nothing known regarding which pathways 
mediate these functions.

The present information on Smad-independent mechanisms of TGF-  is 
patchy (reviewed by Derynck and Zhang (2003)). In most cases data are 
from experiments made in cells lines. Often phenomena reported in one cell 
line are not confirmed in other cell lines. In general, it was demonstrated that 
all three mitogen-activated protein kinases (MAPK) pathways (Erk, p38 and 
JNK) could be activated. Activation of JNK and p38 has been shown to de-
pend on signaling via TGF-  activated kinase 1 (TAK1) (Yamaguchi et al., 
1995) and its upstream kinase - TAK1-binding protein (TAB1) (Shibuya et 
al., 1996). This pathway can be activated both by TGF-  and BMP signal-
ing. Later, it was shown (Yamaguchi et al., 1999) that the X-chromosome-
linked inhibitor of apoptosis protein (XIAP) mediates physical interaction 
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Fig. 3. Simplified scheme of “canonical” (Smad-dependent) TGF-  signal transduc-
tion. Dotted arrows represent molecule translocation, grey lines indicate phosphory-
lation (from kinase to substrate). Letter “P” in circle marks phosphorylated domain 
of a protein. Double line arrow stands for transcription. Solid lines with “blind” end 
illustrate inhibiting effect. Some of the basic facts, not mentioned on this scheme: 
TGF- s can propagate a signal via T RII and ALK1 receptor complex to Smad1; 
ALK7 is a orphan type I receptor (i.e. no ligand is known), propagating a signal via 
Smad2/3 pathway. Alternative names for some of the receptors: ActR-I (ALK2); 
BMPR-IA (ALK3); BMPR-IB (ALK6); ActI-B (ALK4); T R-I (ALK5). 

between BMP receptor type I (ALK3) and TAB1 kinase. However, it is not 
yet clear whether this physical (possibly, not direct) interaction reflects 
events occurring during signal transduction. Interestingly, XIAP-mediated 
facilitating of some responses on TGF- -stimulation, is blocked by domi-
nant-negative (dn) Smad4, but not by dnTAK1 (Birkey Reffey et al., 2001). 
Since TAK1 can activate a number of pathways (p38 MAPK via MKK3 and 
MKK6, JNK via MKK4 and NF B via I B kinase) it represents a diver-
gence point in the signalling pathway. Other mechanisms reported include 
Ras-dependent Erk MAPK activation (reviewed in (Mulder, 2000)), activa-
tion of Rho-like GTPases including RhoA, Rac and Cdc42 and activation of 
phosphatidylinositol-3-kinase  (PI3K), as indicated by phosphorylation of its 
effector Akt. The function in vivo was demonstrated only for TAK1-
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mediated signalling, which is involved in early development of Xenopus
(Shibuya et al., 1998). 

Negative regulation of TGF-  signalling 

Ligand traps 
In vivo, TGF-  and BMP signaling is regulated in a number of different 

ways (Fig. 3). So-called ligand traps bind soluble ligands and by this mean 
inactivate them. Only two ligand traps for TGF-  proper have been de-
scribed by now. The first of them is latency-associated protein (LAP) – a 
TGF-  pro-peptide, which after cleavage remains bound to the biological 
active C-terminal part and inhibit its action. It is not clear if LAP acts in vivo
also as a free agent, but purified recombinant protein was proved to inhibit 
TGF-  action both in vitro and in vivo experiments (Bottinger et al., 1996). 
Another trap for TGF-  proper is a proteoglycan decorin (Border and Ru-
oslahti, 1990). However its positive effect on TGF-  signalling has been also 
reported (Takeuchi et al., 1994). Ligand traps for BMP and GDF comprise 
several groups and diverse in their specificity and mode of action (Balemans 
and Van Hul, 2002). The group forming BMP inhibitors include noggin, 
follistatin, chordin, DAN and twisted gastrulation (Twg). Follistatin and its 
structural homolog follistatin-related protein (FSRP) also attenuate activin 
signaling. DAN, Cerberus, Gremlin, Dante and protein related to DAN and 
Cerberus (PRDC) comprise the DAN-family of inhibitors. The members of 
this group have somewhat different specificity of action, with the broadest 
one exhibited by Cerberus. The latter, apart from BMPs, antagonizes also 
activins, nodal and even Wnt signaling, not TGF- -related. The two latest 
identified BMP inhibitor are sclerostin and its relative ectodin (Kusu et al., 
2003; Laurikkala et al., 2003).  

The recently reported crystal structure of noggin bound to BMP7 demon-
strates that the antagonist shadow the part of the ligand molecule involved in 
interaction with both type I and type II receptors (Groppe et al., 2002). Inter-
estingly, a recent report indicates that noggin can bind cell surfaces via 
heparan sulfate proteoglycans (Paine-Saunders et al., 2002). Such an immo-
bilized noggin retains its BMP-binding capability. This mechanism might 
function in settling an instructive BMP gradient (see below). Yet another 
mechanism has been suggested for special restrictions of BMP action. In 
Xenopus, limited spatial action of BMP4 is mediated by immobilization of 
the cytokines to heparan sulfate proteoglycan via basic core in its N-terminal 
part of the BMP (Ohkawara et al., 2002). Interestingly, the presence of BMP 
immobilized in the extracellular matrix of skin was also reported and sug-
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gested to be functional for regulation of transmitter expression in sensory 
ganglia (Hall et al., 2002). 

Another intriguing extracellular modulator of BMPs action is homolog of 
Drosophila’s twisted gastrulation (Twg) (Oelgeschlager et al., 2000). Effect 
of this molecule on BMP function depends on Chordin status. Twg enhances 
BMP-inhibiting effect of Chordin, participating in triple BMP-Chordin-Twg 
complex. However, when Chordin is cleaved by protease the Tolloid, Twg 
binds to BMP-inhibiting part of Chordin, preventing its antagonistic action 
(Larrain et al., 2001). Hence, Tolloid indirectly converts Twg from a BMP-
antagonistic to a facilitating molecule.  

All extracellular inhibitors of BMP signaling as well as all TGF-  super-
family members share a cystine-knot motif which provides a common ele-
ment of tertiary structure. Lately a review on the structure of the BMP in-
hibitors was published (Avsian-Kretchmer and Hsueh, 2004). 

BAMBI - endogenous dominan-negative receptors  
At the level of interference with receptor action, there is one example of 

membrane-bound inhibiting analog of receptor type I. It is called ‘BMP and 
Activin membrane-bound inhibitor’ - BAMBI (Onichtchouk et al., 1999). It 
has a structure of extracellular domain similar to the one of type I receptor 
but lacks intracellular kinase domain. It inhibits BMPs, activins as well as 
TGF-  signaling.

I-Smads  - intracellular inhibitors 
Inside the cell BMP and TGF-  signalling is attenuated by inhibitory 

Smads (I-Smads) – Smad6 and Smad7. I-Smads share homology with R-
Smads in its MH2 domain. Smad7 inhibits both TGF-  and BMP signaling, 
while Smad6 is more efficient antagonist for BMP, than for TGF- . Versa-
tile structural-function study of I-Smad has been performed (Hanyu et al., 
2001; Nakayama et al., 2001).  

I-Smads provide their inhibitory effect at least by means of three different 
mechanisms. The first reported action is based on competing with type I 
receptor binding to R-Smads (Imamura et al., 1997; Hayashi et al., 1997). 
Smad6 can also compete with Smad4 by forming a stable complex with 
Smad1 (Hata et al., 1998). 

Another mechanism of I-Smad-dependent signalling inhibition was 
shown for Smad7. When the TGF-  pathway is inactive, the I-Smad resides 
in the nucleus. Upon activation Smad7 becomes ubiquitinated, is exported to 
cytoplasm and guides ubiquitination of the type I receptors (Ebisawa et al., 
2001). Later, the same mechanism for Smad6- and Smad7-mediated degra-
dation was shown also for BMP-receptors (Murakami et al., 2003). Besides, 
the level of R-Smads is also regulated by ubiquitin-dependent degradation.   
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Interestingly, in PC12 cells it was demonstrated that Smad6 and 7 inhibit 
not only R-Smad-dependent, but also TAK1-dependent BMP signalling. 
Moreover, they can directly interact with TAK1 (Yanagisawa et al., 2001).  

The Smad pathway directly activate expression of inhibitors
Expression of at least some inhibitors is directly activated by the pathway. 

Hence, a negative feedback loop is involved in the controlling of the level of 
TGF-  firing. The extreme case was reported in Xenopus, where Smad7 
together with BMP-4 and BAMBI represent a synexpression group of genes 
controlled by BMP signalling, representing a combination of negative and 
positive feedback loops (Karaulanov et al., 2004). 

 Catecholamine biosynthesis and tyrosine 
hydroxylase

Main facts about catecholamines neurons are outlined in the beginning of 
the introduction. To understand the following parts one has to be aware of 
some basic facts regarding catecholamine biosynthesis. 

Figure 4 represents the biochemical pathway of catecholamine synthesis 
in cells. The first, rate-limiting step of the pathway is mediated by the en-
zyme called tyrosine hydroxylase (TH). This enzyme converts the amino 
acid tyrosine to a compound called L-dihydroxyphenylalanine (L-DOPA). 
Then L-DOPA, in turn, is converted to dopamine (DA) by the enzyme aro-
matic amino acid decarboxylase (AADC). Further consequent steps, which 
are required only for producing noradrenaline (NA) and adrenalin, are driven 
by dopamine- -hydroxylase (DBH) and phenylethanolamine-N-methyl 
transferase (PNMT), respectively. 

Fig. 4. Catecholamine biosynthesis. See text for enzyme abbreviations.  

The TH protein (coding gene designated as Th) is a widely used marker 
for studying catecholaminergic cells and is often mentioned throughout the 
text below. In many cases it is considered to be the first marker of differen-
tiation catecholaminergic neurons. Whereas in midbrain cells leave cell cy-
cle before they start to express TH to be expressed (Rothman et al., 1980), in 
PNS in many cases cells express TH while still proliferating (Hendry, 1977). 



20

It is also a well-known fact that some cells only transiently express TH dur-
ing differentiation (Teitelman et al., 1981). 

In order to achieve tissue-specific expression of a transgene, we utilized 
this gene locus (see below). I will also outline below what is known about 
the regulation of Th transcription. 

Role of BMPs in the developing nervous system 
The highly abundant and regulated expression of ligands belonging to the 

TGF-  superfamily and their receptors in nervous system is a strong argu-
ment for their importance in development and functioning of nervous sys-
tem. Moreover, the pivotal role of this gene family in the nervous system is 
indicated by numerous in vivo and in vitro studies. A number of reports are 
available regarding TGF-  superfamily ligand expression in the CNS 
(Flanders et al., 1991; Unsicker et al., 1996; Söderström and Ebendal, 1999) 
and their receptors (Bengtsson et al., 1995; Bottner et al., 1996; Lorentzon et 
al., 1996; Söderström et al., 1996; Tsuchida et al., 1996; Zhang et al., 1998; 
Charytoniuk et al., 2000). I will refer to some of them below, concentrating 
more on the functional evidences. 

BMPs are involved in regulation of neuronal progenitor survival, neu-
ronal and glial cell differentiation and neuronal identity  

Since this thesis deals mainly with BMP function for catecholaminergic 
neurons, I will focus the review to the role of the TGF-  superfamily for 
nervous system to this specific subgroup of the ligands. As will become evi-
dent, BMPs are involved in virtually all steps of the nervous system devel-
opment, neuronal differentiation and maturation.  

During early post-gastrulation stages BMP signalling mediate “default” 
epidermal differentiation of ectodermal structures on behalf of the neuroec-
toderm. Neural induction, which appears to be “default”, is mediated in vivo
by ligand traps, which inhibit BMP actions. Later, within the neural tube, 
BMPs play in general dorsalising roles and, in particular, provide instructive 
dorso-ventral gradient in the dorsal part of this structure. This gradient 
guides determination of neuronal identity (reviewed in (Lee and Jessell, 
1999))

In vivo, BMPs guide neuronal differentiation in a complex spatio-
temporal manner. Some of the effects are opposite. For instance, culture 
experiments (Mehler et al., 2000) clearly demonstrate that BMP2 acts on 
neuroprogenitors from rat ventricular zone differently at different stages of 
embryonic development. BMP2 promotes cell death and provides antimito-
genic effect on progenitor cells from E13. At later stages (E16) this factor 
stimulates astroglial and neuronal differentiation versus oligodendrogenesis. 
During the prenatal period BMP2 promotes exclusively the astroglial line-
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age. By contrast, oligodendroglial lineage elaboration is inhibited by BMP2 
at all stages.  

Despite their dorsalising role within the neural tube, ventrally BMPs serve 
a pivotal role in settling neuronal identity in the autonomic nervous system. 
BMPs produced by the dorsal aorta (Reissmann et al., 1996) provide the 
instructive signal for expression of the autonomic pronural bHLH transcrip-
tion factor Mash1 (Shah et al., 1996) initiating autonomic neural lineage 
differentiation. The cascade BMP->Mash1->Phox2b->Phox2a seems com-
mon in both sympathetic (Reissmann et al., 1996; Schneider et al., 1999) and 
parasympathetic development (Muller and Rohrer, 2002) and mediates 
noradrenergic phenotype, which is temporal in parasympathetic neurons. In 
the developing sympathetic, but not parasympathetic neurons, Phox2b medi-
ates expression of dHand transcription factor, which is sufficient to elicit the 
generation of ectopic sympathetic neurons in vivo (Howard et al., 2000). 
Moreover, based on data from rat-to-chicken transplantation experiments 
(White et al., 2001) it was hypothesized that sympathetic and parasympa-
thetic lineage differentiation are mediated by higher and lower level of BMP 
signalling intensity, respectively. 

Recent data also indicate that BMP5 induces Phox2b and Phox2a expres-
sion and the resulting dopaminergic markers in chicken locus coeruleus 
(Vogel-Hopker and Rohrer, 2002). This proves that BMPs provide signals 
for catecholaminergic differentiation not only in PNS, but in the brain as 
well.  As mentioned above, in the CNS BMPs also mediate astroglial on 
behalf of neuronal (Nakashima et al., 2001) and oligodendroglial (Mabie et 
al., 1997) differentiation. Strikingly, in this case BMPs hinder function of 
Mash1 by means of activation Id1 and Id3 factors (stands for ‘inhibitor of 
differentiation’).  Id genes are under direct transcriptional control of BMP 
Smad proteins  (Hollnagel et al., 1999; Korchynskyi and ten Dijke, 2002; 
Lopez-Rovira et al., 2002) and Id proteins binds Mash1 to inhibit its tran-
scriptional activity as the proneural factor (Nakashima et al., 2001). 

Interestingly, during differentiation of the olfactory-receptor neurons 
within the olfactory epithelium, BMPs also inhibit neuron differentiation by 
mediating proteasome degradation of the Mash1 transcription factor (Shou et 
al., 1999). Though the effect is fast, it depends on protein synthesis. Hence, 
it cannot be excluded that this mechanism also involves Id proteins. Later, 
during development BMP4 (but not BMP2 and BMP7) stimulates the sur-
vival of the olfactory-receptor neurons but only at low concentration (0.1 
ng/ml) (Shou et al., 2000). This example, taken together with the BMP in-
structive gradient within dorsal neural tube, suggests that cell reaction to 
BMP stimulation can be strictly concentration-dependent. 

BMPs were demonstrated to mediate early events of cerebellar granule 
neuron differentiation, serving dorsalising function, topologically similar to 
the case of the neural tube at spinal cord level (Alder et al., 1999). 
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Apart from sympathetic neurons, it has been shown that some precursors 
on enteric neurons temporarily express TH and other catecholaminergic 
markers, so-called temporarily catecholaminergic cells (TC) (Teitelman et 
al., 1978; Baetge et al., 1990). Later, based on cell culture experiments, it 
has been suggested that, these TC cells represent a distinct, Mash1-
dependent population of enteric neurons precursors, which might be an ex-
clusive source of serotonergic enteric neurons (Blaugrund et al., 1996), the 
most early-forming enteric neurons. The same group (Lo et al., 1997) re-
ported further analysis of in vitro differentiation of neural-crest-derived pre-
cursors isolated from developing gut of E14.5 rat embryo. They demon-
strated that expression of Mash1 keeps the precursors potent to respond to 
BMPs stimulation by neuronal differentiation, and, vice versa, stimulation 
by BMP2 maintains these cells expressing Mash1. Figure 5 represents a 
speculative scheme of enteric serotonergic neuron differentiation.  

Fig. 5. Speculative scheme of serotonergic enteric neuron differentiation. Notice that 
this pathway depends on BMPs after the cells express TH. Adopted with changes 
from Blaugrund et al. (1996). 

In connection to this, it is shown that BMP6 and GDF5 (but not BMP2 
and BMP4) instructively induce serotonergic phenotype in the explants of rat 
hindbrain raphe (Galter et al., 1999). However, the effect seems to be indi-
rect and mediated by glia-produced BDNF.  
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BMPs participate in controlling survival of maturating neurons, 
mediate neurite outgrowth, axon pathfinding and synapse 
development 

BMPs mediate also late stages of neuronal differentiation, participating in 
axon guiding and control of neuronal survival/responsiveness to neurotro-
phic factors. 

There are a great deal of data regarding BMP stimulation of dendrites and 
axon outgrowth in vitro. However, it is not clear to which extent this reflects 
the in vivo situation. BMP7 in the presence of NGF specifically stimulates 
dendritic outgrowth in rat embryonic sympathetic neurons (Lein et al., 
1995). In addition, BMP7 in vitro induces dendrite forming in the rat embry-
onic sympathetic (Guo et al., 1998; Chandrasekaran et al., 2000) and hippo-
campal neurons (Withers et al., 2000). In combination with NT-3 or GDNF 
BMPs provide strong neuritic outgrowth and survival effects on chicken 
embryonic sympathetic explants (Bengtsson et al., 1998). In the case of 
sympathetic neurons Smad1 seems to mediate the effect (Beck et al., 2001; 
Guo et al., 2001). Moreover, proteasome inhibitors selectively block the 
effect (Guo et al., 2001). Further studies revealed that this effect in rat sym-
pathetic neurons is at least partially mediated by autocrine stimulation by 
FGF2 and FGFR1 receptor (Horbinski et al., 2002).  It was also shown that 
earlier reported outgrowth of sympathetic dendrites stimulated by glia is 
mediated by BMPs (Horbinski et al., 2002). A robust neurite outgrowth in-
duced by BMP7 was shown for embryonic chicken retinal explants (Carri et 
al., 1998). There is a discrepancy in data regarding response of pheochromo-
cytoma cell line PC12 to stimulation by BMPs. While, some reports demon-
strate that BMP2 alone stimulates neurite outgrowth (Paralkar et al., 1992) in 
a TAK-1 and p38 MAPK-dependent manner (Iwasaki et al., 1999), in our 
hands BMPs alone were not able to do it, but enhanced NGF-induced neu-
ritic outgrowth (Althini et al., 2003b). 

A number of experiments demonstrate that together with neurite out-
growth, BMPs support survival of cultivating neurons from both PNS and 
CNS. In some of these cases, like for E14 midbrain dopaminergic neurons 
explants BMPs facilitate survival indirectly, via glial cells (Jordan et al., 
1997). On the other hand, in the later experiments involvement of glia in the 
phenomenon was argued (Reiriz et al., 1999). The later report also demon-
strates facilitation of neurite outgrowth by BMP application. In line with 
this, pre-transplantation treatment of mesencephalic cell suspension with 
BMP2 causes a better survival and enhanced morphology of transplanted 
cells to striatum (Espejo et al., 1999). Glial-dependent BMP –mediating 
effect was shown as well for E14 rat raphe differentiation of serotonergic 
neurons (Galter et al., 1999).  

At least in some of these cases, direct BMP effects on neurons are medi-
ated by regulation of dependence/responsiveness to other extracellular 
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ligands. For example, BMP2 induces responsiveness of rat embryonic supe-
rior cervical ganglia cells to NT3 by up-regulation of its receptor TrkC ex-
pression  (Kobayashi et al., 1998). Moreover, both BMP2 and BMP4 acti-
vate TrkC expression in enteric neurons precursors in vitro (Chalazonitis et 
al., 2003). In contrast, in chicken embryonic sympathetic ganglia responding 
with neurite outgrowth when co-stimulated with BMP and NT3 (Bengtsson 
et al., 1998), BMP does not cause any up-regulation of either TrkC or TrkA 
– both receptors for NT3 (Althini et al., 2004). Recently, up-regulation of 
TrkC receptor by BMP2 in the rat sympathetic neurons was attributed to 
action of non-neuronal silencer/repressor element (NRSE/RE) situated in the 
intron 3 of TrkC gene. In this case histone acetylation controls the level of 
transcription (Nakatani and Matsuoka, 2003). In addition, BMP2 and 4 in-
duce apoptosis in the immortalized sympathoadrenal precursors cells MAH 
by triggering their dependence on NGF and FGF8 (Song et al., 1998). In 
explanted E14 rat locus coeruleus neurons, BMP2 in combination with some 
other factors promoted the survival of TH-positive cells after six days of 
cultivation (Reiriz et al., 2002).  

BMPs produced by roof plate cells seem to guide early events of commis-
sural neuron axons by repulsion (Augsburger et al., 1999). Interestingly, 
later it was suggested that the effect is mediated by BMP7/GDF7 het-
erodimers (Butler and Dodd, 2003). Analysis of the noggin-null mouse indi-
cates that BMPs mouse into control of sensory axon pathfinding (Dionne et 
al., 2002). In addition, BMPR-IB knockout mouse demonstrate defect in 
rentinal ganglion cell pathfinding (Liu et al., 2003).  

The observation that BMP7 increases hippocampal neurons receptivity to 
innervation in culture (Withers et al., 2000) demonstrates that BMPs might 
regulate this process as well in vivo.

Cultured rat embryonic sensory neurons from DRG respond to BMPs 
(and activin) by activation of calcitonin gene-related peptide (CGRP) ex-
pression (Ai et al., 1999). In addition, follistatin (ligand trap for BMPs and 
activins) inhibits CGRP-induced activity of skin-conditioned media (Ai et 
al., 1999). All these together indicate that BMPs might be involved in the 
target-mediated induction of transmitter phenotype in sensory neurons. 
However, later the most prominent role of activin in this phenomenon was 
stressed (Hall et al., 2001). 

In Drosophila, the groups of O'Connor and Goodman showed that Gbb 
(the fly ortholog of mammalian BMP7) produced by muscle cell controls the 
homeostasis of motoneuron presynaptic ultrastructure. Presynaptically ex-
pressed BMP receptor wishful thinking, transmits the signal retrogradely 
(Aberle et al., 2002; Marques et al., 2002; McCabe et al., 2003). In particu-
lar, this mechanism control expression of neurotransmitter FMRFamide not 
only in motoneurons, but also in the subset of neuroendocrine cells (Tv neu-
rons) (Allan et al., 2003; Marques et al., 2003; Keshishian and Kim, 2004). 



25

Midbrain dopaminergic neurons 

Midbrain dopaminergic neuron differentiation
Despite of obvious common transmitter features shared by catechola-

minergic neurons, diverse differentiating mechanisms drive them to their 
specific identities. BMPs trigger the differentiation of sympathetic (which 
are noradrenergic) neurons and this process is outlined above. The same 
differentiation cascade appears to mediate appearance of noradrenergic neu-
rons both situated in locus coeruleus (LC) and in other areas of CNS (Guo et 
al., 1999; Pattyn et al., 2000). This analogy with sympathetic neurons ex-
pands also to later period when BMPs might regulate LC neurons respon-
siveness to neurotrophic factors (Vogel-Hopker and Rohrer, 2002; Reiriz et 
al., 2002). Hence, differentiating events seem similar for noradrenergic neu-
rons of CNS and PNS, but not for dopaminergic and noradrenergic neurons 
within CNS. 

At present the MesDN differentiation pathway is poorly understood, al-
though a number of crucial players are identified. Up until now there are 
little indications that BMPs might play a role for mesencephalic dopaminer-
gic neurons (MesDN) differentiation. One report indicates that BMP2 stimu-
lates appearance of TH-positive cells in culture of embryonic mesencephalic 
cell, but it is not clear whether the effect reflects facilitation of differentia-
tion or increased survival (Reiriz et al., 1999). 

This thesis undoubtedly indicates a positive in vivo BMP role for MesDN. 
However, it is not clear if the effect occurs at any specific time point during 
MesDN differentiation or is a continuous long-term effect. If the former is 
the case, the precise role of BMPs for MesDN differentiation has to be pin-
pointed. Hence, I shortly outlined here what is known about the course of 
MesDN differentiation (reviewed by Burbach et al., 2003; Smidt et al.,
2003 and Wallen and Perlmann 2003).

In the late 90ies it was shown that original event of MesDN differentia-
tion is triggered by co-stimulation with two factors: Shh, originating from 
the notochord and floor plate and FGF8 expressed at the mid/hindbrain 
boundary isthmus (Ye et al., 1998). The same report indicates that dopa-
minergic neurons in the more anterior parts of the brain are also born in the 
areas where expression of FGF8 and Shh overlap.  

Expression patterns of transcription factors Engrailed-1 (En1), En2, Pax5, 
Pax2 and signalling molecule Wnt1 suggests their regionalizing role for 
mesencephalic development (two detailed review on temporal-special as-
pects of expression of these and other genes, involved into midbrain differ-
entiation are available (Joyner et al., 2000; Rhinn and Brand, 2001)). Pheno-
type demonstrated by knockout mice for each of these genes varies much 
depending on genetic background. For instance, the effect of the En1-null 
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allele ranges from gross loss of ventral mesencephalic structures to virtually 
normal formation of MesDN (Simon et al., 2001). Recently identified ho-
meodomain transcription factor Lmx1b (Smidt et al., 2000) has a more lim-
ited area of expression, although not exclusively mesencephalic. Inactivation 
of Lmx1b gene does not prevent TH expression within midbrain, though 
these cells do not persist long. As it was concluded from analysis of Lmx1b 
knockout mouse, this transcription factor controls expression of Ptx3 - the 
only identified MesDN-specific transcription factor (Smidt et al., 2000). 
Surprisingly, inactivation of this gene also does not prevent appearance of 
TH+ neurons in the ventral midbrain. However, later these cells disappear, 
although with slower dynamics than in the Lmx1b-null mouse (van den 
Munckhof et al., 2003).   

The only protein, acting on the late stages of MesDN differentiation and 
which loss blocks completely TH expression is the orphan nuclear receptor 
Nurr1. In fact, neurons are formed, but they do not express TH and another 
MesDN marker c-Ret (receptor for GDNF) (reviewed by Wallen and 
Perlmann 2003). Nurr1 starts to be produced in ventral midbrain at E10.5
(Zetterstrom et al., 1997) (one day before TH expression starts), but its ex-
pression is not restricted to future dopaminergic neurons, but span through 
the large field of di- and mesencephalon. Despite its expression in the olfac-
tory bulb, hypothalamus and other brain structures (Zetterström et al., 1996), 
Nurr1-null mice demonstrate the loss of TH expression exclusively in the 
midbrain (Castillo et al., 1998). Interestingly, the latest data indicates that 
Nurr1 might not be autonomously required for TH expression (Tornqvist et 
al., 2002). In this report, explants from Nurr1-null and wild type ventral 
mesencephalic tissue developed the same number of TH-positive cells when 
co-cultured with lateral ganglionic eminence from wild type mouse. Analy-
sis of the knockout mouse demonstrates that Nurr-1 does not control expres-
sion of any of the other transcription factors mentioned above (Saucedo-
Cardenas et al., 1998) but is important for dopaminergic cell survival within 
midbrain (Saucedo-Cardenas et al., 1998; Wallen et al., 1999). In connection 
with this, Nurr1 heterozygous mouse is more susceptible to MPTP lesion 
than wild type mouse (Le et al., 1999). Recent data show that mutations in 
Nurr1 correlate with Parkinson disease (Le et al., 2003). 

In addition to general brain regionalizing role, expression pattern of Wnt 
factors and in vitro experiments suggest their function both in control of 
proliferation of MesDN neuron precursors and in their differentiation 
(Castelo-Branco et al., 2003).   

Lately, BMPs and TGF-  proper were suggested to facilitate differentia-
tion of MesDN (Brederlau et al., 2002; Farkas et al., 2003). However, only 
the later report represents some data from in vivo on TGF-  proper. They 
showed that application of TGF-  neutralizing antibody decreased the num-
ber of TH+ neurons in the chicken midbrain. In cultures of E12 rat mesen-
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cephalic floor Shh induced activation of TH expression to a high extent de-
pends on the presence of TGF- .

Factors facilitating dopaminergic neuron survival in vivo
Since this thesis indicates that BMPs might positively regulate survival of 

the MesDNs, it is of interest to outline what is know about factors facilitat-
ing survival of this cell group. 

The majority of the available data originates from in vitro experiments, 
which not always adequately reflect the in vivo situation. In addition, since 
primary cultures can hardly be homogenic, it is always an issue whether the 
reported effect is direct or mediated by other factors produced by co-cultured 
cells. In vivo supportive potential of the agents is often evaluated in rodents 
with chemically-induced loss of MesDN (MPTP, MPP+, 6-OHDA; re-
viewed by Olanow and Tatton, 1999). Not a great deal is known about en-
dogenous survival factors acting in vivo during target innervation (striatum) 
and later. However, it is known that developmental neuronal death is bi-
phasic with peaks around P1 and P14 (Oo and Burke, 1997; Jackson-Lewis 
et al., 2000).  

 Table I outlines factors known to facilitate MesDN survival in vivo in 
normal or stressed conditions, mentioning only some of the available refer-
ences. At present, the GDNF family (GDNF, neurturin, persephin and ar-
temin) of TGF-  superfamily attracts most attention as the most promising 
candidates for therapeutical usage. Out of this group only artemin has not 
been reported as a trophic factor for MesDN. Prominent effect of other 
members of this group, especially GDNF itself was demonstrated in different 
systems. Recently it has been suggested that GDNF is a striatum-produced 
factor competition for which mediates first onset of the natural MesDN cell 
death (Oo et al., 2003).  

Unsicker, Krieglstein and coworkers demonstrated supportive effect of 
several members of TGF-  for MesDN in vitro and in vivo, including TGF-

s, GDF-5, GDF-15 (Krieglstein and Unsicker, 1994; Krieglstein et al., 
1995a; Krieglstein et al., 1995b; Farkas et al., 1997; Jordan et al., 1997; 
Krieglstein et al., 1998; Strelau et al., 2000). Only lately endogenous effect 
also was suggested in vivo in chicken embryo (Farkas et al., 2003) and in 
mouse (paper I of this thesis). However, negative effect of TGF-  was also 
reported (Sanchez-Capelo et al., 1999). In addition, strong expression of 
BMPRII receptor in the adult SN hints at some role for adult animals 
(Söderström et al., 1996; Charytoniuk et al., 2000). 
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Table I. Factors stimulating survival of midbrain dopaminergic neu-
rons in vivo in different models.

Growth 
factor

Comments References 

FGF Prevention effect in MPTP model 

In oculo transplanation 

Treatment prior striatal transplantation 

bFGF producing fibroblasts  co-grafted with 
neurons 

(Otto and Unsicker, 
1990; Chadi et al., 
1993) 

(Giacobini et al., 1993) 

(Mayer et al., 1993) 

(Takayama et al., 1995) 

BDNF Pretreatment effect on endog. SN neurons 
in axotomy, MPTP and MPP+ models  

Ab injection; Pretraetment of grafting SN 
cells (6-OHDA model) 

DBH-BDNF transgenic mouse analysis   

(Frim et al., 1994) 

(Zhou et al., 1997) 

(Åkerud et al., 1999) 

GDNF In oculo transplanation 

Injection before or after into Stiatum or SN 
(MPTP model) 

Pre-injection into SN (6-OHDA model) 

Endogenous factor preventing natural de-
velopmental cell death in SN (?) 

(Johansson et al., 1995) 

(Tomac et al., 1995) 

(Winkler et al., 1996) 

(Oo et al., 2003) 

neurturin 
(NTN) 

Pre-injection into SN (6-OHDA model) (Horger et al., 1998; 
Åkerud et al., 1999) 

perse-
phin 

Pre-injection into SN (6-OHDA model) 

Grafting of factor-producing NSC 

(Milbrandt et al., 1998) 

(Akerud et al., 2002) 

GDF5 Post-injection into SN (6-OHDA model) (Sullivan et al., 1997) 

GDF15/
MIC-1

Post-injection (6-OHDA model) (Strelau et al., 2000) 

erythro-
poietin 

Pre- and Post-injection into SN (6-OHDA 
model) 

(Genc et al., 2001) 

TGF-   Neutralizing antibody (in chicken), E7-E10 (Farkas et al., 2003) 
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Transcriptional regulation of tyrosine hydroxylase 
(TH)

In this thesis I exploited the knock-in approach using the endogenous Th 
locus for targeting BMP signaling in catecholaminergic cells. Outlining the 
present knowledge on regulation of TH expression on mRNA level would be 
helpful to anticipate possible disturbances, which might be introduced by the 
applied strategy. Another reason to make such a review is the complex tem-
poral pattern of TH expression. This was stressed in this thesis by results 
presented in the paper II, which revealed a number of new putative sites of 
temporal TH expression. 

Table II represents factors involved in TH mRNA level control and posi-
tion of corresponding cis-elements on the DNA. Note, that the only cis-
element is reported to be located within the 3’-untranslated region (UTR). It 
seems not to be interrupted by our knock-in strategy (Fig. 6). 

Apart from cis-acting elements of the proximal Th promoter outlined in 
the table II, the presence of distant elements are also obvious (Sakurada et 
al., 1999; Liu et al., 1997). Interestingly, based on the analysis of transgenic 
founders carrying reporter gene under control of different deleted variants of 
promoters, it was suggested that four gross non-overlapping regions of rat 
TH promoter (from 0  to –6 kb) differently control TH expression in differ-
ent regions of the brain (Liu et al., 1997). 

Fig. 6.  3’-UTR of murine Th gene (NM_009377). Codon for the last amino acid 
(serine) and STOP codon are depicted, as well as polyA signal and SphI site, which 
we utilized to insert transgene. The bold, dotted underlined sequence is masked by 
hypoxia induced protein (HIP) (Czyzyk-Krzeska et al., 1994), whereas bold double 
underlined sequences match to HIP binding consensus (Czyzyk-Krzeska and 
Beresh, 1996). Based on homology with the rat sequence.  

 S  *   

AGCTAAATGCATAGGGTACCACCCACAGGTGCCAGGGGCCTTTCCCAAAGTTCCCA

GCCCCTTCTCCAACCTTTCCTGGCCCAGAGGCTTTCCCATGTGTGTGGCTGGACCC 

TTTGATGGGCTGCTCTTGGTCCCCCTCCTCCACTGCTTCTCAACCACATCTTACTA 

   SphI 
CTGCATGCGCTCCAGGATGGTCCTGCATTCCTCCTGCCCTTCATGCTGTATTCTAC 

               PolyA  
CCTGATTATTATCTCAATAAAGGAAGGAAAGGTCTCC
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Table II. Agents and transcription factors directly controlling TH 
mRNA level 
Factor Cis-elem. location; 

DNA source 
Way of 
regulation 

Comments  Reference 

cAMP -51 to -32 (CRE); 
rat

Transcr.+ Basal, 
cAMP
dependent,* 

(Cambi et al., 1989; 
Trocme et al., 1998) 

cAMP ?; Rat Stability -  (Fossom et al., 1992) 

AP2 -65 –40; -118 –92; 
-232 –207; -334 –
309; -424 –394; -
662 –637; rat  

Transcr.+  (Kim et al., 2001) 

Oct-2 -178 –159; mouse Transcr.-  (Deans et al., 1995) 

AP1 -210 and –194; rat Transcr.+ Basal, cell-
specific;*;
Hypoxia 

(Yoon and Chikarai-
shi, 1992; Norris and 
Millhorn, 1995; 
Trocme et al., 1998) 

HIP** 1552-1577 (in 3’-
UTR); rat 
(M10244) 

Stability+ Hypoxia, 
Basal

(Czyzyk-Krzeska, et 
al.,1996; Paulding et 
al, 1999) 

DNA 
methyl. 

Around CRE; 
mouse 

Transcr.-  (Okuse et al., 1997) 

Fos-Jun 
(?) 

(intron 1) micro-
satellite; human 

Transcr.+  (Meloni et al., 1998) 

HIF # -221 –226; rat Transcr.+ Hypoxia (Schnell et al., 2003) 

Nurr1 –873 –866; rat Transcr.+
##

 (Sakurada et al., 
1999) 

Pitx3 
(Ptx3) 

-50 to –45; rat Transcr.+ 
Transcr.- 

Tissue-
specific

(Cazorla et al., 2000) 

(?) PolyA- +976(3’-
flanking); human 

Transcr.+ Neural cells (Gardaneh et al., 
2000) 

(?) PolyA- +261, de-
pends on E-box 
(absent in mouse); 
human 

Transcr.+ Transgenic 
reporter 
expression 
in AG 

(Wong et al., 1995) 

* - seems to be required for adult, but not embryonic transgenic expression
**  - hypoxia induced protein 
#  - hypoxia-inducible factor 
## - derepression of the promoter distal part
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In vivo loss-of-function approaches 
The conventional knockout approach has allowed answering many pivotal 

questions regarding gene functions in vivo. However, this technique has ob-
vious limitations in evaluating functions of genes during late developmental 
periods if the product of the gene is crucial for earlier stages. This is widely 
applicable for TGF-  signalling: knockouts for a number of ligands, recep-
tors and intracellular messengers demonstrate embryonic lethality (see re-
views (Goumans and Mummery, 2000; Zhao, 2003). In particular, inactiva-
tion of major participants of BMP signalling (ALK2, BMPRII, Smad1, 
Smad5 and Smad4; Smad8 knockout has not been reported) results in severe 
defects in early embryogenesis. Hence, one cannot use these mutant mice to 
study the BMP role in nervous system development.  

Recently a number of new techniques have been developed to overcome 
this problem. They allow tissue- (or cell-) specific and inducible gene inacti-
vation or suppression in vivo in the mouse. Two of these strategies were used 
in this thesis to evaluate the role of BMP signalling for supporting cate-
cholaminergic neurons. Hence, I outline here different possibilities of per-
forming tissue-specific loss-of-function experiment without mentioning in-
ducible systems. The later was comprehensively reviewed by Lindeberg 
(2003).

Present short review stresses the possibility of tissue-specific inhibition of 
signalling, not just a specific gene inactivation. This task has somewhat 
wider range of possible solutions. 

Basic tools 

Internal ribosome entry site (IRES) 
In general, initiation of translation in eukaryotes depends on 7-

methylguanosine cap of mRNA mediating ribosome binding. However, 
about 15 years ago an alternative mechanism, involving the Internal Ribo-
some Entry site (IRES) was reported, originally for picornaviruses (Pelletier 
and Sonenberg, 1988; Trono et al., 1988). It was shown, that the ribosome 
could bind this sequence and initiate translation in a cap-independent man-
ner. Though originally IRES was identified for translation of viral genes 
(however utilizing the eukaryotic host translation machinery) it was later 
shown also to mediate translation of some of the eukaryotic genes (reviewed 
by van der Velden and Thomas, 1999). Interestingly, human Smad5 mRNA
might in vivo be translated from endogenous IRES (Shiroki et al., 2002).  

IRES is widely used for generating knockout /-in and transgenic mice be-
cause it allows translation of bi- and multi- cistronic mRNA (mRNA coding 
two and more protein, which are separately translated). In the transgenic 
approach one of the expressing proteins usually introduce a new function 
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(for example, signal inhibitor) and another is a reporter allowing easy visu-
alisation of the affected area. In the knock-in strategy IRES allows transla-
tion of the inserted gene from mRNA transcribed form the targeted locus. 

Site-specific recombination 
Cre-recombinase is a site-specific recombinase identified in P1 bacterio-

phage (Abremski et al., 1983). This protein recognizes specific non-
palindromic sequences of 34 bp length, called loxP sites, and mediates re-
combination between two such sites. Although Cre has a phage origin it was 
shown to work efficiently in yeast (Sauer, 1987) and mammalian cells 
(Sauer and Henderson, 1988). If a molecule of DNA carries two loxP sites in 
the same orientation, then Cre-mediated recombination results in deletion of 
the sequence situated between those two sites. If two loxP sites are in oppo-
site orientation, recombination causes inversion of the sequence. In 1992 two 
groups (Lakso et al., 1992; Orban et al., 1992) published production and 
crossing two transgenic mice, one of which expressed Cre in a tissue-
specific manner (“Cre-deleter” mouse) and another carrying a transgene 
cassette (equipped with loxP sites).  Expression of that cassette was depend-
ent on Cre-mediated recombination. Both groups reported tissue-specific 
modification of the transgene expression. These two reports opened the ep-
och of tissue-specific genomic alteration in mouse by means of Cre/loxP 
system. In 1994 the first tissue-specific knockout mouse was published (Gu 
et al., 1994). 

Flp is another recombinase, which is in use in genetic alteration in vivo
(Dymecki, 1996). It provides the recombination between so-called flp-sites, 
which are of the same length as loxP. Flp recombinase was identified in the 
yeast 2-mu plasmid (Broach and Hicks, 1980). 

Tissue-specificity: transgenic approach versus knock-in 
All techniques for providing tissue-specific loss-of-function are based on 

tissue-specific expression of a “tool” gene. This can be achieved by means of 
transgenic expression driven by tissue-specific promoter (random integration 
of the expression cassette within genome). Another approach exploits en-
dogenous gene with desired patter of expression (“a vehicle gene”). Though 
the later can be achieved randomly (“gene-“ or “promoter trap” (Friedrich 
and Soriano, 1991)), nowadays it is mainly performed intentionally by 
means of homologous recombination in ES cells (“knock-in” strategy). The 
degree to which the “vehicle gene” is affected in these techniques varies 
much depending on applied technique and specific site of the transgene in-
sertion. Proper transgene mRNA transcription from endogenous locus is 
achieved by integration either into an intron with splice acceptor or into an 
exon. Translation can be obtained by either of two ways: (1) transgene inte-
grated  “in translational frame” with the coding sequence of the endogenous 
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locus or (2) IRES mediates transgene translation. Obviously, in order to 
minimise the impairment of the “vehicle gene” expression, transgene should 
be inserted, preceded by the IRES, into 3’-untranslated region (3’-UTR) of 
the “vehicle gene”. Then its expression might be to a high extent unaffected, 
although one cannot exclude that some sequences responsible for transcrip-
tion or mRNA stability and situated within 3’-UTR may be influenced.  

For the three knock-in mice described in this thesis we utilized the latter 
strategy as being the least invasive. The regulation of TH expression has 
been extensively characterised (see above). Motives within 3’-UTR, which 
are reported to regulate stability of TH mRNA, were not interrupted by the 
transgene insertion. Moreover, the analysis and comparison of all three gen-
erated knock-ins provide a strong base to distinguish effects mediated by the 
transgene expression from the one caused by targeting TH locus. 

Below I describe two different approaches, which can be applied to hinder 
a specific signal pathway transduction in vivo. Both methods can be fulfilled 
technically by means of usage either knock-in or transgenic strategy.  

Tissue-specific expression of an inhibitory protein 
This does not result in complete inactivation of the pathway or protein 

function. A number of reports describe BMPs pathway hampering by means 
of this strategy. The candidates of protein to be expressed are obvious from 
the biology of the pathway:  

Ligand traps (Noggin) (Weaver et al., 1999; Guha et al., 2002) 
Dominant-negative receptors (Weaver et al., 1999; Faber et al., 
2002; Zhao et al., 2002; paper I of this thesis) 
I-Smads (Nakao et al., 2000; He et al., 2002) 

In the case of extracellular ligand trap production, the effect is not cell-
autonomous (not limited to cells producing the transgene) but has a broader 
affected area (Fig. 7, upper panel). However, expression of an intracellular 
repressor provides cell-autonomous effect (Fig. 7, middle panel). 

Notice that in none of these cases a pathway is completely blocked (dou-
ble-headed arrow below the dashed curve). For this strategy, promoters  
providing life-long lasting expression of the transgene in the desired tissue 
are used in most cases. In the figure, the activity of promoter is shown to be 
transient just to indicate that for this approach, unlike the one below, the 
inhibiting effect does not last after promoter became inactive. 
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Fig. 7. Some aspects of strategies for loss-of-function experiments in signaling path-
way. Note that when a ligand trap is expressed as a transgene, the effect is not cell-
autonomous. Only the tissue-specific knockout approach provides permanent and 
complete (double headed arrow on two upper panels) inactivation of the gene and 
the pathway function. 

As mentioned above, tissue specificity of the inhibitor gene expression 
can be achieved either by using an isolated tissue-specific promoter (Weaver 
et al., 1999; Guha et al., 2002) or by means of knock-in into an endogenous 
locus. In paper I of this thesis we expressed two dominant-negative BMP 
receptors (BMPRII and ActR-I (ALK2)) in a tissue-specific manner from the 
3’-UTR of the Th gene via IRES. To my knowledge this is the first reported 
successful attempt to apply this method. 

Tissue-specific knockout 
This technique uses two genetically modified mice. One of them (trans-

genic or knock-in) expresses the gene of Cre-recombinase in a tissue-
specific manner. The second mouse carries the gene-to-be-removed flanked 
by loxP sites (“floxed”). When these two mice are crossed, the “floxed” gene 
is removed only in tissues expressing Cre (Fig. 8). 
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Fig. 8. Tissue-specific knockout strategy. One mouse expresses the Cre-recombinase
gene in a tissue-specific manner, another mouse has a gene of interest flanked by 
loxP sites. In the offspring of these two mice the gene will be inactivated only in the 
Cre-expressing tissues. The picture can be “inverted” to illustrate how reporter 
mouse works: Cre-recombinase removes STOP sequence and activates the reporter 
gene.  

In this approach the effect is cell-autonomous (if the knocked-out gene is 
not a ligand) (Fig. 7, lower panel) and the gene becomes completely inacti-
vated (depending on efficacy of Cre function in the targeted cell population). 
More importantly, once Cre is expressed and the gene is deleted, this change 
will persists through out the life of this cell and its progeny independently of 
later Cre production. For this reason, the Cre expression pattern should be 
well characterized in the deleter mouse. This is done by crossing it to so-
called reporter mouse, which not only indicates the present pattern of Cre 
expression, but also “accumulate” data regarding it temporal expression dur-
ing development. This mouse carries a reporter gene, which expression is 
triggered by Cre-recombinase. On crossing this mouse with the Cre-deleter, 
the reporter gene is expressed not only in all Cre-expressing cells, but also in 
cells, which progenitors produced the recombinase temporarily (see Fig. 7).  
In paper II we used two such reporter strains, exploiting -galactosidase 
gene (LacZ)  (Zinyk et al., 1998; Soriano, 1999).  

At the present moment a considerable number of both Cre-deleters and 
floxed mice have been generated. A database is available on-line at the Nagy 
lab web-site (http://www.mshri.on.ca/nagy/cre.htm).  

In paper II of this thesis we generated and comprehensively characterized 
a Cre-deleter mouse expressing the recombinase gene from 3’-UTR of Th 
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gene via IRES. The first two mice produced by utilizing this strategy were 
published in 2002 (Gerlitz et al., 2002; Gorski et al., 2002). By that moment 
our TH-IRES-Cre mouse had already existing for two years. Unfortunately, 
unexpected problems with the reporter strain (Zinyk et al., 1998) postponed 
publication these results. 

Perspectives: RNA interference 
RNA interference (RNAi) is a third (potential) way to perform loss-of-

function experiments in vivo in a tissue-specific manner. Sometimes referred 
to as “gene silencing”, this method makes use of an evolutionary conserva-
tive anti-viral protection mechanism (reviewed by Tijsterman et al., 2002). 
The cornerstone of this approach is a phenomenon of specific mRNA effi-
cient degradation if a highly homologous double stranded RNA (dsRNA) is 
present in the cell. This long dsRNA is fragmented to about 20 bp long 
pieces, so-called short interference RNA (siRNA). These short double 
stranded RNA fragments specifically guide degradation of the appropriate 
mRNA. It was shown that delivery of siRNA into in mammalian cells results 
in RNAi, i.e. very efficient degradation of specific mRNA (Elbashir et al., 
2001). Action of siRNA can be mimicked by short hairpin-structure double-
stranded RNA, which is exploited widely in experiments because of conven-
ience of its production. The potential of the dsRNA and the siRNA ap-
proaches being used for gene silencing in mammalian cells differs very 
much. Unlike siRNA, introducing of dsRNA triggers interferon-mediated 
response in the majority of mammalian cell types, leading to translation 
blocking and non-specific mRNA degradation (reviewed by Stark et al., 
(1998)). For the mouse model only oocytes, early embryo and non-
differentiated ES cells seems to be excluded from this rule and allow gene 
silencing mediated by long dsRNA (Svoboda et al., 2000; Wianny and Zer-
nicka-Goetz, 2000; Yang et al., 2001). Results from oocyte-specific dsRNA-
based knockdown was published this year (Yu et al., 2004).  

However, the potential usage of siRNA for tissue-specific gene inactiva-
tion is limited by another obstacle. For technical reasons its transcription is 
driven by viral promoters for RNA polymerase III (“regular” genes are tran-
scribed by RNA polymerase II). siRNA transgenic expression allows pro-
ducing general a knockdown (Kunath et al., 2003). However, by now there is 
no report available on possibility to drive RNA polymerase III promoter in a 
tissue-specific manner, though the benefits of this would be obvious. It can-
not be excluded that this problem can be solved technically in future. Re-
cently, Shinagawa and Ishii suggested an elegant alternative, which makes it 
possible to utilize the dsRNA strategy for tissue-specific gene silencing 
(Shinagawa and Ishii, 2003).  
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Present investigation 

Aims

The aims of this thesis were: 

To generate knock-in mice expressing dominant-negative receptors 
for BMPs from the 3’-UTR of the tyrosine hydroxylase gene, using 
a novel IRES-mediated strategy. Analyse these mice in order to de-
fine the role of BMP signalling for midbrain dopaminergic neurons;  

To generate a Th-driven Cre-deleter mouse using the same knock-
in strategy;  

To evaluate the chosen strategy for tissue-specific transgene ex-
pression;

To study the role of BMPs for midbrain dopaminergic neurons by
means of analysis of appropriate gene knockouts mediated by the 
generated tissue-specific Cre-deleter mouse. 
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Results and Discussion 

BMP signalling knock-down in the 
catecholaminergic neurons by means of tissue-
specific expression of dominant-negative BMP 
receptors (paper I) 

In paper I we produced two knock-in mice expressing dominant-negative 
variants of the BMP receptors ALK2 (receptor type I) or BMPRII (receptor 
type II) from the 3’-untranslated region of the endogenous Tyrosine hy-
droxylase (Th) gene (Fig. 9). These truncated receptor variants were de-
prived most of their intracellular parts including the kinase domain. The 
BMP signalling inhibition properties of these two constructs were proven by 
transient transfection experiments.  

The exploited targeting strategy resulted in transcription of bicistronic Th-
dnALK2 or Th-dnBMPRII mRNAs from the endogenous Th locus (Fig. 9). 
The IRES sequence preceding the receptor cDNA sequences provided their 
independent translation. Neomycin resistance cassette (“neo-cassette”) 
flanked by frt-sites was situated downstream of the receptor cDNAs. We 
intended to remove the neo-cassette to diminish potential impact by the 
knocked-in construct to the targeting locus, since early effects provided by 
neo-cassette have been reported. It is of notice that in both constructs the 
neo-cassette had an orientation opposing the transcription of Th and, conse-
quently, receptor coding sequences. Two lines of knock-in mice were suc-
cessfully generated and termed B2+ (Th-IRES-dnBMPRII-frt-neo-frt) and 
A2+ (Th-IRES-dnALK2-frt-neo-frt).

Behavioural analysis of these mice revealed that whereas they hardly 
demonstrated any phenotype in heterozygosity, homozygous animals were 
clearly TH hypomorphs. In particular, they exhibited lower body weight and 
locomotor activity. In situ hybridisation demonstrated almost complete ab-
sence of Th message in the SN of homozygous mice, but not in the het-
erozygotes. On the other hand, wild type, heterozygous and homozygous 
mice demonstrated virtually the same mRNA level for AADC  -  the  second  
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Fig. 9. Exploiting locus of tyrosine hydroxylase (Th) gene to produce knock-ins.
Scheme of endogenous Th locus is represented on the upper part. Filled boxes repre-
sent exons (adopted from Zhou et al. (1995)). Open box indicates 3’-untranslated 
region of the gene. Asterisk (*) stands for STOP codon. Three knock-in mice were 
produced. Notice that the neo-cassette has opposite transcription direction in two 
constructs carrying dominant-negative receptor cDNA. Triangles indicate frt-sites. 
In all three mice the neo-cassette was removed in vivo by crossing to a Flp-deleter 
mouse.  

enzyme of dopamine synthesis and another marker for midbrain dopaminer-
gic neurons. This strongly indicated that the population of midbrain dopa-
minergic neurons was preserved in the homozygous mice but the level of Th 
mRNA was severely impaired. The same appeared to be the case at the pro-
tein level: AADC immunohistochemical staining of SN revealed roughly the 
same quantity of “dopaminergic” cells in homozygous as in wild type ani-
mals, but those cells expressed almost no TH. 

In addition, levels of catecholaminergic transmitters were remarkably di-
minished in all measured target tissues for catecholaminergic innervation. In 
particular, the most drastic effect was seen in B2+ homozygous mouse, 
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where the dopamine level in SN was dropped to 20% of wild type (Fig. 10A)
and in striatum to 3% (!) (Fig. 10B). The noradrenaline level in hippocampus 
(innervated by locus coeruleus) was reduced to 15%, noradrenaline in the 
submandibular gland (innervated by the sympathetic superior cervical gan-
glion) remained at 45% of the normal level. In addition, the transmitter lev-
els were decreased also in some of these areas of heterozygotes: dopamine in 
SN (only for B2+), noradrenaline in hippocampus (both A2+ nad B2+) and 
noradrenaline in submandibular gland (only for B2+).  Interestingly, striatum 
of B2+ homozygous mouse, subjected to the most dramatic decline in the 
dopamine level, demonstrated also increased level of serotonin. This might 
be a compensatory effect noticed earlier (Luthman et al., 1993). 

Fig. 10. Dopamine level in substantia nigra (A) and striatum (B) of mice with trun-
cated BMP receptors knocked-in in the Th locus. Status of the neo-cassette is indi-
cated above bar groups. From paper I. 

To diminish a potential non-specific impact on the Th locus in our knock-
in mice, we removed the neo-cassette in vivo, by means of crossing the B2+ 
and A2+ with a Flp-deleter mouse. The resulting offspring with the neo-
cassette removed, referred as B2- and A2- (or neo-) mice, exhibited much 
less dramatic phenotype, if any, compared with their parental neo+ animals. 
However, the dopamine level is the striatum of the homozygous B2- mouse 
was still reduced to about 30% compared with the wild type littermates. 
Apart of these, whereas cells within SN of B2- homozygotes demonstrated 
the same intensity of TH immunoreactivity compared with the wild type, the 
number of the TH-positive neurons in the area seemed to decline (Fig. 11).
This phenomenon was also noticed with immunostaining for AADC.  

Despite of peptide tags presence both in the dnALK2 (hemagglutinin-tag) 
and dnBMPRII (myc-tag) construct we did not manage to demonstrate their 
expression in vivo. However, with the use of hybrid oligoprobes covering the 
connection between peptide tag and the receptor cDNA sequences we man-
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aged to prove the presence of the appropriate transcript in SN neo-deprived 
mice (which was not the case for neo+ mice). 

Since the observed hypomorphic phenotype was rescued to a large extent 
by removal of the neo-cassette, we concluded that the effect was a result of 
antisense interference between the product of neo-cassette transcription and 
bicistronic mRNA produced by altered Th alleles. This explanation is addi-
tionally supported by the fact that within SN only the TH level (and, conse-
quently, the level of catecholamines) was dramatically decreased in the neo+ 
mice, but neither the cell number in the area nor the expression of other 
genes (AADC, DAT). In the Th-IRES-Cre-frt-neo-frt mouse, described be-
low (paper II) the neo-cassette transcription had the same orientation as tran-
scription of the bicistronic mRNA from the locus. And in that mouse we did 
not see any disturbances of the TH expression in neither neo+ nor neo- mice. 
This strongly favours our explanation suggesting the dependence of the ef-
fect on the direction of the neo-cassette transcription.  

It appeared that our B2+ homozygous mouse demonstrated abnormalities 
very similar to those observed in humans with L-DOPA-responsive dystonia. 
Some cases of this rear disease, caused by low TH activity, have been linked 
to mutations in the Th locus (reviewed by Ichinose et al., 1999). Therefore,
a B2+ homozygous seems to represent an adequate model for this disease. 

 As I mentioned above, removing the neo-cassette did not restore some of 
the abnormalities observed in the neo+ animals. We believe that these differ-
ences are mediated by specific disturbance of the BMP signalling caused by 
truncated receptors expression. In one of the mouse line (B2-) the observed 
differences to wild type littermates are much more profound. This serves as 
another evidence that the effect is provided by the transgene expression, but 
not the Th allele affecting. Another observation, which deserves mentioning 
is that B2- homozygous mice seem to demonstrate fewer TH-positive cells in 
SN. Though, the effect should be accurately quantified, this might indicate 
that the expression of the dnBMPRII receptor interferes with survival of the 
targeted cell population. Hence, this suggests a role for BMP in the control 
of survival or late differentiation in midbrain dopaminergic neurons.  

Generation of tissue-specific Cre-deleter mouse, 
providing Cre-recombination in the 
catecholaminergic cells (paper II)

Using the strategy described above, we generated a mouse carrying an 
IRES-Cre construct in 3’-UTR of the Th locus. As an intermediate step, Th-
IRES-Cre-frt-neo-frt  knock-in  mouse  was  created, having the neo-cassette  
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Fig. 11. TH (upper row) and AADC (bottom row) immunostaining in substantia
nigra of wild type (A, B) and two B2 homozygotes, neo+ (C,D) and neo- (E, F). 
From paper I.  

Fig. 12. LacZ expression with R26R reporter indicates Cre-mediated recombination
in TH-expressing areas. A. Substantia nigra (SN) and ventral tegmental area (VTA). 
B. Locus coeruleus (LC). C. Adrenal medulla (AM). D. Spinal cord area at cervical 
level. Stained structures: sympathetic ganglia (SG), dorsal root ganglia (DRG), some 
cells in the ventral spinal cord and mucosa of oesophagus (Oe). Abbreviations: 4V, 
fourth ventricle; AC, adrenal cortex. Scale bar 0.2 mm. From paper II.  
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co-oriented with Th and Cre transcription (Fig. 9). As, in the paper I, this part
of the targeting sequence was removed later in vivo, by crossing to a Flp-
deleter mouse.  

We characterised this mouse regarding the Cre-expression and effects on 
the TH production. By in situ hybridisation, we showed that Cre is expressed 
in all areas where Th expression was reported before. In addition, immu-
nostaining clearly demonstrated Cre expression in SN and adrenal medulla, 
revealing virtually total co-expression of these two proteins. Unlike the 
situation reported in paper I, the presence of the neo-cassette in the knock-in 
mouse did not affect neither TH no Cre expression. 

Since the purpose of generation this mouse was to obtain a tool for tissue-
specific gene depletion restricted to catecholaminergic cell, it was important 
to evaluate if the expressed Cre is capable of mediating loxP-site specific 
recombination in vivo. To do so, we characterised the pattern of recombina-
tion provided by this mouse in two different LacZ reporter mice. We scrupu-
lously analysed the LacZ expression pattern through the whole body of P5 
pups and in the brain of one-month-old mice. The results obtained from both 
reporters were comparable. However, some remarkable differences were 
noticed (Table III). Strikingly, one of the reporter mouse, c -LacZ (Zinyk et 
al., 1998), demonstrated virtual absence of LacZ expression in tissues known 
to express TH through out life, i.e. SN, VTA, adrenal medulla and sympa-
thetic ganglia. However, the cells within these areas intensively expressed 
LacZ in another reporter, ROSA26-LacZ (Soriano, 1999) (Fig. 12). The lat-
ter confirmed that our Cre-mouse provides efficient recombination in cate-
cholaminergic cells.  

Some variations in the LacZ expression pattern between the two reporter 
mice can be attributed to the effect of the site of transgene integration. How-
ever, in the case of c -LacZ reporter mouse, we consider this explanation for 
the absence of LacZ expression in all areas with prominent TH expression 
less likely. Instead, we believe that the specific genomic organisation of the 
transgene, which paradoxically favours weak rather than strong Cre-
recombinase activity, accounts for this phenomenon. According to the origi-
nal report (Zinyk et al., 1998), this mouse carries tandemicaly-arrayed copies 
of the transgene. The “reporter unit” of this repeat is “promoter-loxP-
STOPsequence-loxP-LacZ-polyA”. Then, the moderate activity of Cre-
recombinase will occasionally mediate recombination between some loxP 
sites. This will provide several copies of the activated “reporter unit”. How-
ever, if the onset of Cre recombination is strong, it will result, ultimately, in 
complete deletion of the part of DNA between the most distally situated loxP 
sites, forming only one activated copy of the reporter unit. This might be not 
enough to produce detectable levels of LacZ.   
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Table III. Differences in the LacZ expression pattern between c -
LacZ and R26R reporters when crossed to a Th-IRES-Cre mouse in 
relation to TH expression in the adult mouse. From paper II. 

tissue TH in the 
adult

c -
LacZ

R26R

Hippocampus - + - 
SN + - + 

VTA + - + 
LC + - + 

Adrenal medulla + - + 
Sympathetic ganglia + -* + 
Cells in the gastroin-

testinal tract wall
- + -* 

Cells in the heart wall - + -* 

Pancreatic islets  - - + 
Sweat gland - + - 

*- Some sparse stained cells were seen. 

LacZ staining was also noticed in areas, which normally do not express 
TH. Both reporters revealed the reporter expression in cerebral cortex and 
striatum. It is worth mentioning that several reporter mice utilizing isolated 
TH promoter demonstrated similar pattern of expression. This has been in-
terpreted as an ectopic expression and attributed to drawbacks of isolated 
promoter and influences by sequences surrounding the site of transgene inte-
gration. Results obtained on our Th-IRES-Cre mouse indicate that, in fact, 
TH might be endogenously expressed in those areas at very low levels or 
during short periods of time during development.  This stresses that our 
mouse is a valuable tool to study cell lineages temporarily expressing TH 
and hunting for short time windows of TH expression. 

Another peculiar site of unexpected Cre (and, putatively, TH) expression 
is female germ cells. The recombination seems to occur between embryonic 
day 13.5 and postnatal day 5. This recombination is efficient in such a way, 
that the “floxed” allele is always inherited from Cre-carrying females in a 
completely recombined form (independently on inheritance of the Cre al-
lele). This turns our Th-IRES-Cre mouse also into a general Cre-deleter 
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mouse when the floxed allele is passed via a female. In fact, this Cre expres-
sion in oocytes do not necessarily reflects the TH production in these cells. It 
might be that this bicistronic transcript appears during the course of “versa-
tile” transcription attributed to germ line cells. Then, this non-specific tran-
scription is coupled to IRES-mediated translation and would provide produc-
tion of Cre, without concomitant TH expression. However, this mechanism 
assumes that the effect should take place in all IRES-Cre knock-in mice. 
Two groups, who published data on similar mice (Richard Havey and Kevin 
Jones– personal communications), did not notice this phenomenon during 
crossing. This might indicate that the effect we have in our Th-IRES-Cre 
mouse might be unique, which, in turn hints at specificity of TH expression 
in oocytes.  

Generation of Smad1-floxed mouse and Smad1 
tissue-specific knockout in catecholaminergic cells 
(paper III and unpublished) 

Smad1 is one of three R-Smads (other two are Smad5 and 8) propagating 
intracellular signal from BMPs according to the “canonical” pathway. In 
paper II we describe generation of knock-in mouse carrying exon 2 (an exon 
including translation start) of the endogenous Smad1 locus flanked by loxP 
sites (Smad1loxP allele). By crossing this mouse with a tissue-specific Cre-
deleter, one can generate a knockout Smad1 mouse, possessing the genomic 
alteration only in tissues of interest.  

Using the benefits described above for the Th-IRES-Cre mouse (paper II), 
we demonstrated that the Smad1-floxed mouse is susceptible to genomic 
alteration. In particular, and in agreement with recombination provided by 
the Cre-mouse in hair follicles (papert II), PCR analysis of the genomic 
DNA from tail biopsies of mice carrying both the Th-IRES-Cre allele and 
the Smad1 floxed allele revealed the presence of a PCR product correspond-
ing to recombined variant of Smad1-floxed allele (Smad1rec allele).  The 
identity of the product was confirmed by sequencing.  

Afterwards, we generated Smad1 knockout mouse in the catecholaminer-
gic cells. Since it is not yet clear how efficiently Cre recombinase in our 
mouse can affect both allele, we chose the following genotypes for experi-
mental and control mice, respectively: Thcre/wt; Smad1loxP/neo and Thcre/wt;
Smad1wt/neo, where Smad1neo allele is an independent Smad1-null allele, pro-
duced by insertion of the neo-cassette into exon 3 (Lechleider et al., 2001). 

Behavioural analysis by primary SHIRPA screen (Rogers et al., 1997) as 
well as measuring locomotor activity did not reveal any differences between 
control and experimental animals. We neither found any difference in the 
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level of catecholamines in SN, striatum and hippocampus between two 
groups of animals.  

The absence of an obvious phenotype in this knockout mouse was some-
what frustrating but expectable since Smad5 and Smad8 might compensate 
for the deficiency of Smad1. In fact, although Smads expression pattern 
through all the murine body was described (Huang et al., 2000; Flanders et 
al., 2001), these reports did not include detailed data on different brain struc-
tures. On the other hand, we were unsuccessful when attempting to evaluate 
Smad1 expression pattern in the brain by means of in situ hybridisation with 
oligoprobes (Söderström, et al, unpublished).

Inactivation of “canonical” TGF-  pathway in 
catecholaminergic cells (paper IV) 

In a way similar to the inactivation of Smad1 in paper III, we performed 
tissue-specific depletion of the Smad4 gene. This is a common mediator 
Smad, required for both TGF- s and BMPs signal transduction. We crossed 
our Th-IRES-Cre mouse (paper II) with a mouse carrying endogenous exon 
8 of Smad4 gene flanked by loxP sites (Smad4co allele; Yang et al., 2002).
The allele, subjected to Cre-mediated recombination should produce a trun-
cated variant of the protein deprived MH2 domain. This part of the protein is 
responsible for heterooligomerisation with R-Smads. Taking into account the 
importance of this interaction, one can assume that the mutated variant of the 
protein is not able to propagate a signal. This is confirmed by the early em-
bryonic lethality of mice, homozygous for this recombined Smad4 allele 
(Smad4rec; Yang et al., 2002).

Analysis of our knockout mice revealed several abnormalities. The ex-
perimental mice are deprived of whiskers (Fig. 13A). We do not have a good 
explanation for the phenomenon. However, the TGF-  superfamily is sug-
gested to control whisker development. In particular, activin knockout does 
not develop whiskers. Good candidate gene for the effect is Msx1 transcrip-
tion factor, which transcription is under direct control of BMPs. In turn, 
Msx1 knockout also demonstrate whisker deprivation. Anyway, this effect in 
our Smad4 knockout mouse seems to be caused by affecting a distinct cell 
population, which is subjected to recombination in Th-IRES-Cre mouse.  

In addition the Smad4 knockout demonstrates lower body weight 
(Fig. 13B). We suspect two factors, which might be responsible for this ef-
fect. Firstly, based on the patterns of Smad4 expression and Cre-mediated 
recombination in our Th-IRES-Cre mouse, we expect that pancreas islets 
could be affected. Secondly, the present literature data provide a ground to 
speculate that in our Smad4 knockout mouse differentiation of specific 
populations of enteric neurons, in particular serotonergic, might be affected. 
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Fig. 13 Smad4 tissue-specific knockout mice demonstrate deprivation of whiskers
(A) and lower body weight (B). B, average difference between means of control and 
experimental animal body weights for each litter for different age ranges (males and 
females together). Above each bar the number of analysed litters and the p-value for 
the hypothesis test (that the mean of this difference is a positive value) are repre-
sented. From paper IV. 

Primary screen of SHIRPA (Rogers et al., 1997) analysis did not indicate 
any further differences between control and experimental animals. 

In addition, knockout mice exhibited 25% reduction in the striatal dopa-
mine level (Fig. 14), while the level of the serotonin was preserved.  This 
suggests that “canonical” TGF-  pathway play a positive role for dopamine 
production by midbrain dopaminergic neurons. Further investigation is re-
quired to understand whether cell number in the area is affected or their ca-
pability to product dopamine. This effect is similar to the observed in homo-
zygous B2- mice (paper I), though not that dramatic. This phenomenon is 
discussed below. 

Fig. 14. Smad4 catecholaminergic cell-specific knockout mice demonstrate de-
creased level of dopamine in striatum. From paper IV. 
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Overall discussion 

Papers I, III and IV report the inactivation of different elements of the 
BMP signalling cascade in catecholaminergic cells (Fig. 15).  

Fig. 15. Different elements of BMP signalling cascade were inactivated (black cross)
in papers I, III and IV of this thesis. Inactivation occurred only in catecholaminergic 
cells.

Our unpublished results from Smad1 catecholaminergic cell-specific 
knockout suggest that Smad1 does not play a crucial role in MesDN. Even if 
Smad1 has a function in this cell population, it is logic to suggest that Smad5 
and 8 compensate for the loss of Smad1 in our experiment.  

On the other hand, the strong effects observed in truncated BMPRII 
knock-in and Smad4 knockout mice undoubtedly demonstrate a positive role 
of ligands belonging to the TGF-  superfamily and, in particular BMPs, for 
MesDN. Dynamics of the MesDN number are of great importance for under-
standing specific reasons for the effect we observed in these two experi-
ments.

In fact, I think that by comparing the data from striatal dopamine level in 
the mice presented in papers I and IV one could postulate a speculative but 
intriguing hypothesis even at the present stage of knowledge.

Fig. 16 represents a schematic drawing of the TGF-  signalling pathway, 
depicting branches blocked in each of the two papers (I and IV). Notice that 
the inhibiting effect of Th-IRES-dnBMPRII on function of endogenous 
BMPRII receptor should not be complete. Theoretically, other type II recep-
tors might have a redundant function in SN. Hence, the blocking effect in 
this mouse should not be that prominent as in the Smad4 knockout mice, 
where the gene is eliminated; Smad4 is also crucial for all Smad-dependent 
signalling, both TGF- s and BMPs. Here and below I assume that produced 
Cre-recombinase provides efficient Smad4 deletion in catecholaminergic 
cells.
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Both experiments (papers I and IV) were performed in a 129/B6 mixed 
genetic background. This together with the fact that control groups of both 
experiments demonstrate the same level of striatal dopamine seem to make a 
direct comparison between the two experimental groups reasonable (Figs 10 
and 14).

Fig. 16. Branches of TGF- signalling pathway suppressed in papers I and IV and
consequences of such hindering for striatal dopamine level.   

It is not yet clear if the reduction of the striatal dopamine found in the 
Smad4 knockout mice is coupled to the loss of MesDN, similar to the 
dnBMPRII knockout mice. In fact, it is logic to assume that the differentiat-
ing step affected in the dnBMPRII mice (and resulting in the TH positive 
cell loss within SN) is also disturbed in Smad4 knockout mice. Otherwise, 
since Smad4 inactivation blocks Smad-dependent signalling pathway from 
the BMPRII receptor (see Fig. 16), we have to conclude that the effects in 
the dnBMPRII knockout mice are mediated exclusively via Smad-
independent mechanisms. But if we reason that the defect in both mice 
strains originates from impairment of the same differentiating phase, even 
then Smad-independent pathway seems to be involved. Indeed, despite the 
expectations outlined in the previous page, the effect on dopamine levels in 
the homozygous dnBMPRII knock-in mice is about two times stronger than 
in the Smad4 knockout mice (Fig. 16). This fact again might indicate that 
Smad-independent pathways are involved in the regulation of the effect ob-
served in the dnBMPRII knock-in experiment. 
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Conclusions

Data presented in papers I and II demonstrate that the chosen approach 
(IRES-mediated bicistronic transgene expression from 3’-UTR of the en-
dogenous Th locus) is adequate to achieve catecholaminergic cell-specific 
transgene production. However, the neo-resistance selection cassette, when 
oriented in direction opposing the locus transcription might dramatically 
interfere with bicistronic mRNA production, hence impairing the level of 
proteins encoded by both the transgene and the endogenous locus. In our 
case, by this means we unexpectedly generated a murine model for cate-
cholamine-deficiency diseases.   

The Th-IRES-Cre mouse generated as described in paper II, is an efficient 
tool for catecholaminergic cell-specific genomic alteration.  

Data presented (paper III and unpublished) demonstrate that Smad1 is not 
a pivotal component of BMP signal transduction in MesDN. Most probably, 
Smad5 and 8 have a redundant function in the targeted cell population.  

Results presented in papers I and IV strongly indicate that members of the 
TGF-  superfamily, in particular BMPs, serve positive functions for mid-
brain dopaminergic neurons. They might either facilitate late differentiating 
steps (after the onset of TH expression) or positively regulate survival. To 
draw more solid conclusions further investigation is required including 
evaluation of the midbrain dopaminergic cell number dynamics. 

Finally, the mice generated in papers I and IV represent a tool set for de-
ciphering the role of BMPs for midbrain dopaminergic and other catechola-
minergic neurons in vivo and involved signalling mechanisms. 
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Materials and Methods 

Knock-in mice producing

Generation of truncated ALK2 and BMPRII by PCR 
The following primers were used: 5 -primer for A2 was 5 -TAT GAA 

TTC GTT ATA CCA TGG TCG ATG GAG TA-3  (designated SAL1b; 
nucleotides 487-510 of GenBank Acc. No. L15436) and for B2, 5 -TAT
GAA TTC CAG CCA TGG CTT CCT CGC TGC ATC G-3  (designated 
HB22b; nucleotides 375-394 of GenBank Acc. No. AF003942). The “inter-
mediate” 3’-primers used, was for A2; 5 -ACC ATA CTC CAC GTC TCT 
GGG GTT-3  (SAL2, antisense to nucleotides 966-990) and for B2; 5 -ACG
CTG TTT CCG GTC TCC TGT CAA CAT TC-3  (HB23, antisense to nu-
cleotides 892-917). Tagged 3’-primers (tag sequence underlined) were 5 -
CAG TCT AGA TCA TGC ATA ATC TGG AAC GTC ATA TGG ATA 
TCC ACC ATA CTC CA-3  (SAL3) for A2 and 5 -CTG TCT AGA TCA 
GAG GTC CTC TTC GGA AAT AAG TTT CTG TTC ACG CTG TTT 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 I for further 
details.)

Screening for genomic DNA clones and targeting vector 
construction

A SVJ129 mouse genomic -phage library (Stratagene, CA, USA) was 
screened using a fragment covering exon 13 (including stop codon and poly-
A signal) of the TH-gene (paper I) as probes (generated with primers used 
for genotyping Th locus, see below). A 16 kb TH clone were isolated and 
further characterised 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. -phage library screening and all DNA ma-
nipulations were done according to standard protocols and suggestions from 
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manufacturers. Sequencing of DNA was done using fluorescent dye-
terminator chemistry and automated the gel- or capillary-based ABI prism 
systems (Perkin Elmer). 

Culturing of embryonic stem (ES) cells  
30-40 g of the targeting constructs were linearised and electroporated 

(260V; 500 F) 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 undiffer-
ented 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 l lysis buffer contain-
ing 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 pre-
pared for Southern blot analysis. The digested DNA was run on a 0.7 % aga-
rose 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. Neutralisation 
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 or internal probes.  The probes were labelled 
with -32P-dCTP using the RediPrime kit (Amersham). After hybridisation 
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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 altera-

tions in the screening procedure, were thawed, DMSO containing media 
removed and the cells were expanded on feeder cells for microinjected 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 blastocysts and 8-12 re-expanded blastocysts were transferred 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 recognised by their 
speckled (brown-black-white) coat colour. The chimera was mated to B6 
dams and transmission of the mutation through the germline to coming gen-
erations, which depends on whether the manipulated ES-cells contribute to 
gonad formation in the chimera, result in brown pups. 

Animals

Housing and Breeding of Mice 
Mice strains used in this thesis are listed in table IV. 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. All 
experiments were run with the approval from the local ethical committee. 

 The frt flanked neo cassette was removed from the TH-IRES-
dnALK2(A2)/dnBMPRII(B2)/Cre loci through breeding of the neo-positive 
strains with Flp-deletor mice. A2, B2 and Cre 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 and 3 out 137 for Cre) in neo- mice, which were used as founders of the 
neo-negative strains and further backcrossed to B6.

Tail biopsies, DNA-preparation and genotyping 
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 
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DNA precipitated with 0.5ml 2-propanol and dissolved in 100 l milliQ wa-
ter.

Table IV. Mouse strains described/used in the present thesis
Strain

Comment
Genetic
back-
ground 

Reference / 
Source 

Paper

129/SvJ Breeding to get pure lines 129X1 Bomholt, 
Denmark 

I, II 

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

B6 Bomholt, 
Denmark 

I, II 

CBA Foster mothers for blasto-
cysts transfer 

CBA Bomholt, 
Denmark 

I, II 

A2+  Th-locus Knock in, neor pos. 129X1, 
129X1;B6  

Paper I I 

A2- Th-locus Knock in, neor neg. 129X1;B6  Paper I I 
B2+  Th-locus Knock in, neor pos. 129X1, 

129X1;B6  
Paper I I 

B2- Th-locus Knock in, neor neg. 129X1;B6  Paper I I 
Flp-deletor  Strain 4917 B6 (Dymecki, 

1996) 
I, II 

Th-IRES-Cre Th-locus 129X1;B6, 
B6

Paper II II, III, 
IV

c -LacZ  Reporter   (Zinyk et al., 
1998) 

II

ROSA26-
LacZ 

Reporter  (Soriano, 
1999) 

II

Smad1-
floxed

 129X1;B6 (Huang et 
al., 2002) 

III

Smad4-flox  129X1;B6 (Yang et al., 
2002) 

IV

The primers used for mice genotyping in this thesis are listed in table V. 
The modified Th-alleles described in paper I were identified with high strin-
gency PCR (95 C, 59 C, 72 C, 35 cycles). All other reactions were run with 
annealing step at 56 C. For all three Th knock-in mice three appropriate 
primers were routinely added to PCR mix to detect both wild type and al-
tered alleles. For genotyping all Smad4 alleles DMSO was added to PCR 
reaction to final concentration 3.4% (v/v). A Southern blot strategy was used 
to confirm the deletion of the neo-cassette. 
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Table V. Primers used for mice genotyping 
Allele Forward  Reverse  wt * Mut 

**
Paper.

A2 SAL1b#  SAL3# - 500 I 
B2 HB22b# HB24# - 500 I 
Th TH-5’: 

CACCCTGAC-
CCAAGCACT 

TH-3’: 
CTTTCCTTCC-
TTTATTGAGAT 

290 - I, II, III, 
IV

Th-IRES-
Cre

Cre-
5’:GATACCTGG-
CCTGGTCTG 

TH-3’: 
CTTTCCTTCC-
TTTATTGAGAT 

- 430 II, III, 
IV

LacZ LacZ-5’: GACAC-
CAGACC-
AACTGGTAATGG 

LacZ-3’: 
GCATCGAGCT-
GGGTAATAAGCG 

800 - II 

Smad1 wt; 

Smad1loxP
S1F400: 
GTTCCCATTTG-
GTTCCAAGC 

LoxP2-rev: 
GAGCTCTGC-
TCCGCCACTCA 

360 410 III 

Smad1neo Neo1:CCGCTTCC
TCGTGCTTTAC 

S1F20: GAAGCA-
CAGC-
GAGTACAATCCT 

- 1000 III 

Smad4 wt; 

Smad4co
Smad4-aa: 
GGCACATTACA-
TTTGCAGTCAG 

Smad4-d: AG-
GAAAAACAG-
GGCTATGTAGAA 

280 330 IV 

Smad4 rec Smad4-aa Smad4-cc:
GACCCAAAC-
GTCACCTTCAC 

- 300 IV 

* - Fragment size on wt-allele, bp; **- Fragment size on mutant allele, bp; # -  for 
sequence see above (“Generation of truncated ALK2 and BMPRII by PCR”) 

Analysis of Mice 

The SHIRPA protocol for primary phenotypic screening 
General status of the mice was scored according to the SHIRPA primary 

observation screen ((Rogers et al., 1997); 
http://www.mgu.har.mrc.ac.uk/mutabase/shirpa_1.html) during which, a 
total of 40 separate measurements are recorded for each animal. Undisturbed 
behavior 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 behavior, startle response and the 
tendency to escape upon touch. This was followed by a sequence of tail sus-
pension 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, 
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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 vocali-
sation were recorded. All parameters were individually scored to provide a 
quantitative measure of behaviors.  

Spontaneous movement 
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. 

Determination of catecholamine and 5-HT levels 
Endogenous levels of noradrenaline, dopamine and 5-HT were deter-

mined 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 subman-
dibular 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 homogenisa-
tion 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, 3 m 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. Noradrenalin, 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 
Animals were anaesthetised with Dormicum/Hypnorm and fixated by per-

fusion. 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% para-
formaldehyd for 1h postfixation and then moved to a large volume tyrode 
containing 10% sucrose for storage at 4 C. Sucrose saturated brains were 
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rapidly frozen on dry ice and mounted in TissueTek (Sakura Finetek Europe 
B.V.) for Cryo-sectioning. 12mm sections were collected on cold chromalun 
(Krom Kalium Sulfat, 101036 Kebo )/gelatin coated microscope slides. The 
sections were rinsed 3x10 min in PBS prior to incubation with primary anti-
bodies (diluted in PBS containing 0.3% Triton-x) over night at 4 C in a hu-
mified chamber. Fluorescein isothiocyanate (FITC)-labelled secondary anti-
bodies 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; 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 (1:40000; Chemicon International, Te-
mecula, CA, USA), anti-Cre (rabbit, 1:1000; Covance Inc., Prinseton, NJ). 
FITC-labelled secondary anti-bovine, -rat, -human antibodies were used to 
visualise staining. For Cre-detection, anti-rabbit AlexaFluor594 antibody 
(1:100; Molecular Probes, Eugene, OR) was used.  

In situ hybridization 
Single stranded oligo nucleotide probes (~50 nucleotides; table VI) were 

designed, based on sequence information available in the litera-
ture/GeneBank, to cover unique parts of the coding regions of the genes of 
interest. The probes for A2 and B2 (described in paper I) cover partly the 
truncated ALK2 and BMPRII receptors and partly the tag-sequence replac-
ing the intracellular domain of these receptors in the constructs. All probes 
were synthesized by Scandinavian Gene Synthesis, Sweden.

Adult brains were rapidly dissected, frozen on dry ice, and serially sec-
tioned on a Leitz Digital 1702 cryostat. 12 m 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 - -35S thiotriphosphate ( -35S-dATP; NEN) 
to a specific activity of approximately 1 106 cpm/ng, using terminal de-
oxynucleotidyl transferase (TdT; Intl. Biotechnologies, Inc.) and purified 
using G50 micro columns (Amersham Pharmacia). Hybridisation was per-
formed at 42 C for 16 h in a formamide-humified chamber [Bengtsson, 1995 
#2]. The hybridisation cocktail contained 50 % formamide, 4x SSC, 1x Den-
hardt’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, de-
hydrated in ethanol (70 % 5 min and 99 % 5 min) and left to air-dry. The 
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sections were mounted for exposure to X-ray films (Kodak BioMax MR) for 
1 week at room temperature 

Table VI. Oligo nucleotide probes
Probe Commnents Probe sequence Ref. Pa-

per 
TH  
(rat)

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

(Grima et 
al., 1985) 

I, 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) 

I, II 

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 I I 

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 I I 

Histochemical -galactosidase (lacZ) detection 
Sections were prepared as for in situ hybridisation above and then fixed 

for 10 min in cold PBS pH 7.4 with 0.2% glutaraldehyd, washed 2x5 min in 
2mM magnesium chloride, 0.01% sodium deoxycholate, 0.2% NP-40, 100 
mM sodium phosphate pH7.4 and incubated for 48 hours at 37 C in 1mg/ml 
X-gal, 5mM potassium ferricyanate, 5mM potassium ferrocyanate, 2 mM 
magnesium chloride, 0.01% sodium deoxycholate, 0.2% NP-40, 100 mM 
sodium phosphate pH7.4. Subsequently the slides were washed 2x5 min with 
PBS pH 7.4, counterstained for 2 min with 0.1% NuclearFastRed containing 
50mg/ml aluminium sulphate, dehydrated in alcohol series, air dried and 
mounted with Entellan (Merk). 
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