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Abstract
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Members of the transforming growth factor-β (TGF-β) superfamily exhibit a range
of effects on a host of different cell types. They signal through heteromeric com-
plexes of serine/threonine kinase receptors of type I and type II. Gene targeted
mutations of both factors and receptors have revealed that many of them are in-
volved in early embryonic development. This thesis examines the receptors for this
superfamily in the nervous system, especially bone morphogenetic protein receptor
type II (BMPR-II). It was cloned from chicken nervous tissue, and its and other re-
ceptors’ expression in peripheral ganglia, spinal cord and brain of chicken, rat and
mouse were examined. BMPR-II, ActR-II and ActR-IA were abundantly expressed
throughout development in the nervous system, however with temporal regulation.
One ligand of BMPR-II, BMP-7, was found to act synergistically with NT-3 and
GDNF on subsets of peripheral neurons to promote survival and neurite out-
growth. A knock-in mouse was generated; encoding a truncated form of BMPR-II
coupled to the endogenous tyrosine hydroxylase (TH) gene with an internal ribo-
some entry site (IRES). For ES-cell selection, a neomycin resistance gene was in-
corporated into the construct. Homozygous mice carrying the knock-in allele ex-
hibited a small, hypokinetic phenotype. Levels of dopamine, noradrenaline and se-
rotonin were measured, and the catecholamines were found to be lowered, dopa-
mine as much as 97% in the caudate nucleus. The low catecholamine levels may
not be an effect of the truncated BMPR-II, but rather a consequence of the knock-
in construct reducing TH transcriptional rate. The TH hypomorphic mouse strain
generated could find use as a model for catecholamine impaired systems, as seen in
Parkinson’s disease.
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There’s only one thing worse
than watching a bad movie

– being in one.

Elvis Presley
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Abbreviations
ActR activin receptor
ALK activin receptor-like kinase
AMH anti-Müllerian hormone
AMHR anti-Müllerian hormone receptor
Arg arginine
BDNF brain derived neurotrophic factor
BMP bone morphogenetic protein
BMPR bone morphogenetic protein receptor
bp base pair(s)
CNS central nervous system
cpm counts per minute
Cys cysteine
DDC dopadecarboxylase
DRG dorsal root ganglion
E embryonic day
ES embryonic stem
GDF growth/differentiation factor
GDNF glial cell-line derived neurotrophic factor
GFRα GDNF family receptor α
kb kilo base pairs
neor neomycine resistance
NGF nerve growth factor
NT neurotrophin
OP osteogenic protein
p75NTR low-affinity NGF receptor
PCR polymerase chain reaction
Phe phenylalanine
PNS peripheral nervous system
Ser serine
sn substantia nigra
TβR transforming growth factor β receptor
TGF-β transforming growth factor β
TH tyrosine hydroxylase
Thr threonine
trk tropomyosin receptor kinase
vta ventral tegmental area
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Introduction
To give a fully comprehensive view of expressions and actions of the trans-
forming growth factor-β superfamily members is an overwhelming task.
Therefore, the introduction of this thesis focuses on the bone morphogenetic
proteins and the nervous system. However, to describe fundamental mecha-
nisms of action, the author have found it necessary to reach outside the nerv-
ous system.

Transforming growth factor-β superfamily
The family of transforming growth factor-β (TGF-β) is a large superfamily of
secreted cytokines. More than thirty members have been described and they
have a host of effects on a vast amount of different developing and mature
cells. They are divided into subfamilies, roughly based on their internal se-
quence homology and modes of action. Effects exerted by these cytokines in-
clude cell growth arrest and differentiation, induction of bone formation, cell
survival and extracellular matrix deposition.

Fig.1. Phylogentic tree over the members of the TGF-β superfamily. Note that some
factors have alternative names.
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The factors of the TGF-β superfamily all bind to heterooligomeric trans-
membrane receptor complexes of type I and type II with serine/threonine
kinase activities. The signal is carried from the cell surface into the nucleus by
cytosolic molecules known as Smads.

Throughout the signalling cascade, from the transcription and subsequent
secretion of the factor, through to the binding of receptor, and onto Smad
mediated signal mediation, there are manners of refined regulation. This, to-
gether with the fact that one ligand may bind several different receptors, ex-
plain the broad range of effects and multiple cell type specificity the members
of the TGF-β superfamily have.

The proteins of the TGF-β superfamily are divided into five subfamilies,
originally based on the relative sequence similarities between them (Wharton
et al., 1991). They are: (i) the TGF-β subfamily, comprising the TGF-βs and
nodal; (ii) the bone morphogenetic protein (BMP) subfamily with all BMPs
and growth/differentiating factors (GDFs); (iii) the inhibin subfamily, con-
taining the inhibin α and activin β A and B subunits (inhibin is a heterodimer
consisting of one inhibin α and one activin β chain, whereas activin is a
homodimer of activin β); (iv) the subfamily consisting of only the anti-Mülle-
rian hormone (AMH, also termed Müllerian inhibiting substance or MIS); and
(v) the more distantly related glial cell-line derived neurotrophic factor
(GDNF) subfamily with GDNF and its related factors neurturin, artemin and
persephin. The GDNF family will be discussed separately.

All factors are synthesized as large precursor proteins with an amino-termi-
nal signal sequence and a pro-domain of variable size. Subsequent proteolytic
processing at a conserved Arg-X-X-Arg site gives rise to the, among mem-
bers, well conserved carboxy-terminal part of 110-140 amino acids (Kingsley,
1994). This mature carboxy-terminal part of the proteins contains seven cys-
teine residues that are conserved for all members of the superfamily. (In some
cases there are only six conserved cysteines, as for GDF-3 and GDF-9
[McPherron and Lee, 1993].) After hetero- or homodimerisation of the carb-
oxy-terminal segment, the active ligand is formed.

Two members of this superfamily have been crystallised, TGF-β2 and
BMP-7 (Daopin et al., 1992; Schlunegger and Grütter, 1992; Griffith et al.,
1996), and this has revealed that the core of the monomer forms a cysteine
knot with three disulfide bonds. This is accounted for by six of the seven con-
served cysteine residues in the active carboxy-terminal part of the protein. The
seventh cysteine is involved in intermolecular covalent bonds, forming the
dimeric nature of the ligand. This covalent bond, however, may not be a req-
uisite for dimerisation since both GDF-3 and GDF-9 display only six of the
seven conserved cysteines (McPherron and Lee, 1993), and may therefore
only require the abundant hydrophobic contacts displayed between the two
subunits (Kingsley, 1994).
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Receptors
The TGF-β superfamily members (except the GDNF subfamily, see below)
bind to transmembrane receptors that hold a serine/threonine kinase domain
in their intracellular part. Two types of receptors are required for signalling,
termed type I and type II, so designated after their molecular weights. The
type II receptor of more than 75 kDa is the larger of the two; the type I re-
ceptors are 50-55 kDa (Yamashita et al., 1996). The type II receptors consist
of (i) a relatively short extracellular domain, with an amino-terminal signal se-
quence and a cysteine-rich sequence (Cys-box), (ii) a single hydrophobic
transmembrane-spanning region and (iii) an intracellular region with a short
juxtamembrane sequence and the serine/threonine kinase domain. A carboxy-
terminal tail of variable length follows the kinase. Only five type II receptors
are known in mammals. They are activin type II and type IIB receptors (ActR-

Table 1. The mammalian receptors of the TGF-β superfamily and their
discoverers

Receptor Expressed in adult brain Cloned by

ActR-II yes Mathews and Vale, 1991
ActR-IIB yes Kondo et al., 1991

Attisano et al., 1992
Mathews et al., 1992

TβR-II yes Lin et al., 1992
AMHR-II no Baarends et al., 1994

di Clemente et al., 1994
BMPR-II yes Kawabata et al., 1995

Liu et al., 1995
Rosenzweig et al., 1995

ALK-1 no ten Dijke et al., 1993
ActR-I) yes Ebner et al., 1993

Matsuzaki et al., 1993
ten Dijke et al., 1993
Tsuchida et al., 1993

BMPR-IA no1/yes2 ten Dijke et al., 1993
Koenig et al., 1994

ActR-IB yes Cárcamo et al., 1994
ten Dijke et al., 1993

TβR-I yes Franzén et al., 1993
Bassing et al., 1994

BMPR-IB no1/yes2 ten Dijke et al., 1994a
ALK-7 yes Lorentzon et al., 1996

Rydén et al., 1996
Tsuchida et al., 1996

1According to paper II of this thesis.
2According to Zhang et al., 1998
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II and ActR-IIB), TGF-β type II receptor (TβR-II), BMP type II receptor
(BMPR-II) and the AMH type II receptor (AMHR-II). The type I receptors
differ from the type II receptors in their kinase domain sequence and in a
characteristic glycine-serine rich domain preceding it (GS region). Seven type I
receptors have been identified, designated activin receptor-like kinases (ALKs
1-7). Some of them also have alternative names: ActR-IA (ALK-2), ActR-IB
(ALK-4), BMPR-IA (ALK-3), BMPR-IB (ALK-6), TβR-I (ALK-5). The func-
tional receptor unit consists of heterooligomeric complexes of type II and
type I receptors. The kinase of the type II receptors are constitutively active,
whereas the type I receptor kinase must be activated through phosphorylation
by the type II receptor. In the cell membrane, the receptors form hetero- or
homodimers even in the absence of ligand, for example TβR-II and TβR-I
(Gilboa et al., 1998). This is complicated further in the case of BMP receptors
(Gilboa et al., 2000), where pre-existing heteromeric oligomers of all three re-
ceptors have been seen (BMPR-II/BMPR-IA and BMPR-II/BMPR-IB)
alongside homomeric oligomers (BMPR-II/BMPR-II, BMPR-IA/BMPR-IA,
BMPR-IB/BMPR-IB and also BMPR-IA/BMPR-IB). Presence of BMP-2 in-
creased presence of all complexes (except for the BMPR-II homooligomer,
which bind ligand very poorly; see below).

Smads
The substrate for the serine/threonine kinase of the type I receptors are intra-
cellular soluble proteins known as Smads (name is a merger of Mad gene in
Drosophila [mother against decapentaplegic] and Sma [small] genes in C. elegans;
Raftery et al., 1995; Sekelsky et al., 1995; Derynck et al., 1996). There are eight
known Smads and they are divided into three groups; (i) the receptor activated
Smads (R-Smads), (ii) the common-mediator Smads (Co-Smads) and (iii) the
inhibitory Smads (I-Smads). The R-Smads, in turn, are divided into two
groups. Firstly, the ones that transduce signals from BMPs (Smad1, Smad5
and Smad8) and thus are phosphorylated by BMPR-IA, BMPR-B and, in fact,
also ActR-I. Secondly, the Smads that are activated upon TGF-β and activin
signalling (Smad2 and Smad3), and hence are phosphorylated by TβR-I and
ActR-IB. As R-Smads become phosphorylated by the type I receptor, they
leave their position anchored to the cell membrane and associate with the Co-
Smad (in vertebrates only one Co-Smad is known, Smad4). This complex of
R-Smad/Co-Smad then translocates into the nucleus, where transcription of
target genes are regulated. The I-Smads (Smad6 and Smad7) are proteins that
function to block the signals from TGF-β and BMPs, hence have opposing
effects of the R- and Co-Smads.

Smad proteins consist of three regions, each roughly engaging one third of
the protein. There are two regions with high homology amongst Smads in the
amino- and carboxy-terminals (termed MH1 and MH2, respectively [for mad
homology]), joined together with a poorly conserved linker region (Heldin et
al., 1997). At the very carboxy-terminal end, R-Smads (but not Co-Smads or I-
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Smads) have a conserved Ser-Ser-X-Ser sequence (Macías-Silva et al., 1996;
Kretzschmar et al., 1997a), which is the target for phosphorylation by the
type I receptor and the subsequent mediator of Co-Smad interaction
(Souchelnytskyi et al., 1997). The MH2 region accounts for most biological
action of the R-Smads. Studies have shown that the carboxy-terminal alone
can mimic effects of full lengths Smad2 and Smad4 (Lagna et al., 1996; Baker
and Harland, 1996; Liu et al., 1997). MH2 also mediates protein-protein
binding, such as Smad-type I receptor interaction (Lo et al., 1998), binding to
the anchor protein SARA (see below; Tsukazaki et al., 1998), R-Smad/Co-
Smad complex formation (Lagna et al., 1996), and association with transcrip-
tion cofactors in the nucleus (Derynck et al., 1998). The MH1 domain has
been shown to carry DNA binding properties (Derynck et al., 1998). In addi-
tion, MH1 can associate with other DNA binding proteins and thus contrib-
ute to targeting of Smads to specific nuclear proteins (Attisano and Wrana,
2000). Furthermore, the MH1 and MH2 domains autoregulate themselves by
binding to each other when Smad is inactive (Hata et al., 1997). When phos-
phorylated by a type I receptor, this autoinhibition is relieved and the R-
Smads are free to associate with Co-Smads (Massagué and Wotton, 2000).

I-Smads exhibit homology to the other members of the Smad family in
their carboxy-terminal parts (the MH2). However no or little sequence simi-
larity can be found for the amino-terminal end, implying that this part of the
I-Smads have other functions than R-Smads and Co-Smads (Imamura et al.,
1997; Nakao et al., 1997).

Ligand-receptor specificity
In terms of which member of the TGF-β superfamily binds and activates
which receptor, there is a great deal of redundancy and members often bind
to more than one type II-type I receptor combination. Therefore, in order to
best illustrate ligand specificity, a crude classification has been proposed, de-
scribing which Smad pathway each member of the superfamily activates (Mas-
sagué and Chen, 2001; Miyazono et al., 2001). According to this classification,
there are (i) the factors activating the activin-pathway Smads (Smad2 and
Smad3) with all TGF-βs, all activins, nodal and GDF-8 (myostatin), and (ii)
the ones that activate the BMP-specific Smads (Smad1, Smad5 and Smad8)
including BMPs 2-8 (BMP-8a and BMP-8b), GDFs 5-7 and AMH. Receptors
involved in binding the first class are TβR-II, ActR-II, Act-RIIB, TβR-I and
ActR-IA and the second class are AMHR-II BMPR-II, BMPR-IA, BMP-RIB
and Act-RIA. However, there are factors whose receptors still have not been
identified and hence cannot be classified. They include BMP-3, BMPs 9-11,
BMP-15, GDF-1, GDF-3, GDF-9 and GDF-10. In addition, the type I rec-
eptor ALK-7 has no ligand ascribed to it and remains orphan.
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Receptor activation and signal propagation
Ligands and receptors may have slightly different modes of forming an active
signalling complex. For example, Wrana et al. (1994) described how TGF-β1
first binds its type II receptor (TβR-II), whereafter this ligand/type II receptor
complex recruits the type I receptor (TβR-I). The latter then becomes phos-
phorylated on serine and threonine residues in its GS region (Willis et al.,
1996), located upstream of the serine/threonine kinase in the cytoplasmic
portion of the receptor, and can thus propagate the signal into the cell. Fur-
thermore, this study showed that TβR-I itself does not bind ligand. On the
other hand, TGF-β2 binds only very weakly to TβR-II, as shown in studies
where the type II receptor was transfected alone into COS cells (Rodriguez et
al., 1995). However, when TβR-I and TβR-II was cotransfected, a very strong
binding of TGF-β2 to TβR-II was seen. Binding of BMP-2, BMP-4 and BMP-
7 to BMPR-II seems to follow the path of TGFβ2 described above; they both
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Fig. 2 The crude classification of the TGF-β superfamily members based on whether
they activate activin-pathway Smads or BMP-pathway Smads. Note that not all
members are classified, as it is not known which receptors/Smads they activate.
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bind BMPR-II poorly, unless there is a coexpression of a type I receptor (Liu
et al., 1995; Rosenzweig et al., 1995). In the case of BMPR-II, however, there
is not only one type I receptor that facilitates binding of ligand to the type II
receptor; this can be achieved by coexpressing any of the two BMPR-I rec-
eptors (BMPR-IA or BMPR-IB) or ActR-IA.

As the type I receptor has become activated, it propagates the signal further
into the cell by interaction with specific Smads. Feng and Derynck (1997)
showed an eight amino acid sequence in the kinase domain of TβR-I (called
the L45 sequence) to be indispensable for TGF-β signal transduction. In the
referred assay, the L45 sequence of TβR-I was interchanged for the corre-
sponding sequence in ActR-I, causing an abolition of TGF-β response in
Mv1Lu-cells. A specificity within the kinase domain of the type I receptors
was shown. Similarly, Lo and coworkers (1998) showed that a 17 amino acid
sequence called the L3 loop in the MH2 domain of Smad2 has receptor-speci-
fying properties. The sequence of the L3 loop is identical for TGF-β and
BMP activated Smads except for two positions, which are essential for their
receptor specificity. When these two positions are interchanged between
Smad1 and Smad2, the interaction with TβR-I is gained or lost, respectively.
Furthermore, this alteration causes TGF-β receptors to phosphorylate Smad1
and BMP receptors to phosphorylate Smad2.

The R-Smads are juxtapositioned to the type I receptors in the plasma me-
mbrane by a protein know as SARA (Smad anchor for receptor activation;
Tsukazaki et al., 1998). SARA contains a FYVE domain known to bind phos-
phatidylinositol 3-phosphate and thus can anchor proteins to membranes. A
crystal structure of the MH2 of Smad2 bound by the SARA Smad binding
domain showed the interaction with SARA to be specific for Smad2 and
Smad3 (Wu et al., 2000). Substitution of an asparagine residue in Smad2 for a
serine, which is the amino acid located in the equivalent position in Smad1,
causes a failure of SARA to appropriately localise the Smad in close vicinity to
the signalling TβR-I. As the type I receptor phosphorylate the Ser-Ser-X-Ser

II II II
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II II

P

II

P

II II

P

PP

II IIIIII IIII II
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II II
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III
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II IIIIII IIII
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Fig. 3. A proposed mechanism of action for serine/threonine kinase
receptors. First, the ligand binds the type II receptor. This ligand/re-
ceptor complex then recruits a type I receptor and phosphorylates it
on the GS region. This activates the kinase of the type I receptor and
it can propagate the signal into the cell.
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motif of the MH2 domain of the R-Smad, the interaction with SARA and the
receptor is abolished, as is the intermolecular MH1-MH2 binding. Next, the
R-Smad forms a heteromeric complex with Co-Smad (Lagna et al., 1996; Liu
et al., 1996; Zhang et al., 1996). The MH2 domains of the R-Smads and Co-
Smad mediate this interaction. The Co-Smad/R-Smad complex will translo-
cate into the nucleus and, together with transcriptional coactivators, bind to a
binding site of two inverted repeats of GTCT in promoters of target genes
(Zawel et al., 1998). DNA binding of Smads is mediated by the MH1 domain
(Shi et al., 1998).

Signal regulation of TGF-β superfamily members
Perhaps the most obvious, yet complicated, form of signal regulation is the
ability of TGF-β factors to bind and activate several receptor combinations.
Then, by expressing certain receptors in restricted regions and/or at different
times, the organism have means of fine-tuning the effects of a specific signal-
ling factor. This differential expression of receptors is shown, for instance, in
early mouse development, where the BMP-2, BMP-4 and BMP-7 receptors
BMPR-II, ActR-I, BMPR-IA and BMPR-IB have distinct temporally regulated
expression patterns (Roelen et al., 1997).

As mentioned above, the I-Smads constitutes one way of signal control for
TGF-β superfamily members. Nevertheless, Smad6 and Smad7 are far from
alone in the role as signal regulators in this system that is both positively and
negatively regulated. Positive regulation may be critical for amplification of
signalling by TGF-β like factors. Negative regulation is important for restric-
tion and termination of signalling and often occurs in the form of negative
feedback loops. There are proteins directly affecting the secreted ligands,
other molecules interfere with the receptor complex. Perhaps the most im-
portant and effective regulation, though, takes place in the nucleus of the cell,
with Smads binding different transcription coregulators, thereby affecting
transcription either positively or negatively. The complexity of this transcrip-
tional regulation reaches beyond the scope of this thesis, however, a few ex-
amples will be brought to attention.

Interference with secreted ligands
There are proteins that directly bind TGF-β superfamily members, thereby
preventing them from binding to the receptors and thus act as antagonists.
They include noggin (Smith and Harland, 1992), chordin (Sasai et al., 1994),
cerebrus (which, together with its related proteins gremlin, caronte and DAN
constitute a family of genes termed the DAN-family; Hsu et al., 1998) and
follistatin (Hemmati-Brivanlou et al., 1994; de Winter et al., 1996). These
molecules all have distinct expression patterns and various biological effects
have been ascribed to them. For instance, noggin and chordin are expressed in
the Spemann organizer in early embryogenesis, where they have reversed ef-
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fects of BMP-4 (Piccolo et al., 1996; Zimmerman et al., 1996). Caronte plays a
critical role in establishing left-right asymmetry of the embryo (Rodriguez
Esteban, et al., 1999; Yokouchi et al., 1999). In addition, the different antago-
nists have different binding preferences to the various TGF-β like molecules.
Noggin binds to BMP-2, BMP-4 and GDF-6 with high affinity, but to BMP-7
with low affinity (Zimmerman et al., 1996; Chang and Hemmati-Brivanlou,
1999). Follistatin was originally identified as an activin antagonist, but has also
been shown to bind BMPs (Iemura et al., 1998).

An additional type of ligand interference is the presence of pseudoligands.
Such are the members of lefty/antivin family (mammalian lefty-1, -2 and ze-
brafish antivin are sometimes referred to as a subfamily of the TGF-β super-
family; Meno et al., 1998, 1999; Thisse and Thisse, 1999). These proteins are
involved in establishing left-right asymmetry and bind to ActR-II, thus com-
peting with signalling ligands such as nodal. In addition, lefty2 is upregulated
as a response to nodal stimulation, thus establishing a negative feedback loop.

Whether inhibin, an antagonist of activin signalling, acts as a pseudoligand
or binds to its own receptor remains to be fully established. Inhibin and act-
ivin are closely related proteins. They are both dimers, activin a homodimer of
two β-chains (βA/βA; activin A, βB/βB; activin B, βA/βB; activin C), inhibin
a heterodimer consisting of one β-chain and one α-chain (Ling et al., 1986:
Vale et al., 1986). Inhibin has thus far been regarded as a true pseudoligand,
binding ActR-II through its β-chain, but failing to activate the receptor (Xu et
al., 1995). However, findings of a possible inhibin receptor in gonadal tu-
mours have been reported (Draper et al., 1998).

Altering of receptor behaviour
Betaglycan, also referred to as TGF-β receptor type III, is a membrane bound
molecule that bind TGF-β superfamily members with high affinity (Lopez-
Casillas et al., 1993). In doing so, betaglycan facilitates the interaction between
TGF-βs and functional receptors, thus acting as a ligand presenter. Recently,
betaglycan was shown to function as an inhibin co-receptor with ActR-II
(Lewis et al., 2000). It was also demonstrated that cells responding poorly to
inhibin could gain sensitivity when betaglycan was presented to them (Lewis
et al., 2000).

Not only pseudoligands are at play in this system, but also pseudoreceptors.
One example is BAMBI (BMP and activin membrane-bound inhibitor;
Onichtchouk et al., 1999), found in Xenopus. BAMBI displays a high degree of
sequence similarity to the human nma gene product (Degen et al., 1996) and is
a serine/threonine kinase pseudoreceptor with structural similarities to type I
receptors, but lacks an intracellular kinase domain. By forming stable interac-
tions with other TGF-β superfamily receptors and acting as a non-signalling
type I receptor, BAMBI inhibits signal transduction evoked by TGF-βs, act-
ivins and BMPs. Furthermore, BMP signalling is required for BAMBI expres-
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sion (Onichtchouk et al., 1999), again indicative of a negative feedback loop
of signal regulation.

Inhibitory Smads
Smad6 and Smad7 differ from the other members of the Smad family in that
they oppose signals from the TGF-β superfamily members. Smad7 is a general
inhibitor (Nakao, et al., 1997), whereas Smad6 could be more selective to-
wards inhibiting signals transmitted from the BMP subfamily (Hata et al.,
1998; Itoh et al., 1998). However, the selective blocking properties of Smad6
is controversial (Imamura et al., 1997).

Smad7 exerts its biological action by stable association to type I receptors
(Hayashi et al., 1997; Imamura et al., 1997; Nakao et al., 1997), thereby abol-
ishing phosphorylation, activation of R-Smads and their subsequent hetero-
meric interaction with Co-Smad. The receptor association of Smad7 is pro-
miscuous, it blocks the kinase activity of all type I receptors.

Smad6 also binds to type I receptors, however the biological relevance of
this finding is unclear, as described by Hata and coworkers (1998). The inves-
tigators appoint Smad6 a Smad4 decoy, in the sense that Smad6 is competing
with receptor-activated Smad1 for complex assembly with Smad4. Recent
findings have shown yet another mechanism of Smad6 to inhibit BMP signals,
namely to bind the transcription factor homeobox c-8 (Hoxc-8) in the nucleus
(Bai et al., 2000). This Smad6/Hoxc-8 complex competes interaction with
Hoxc-8 and receptor-induced Smad1, thereby inhibiting Smad1 induced tran-
scription.

Interestingly, transcription of the I-Smads are regulated by Smad-mediated
signals. Smad6 expression is upregulated by BMP-activated Smad1/5 by influ-
encing its transcription (Ishida et al., 2000), and analogously, Smad7 transcrip-
tion is elevated when signals from TGF-β or activin is transferred into the nu-
cleus (Ishisaki et al., 1998; Nagarajan, et al., 1999). That is to say, a negative
feedback loop is regulating responses from TGF-β superfamily members.

Negative regulation of R-Smads by opposing signals transduced by tyrosine kinase receptors
In addition to the actions of the inhibitory Smads discussed above, further
cytoplasmic regulations of the TGF-β signalling pathway take place. R-Smads
can be phosphorylated in specific conserved amino acid residues in their
linker regions (Phe-X-[Ser/Thr]-Phe or [Ser/Thr]-Phe motifs). These phos-
phorylations are mediated by kinases of the Erk MAP kinase pathway
(Kretzschmar et al., 1997b, 1999). Interestingly, this pathway is activated by
peptide growth factors, including epidermal growth factor (EGF) and hepato-
cyte growth factor (HGF), operating through tyrosine kinase transmembrane
receptors. Phosphorylation of Smad1, -2 and -3 in their linker regions impede
their ability to translocate into the nucleus, hence inhibiting BMP and TGF-β
transcriptional responses.
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Transcriptional regulation
Ulloa and coworkers (1999) showed that responses to TGF-β could be inhib-
ited by the JAK/STAT pathway induced by interferon-γ (INF-γ) by interfering
with receptor-mediated phosphorylation of Smad3. The INF-γ receptor-as-
sociated Jak1 is a tyrosine kinase that activates the transcription factor Stat1
(Stark et al., 1998). This activation results in upregulation of Smad7 transcrip-
tion which leads to elevated levels of Smad7 that interact with the receptor
complex and thereby inhibit phosphorylation and activation of Smad3.

In the nucleus, Smads recruit the transcriptional coactivator p300/CBP
(Feng et al., 1998; Janknecht et al., 1998; Nishihara et al., 1998; Pouponnot et
al., 1998; Shen et al., 1998; Topper et al., 1998). This coactivator has histone
acetyltransferase activity and loosens the chromatin structure. With less dense
chromatin, transcriptional complexes get increased accessibility to the basal
transcriptional machinery (Travers, 1999) and transcription is facilitated. Sev-
eral transcriptional corepressors interfere with this mechanism; a homeodo-
main protein of the TALE class, TGIF is one such corepressor interacting
with Smads (Wotton et al., 1999). c-Ski (Colmenares and Stavnezer, 1989),
that binds Smad2, Smad3 and Smad4 (but not BMP activated Smads), and its
related protein SnoN (Ski-related novel gene) are two additional ones (Akiyo-
shi et al., 1999; Sun et al., 1999; Luo et al., 1999). TGIF and c-Ski compete
with p300/CBP for interaction with R-Smads and recruit histone deacetylases,
which repress the transcription of target genes (Akiyoshi et al., 1999; Wotton
et al., 1999).

Glial cell-line derived neurotrophic factor
A group of cytokines with GDNF as its prototypical member constitute the
most distantly related subfamily of the TGF-β superfamily. They have only
about 20% amino acid similarity to other members but are classed as TGF-βs
because they share the seven cysteine residues in the same relative spacing as
other members. Indeed, GDNF forms the cysteine knot described above for
other TGF-β members (Eigenbrot and Gerber, 1997). Alongside GDNF, this
subfamily includes neurturin, artemin and persephin (Lin et al., 1993; Kotz-
bauer, et al., 1996; Baloh et al., 1998; Milbrandt et al., 1998). The mechanism
of action for GDNF and its related factors is divergent from other TGF-βs in
that they signal through one common transmembrane tyrosine kinase recep-
tor, Ret (rather than serine/threonine as for the other members; Durbec et al.,
1996; Trupp et al., 1996). In addition, GDNF first binds a class of proteins
bound to the membrane by a glycosyl-phosphtidylinositol (GPI) anchor,
named GDNF family receptor α (GFRα; Jing et al., 1996; Treanor et al.,
1996). Four of these GPI-linked GFRαs have been found and named GFRα1-
4, and they harbour ligand specificity of the GDNF subfamily. Hence, GDNF
binds GFRα1, neurturin binds GFRα2, artemin binds GFRα3 and persephin
binds GFRα4 prior to Ret activation (reviewed in Airaksinen et al., 1999).
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GDNF was originally identified as a growth factor for midbrain dopamin-
ergic neurons, promoting survival and high affinity dopamine uptake (Lin et
al., 1993). Subsequently, GDNF was shown to be a trophic factor for spinal
motoneurons (Henderson et al., 1994) and noradrenergic CNS neurons (Are-
nas, et al., 1995). However, the most striking effect seen in GDNF null mu-
tant mice was not in the central nervous system; null mice completely lack
kidneys and enteric nervous system (Moore et al., 1996; Pichel et al., 1996;
Sanchèz et al., 1996). A similar failure of kidney development is caused by in-
activation of the Ret gene (Schuchart et al., 1994), a study performed prior to
the identification of Ret as the signalling receptor for GDNF family members.

Biological effects of TGF-β superfamily members with emphasis on
BMPs
In 1965, Urist showed that if demineralised bone matrix were implanted in
subcutaneous and intramuscular sites of laboratory animals and humans it re-
sulted in local new-bone formation (Urist, 1965). In this study, Urist discussed
the possible existence of a diffusible agent in the dead, decalcified bone matrix
possessing an ability to induce bone formation. Later, he identified this agent
as being a protein and designated it bone morphogenetic protein (BMP; Urist
et al., 1973) Indeed, BMPs (or osteogenins), with bone induction activity, have
since been isolated from protein extracts of such demineralised bone (Urist et
al., 1979; Sampath et al., 1987; Wang et al., 1988; Celeste et al., 1990). How-
ever, bone formation and repair may not be the primary function of BMPs
and is certainly not the topic of this thesis.

BMPs and their cognate receptors are important molecules in embryo pat-
terning, effects are seen early in development. In the early embryo, as differ-
entiation of the blastomeres progress and the three germ layers are formed, a
dorso-ventral axis (among others) is established. The dorsal ectoderm will be-
come the future nervous system and dorsal mesoderm will develop into head
and muscles, while ventral ectoderm and mesoderm represents future epider-
mis and blood, respectively. Through extensive studies performed in Xenopus
and mouse embryos, BMP-4 and its antagonists chordin and noggin have
been implicated in the establishment of this dorso-ventral axis. BMP-4 tran-
scripts are expressed on the ventral side of the developing embryo at the time
of dorso-ventral differentiation (Schmidt et al., 1995) and by addition of exo-
genous BMP-4 protein or mRNA, it was shown that BMP-4 is a ventralizing
factor, as the cells of the dorsal part of the embryo undertook a ventral fate
(Köster et al., 1991; Jones et al., 1992; Wilson and Hemmati-Brivanlou, 1995).
Conversely, when Xenopus embryos are artificially ventralised by ultraviolet
(UV) light (Grant and Wacaster, 1972) or treatment with suramin (Grunz,
1992), Fainsod and co-workers (1994) demonstrated that the BMP-4 tran-
scription of the embryo is prematurely activated. Subsequently, it was shown
that this ventralizing effect of BMP-4 was abolished in the dorsal portion of
the embryo by local production of noggin and chordin, who both antagonises
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the effects evoked by BMP-4 (Piccolo et al., 1996; Zimmerman et al., 1996)
and thus promote dorsal differentiation. Furthermore, BMPs could be in-
volved in regional neural patterning of the early nervous system since several
are expressed in the developing nervous system, e.g. BMP-2, BMP-4, BMP-5,
BMP-6 and BMP-7 (Lyons et al., 1995; Furuta et al., 1997), many of them in a
colocalised pattern. One reason for this colocalisation may be the ability of
different BMPs to substitute for each other, providing a backup system,
should one member be damaged or by other means made inactive. For exam-
ple, BMP-7 is expressed early in development in notochord, epidermal ecto-
derm and yolk sack endoderm (Lyons et al., 1995). Later it is expressed in sev-
eral developing organs, including heart, bone, brain, eye and kidney. However,
BMP-7 deficient mice do not display failure of development in all these areas.
Only kidney, eye (Dudley et al., 1995; Luo et al., 1995) and restricted parts of
the skeleton (Luo et al., 1995) display abnormalities. This rescuing of devel-
opment in brain, heart and substantial parts of the skeleton could be due to
functional overlap between BMP family members. Indeed, the tissues effected
in the BMP-7 knock-out mouse (kidney and eye) are the only organs that have
cell populations exclusively expressing BMP-7 (Dudley et al., 1997).

Some well-performed reports show BMP-4 to be involved in apoptosis.
Cells of odd-numbered rhombomeres (r3 and r5) that in even-numbered
rhombomeres become migratory neural crest cells undergo programmed cell
death. Graham and coworkers (1993) show that these cells in rhombomeres 3
and 5 do not die if they are isolated from their normal juxtapositioned even-
numbered rhombomeres, a fact that was subsequently shown to be due to
lack of BMP-4 signalling (Graham et al, 1994). Interestingly, the interdigital
space in chick hindlimb express high levels of BMP-4 (Zou and Niswander,
1996). This region is also subjected to pronounced apoptosis, in order to
sculpt the digits of the foot. These researchers show that if BMP-4 action is
abolished in these tissues by expression of a dominant negative BMPR-I rec-
eptor, it results in webbed feet. In line with this, they showed that ducks,
whose feet of course are webbed, express no BMPs in the interdigit tissue.

Other areas where BMPs have been reported to be involved in patterning
include the somites, teeth, lung and gut (for reviews see by Hogan, 1996;
Ducy and Karsenty, 2000).

BMPs as inducers of cellular fate within the nervous system
The field of BMPs (and TGF-βs) and their cognate receptors in the nervous
system still is young and therefore much remains to be established regarding
the roles of these factors in both the central and the peripheral nervous sys-
tems (CNS and PNS, respectively), a task of which parts are undertaken by
this thesis. However, progress has been made and new findings are continu-
ously reported.
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Sympathetic ganglia is formed from migrating neural crest cells near the do-
rsal aorta. This area shows high expression of BMP-2 during this time in de-
velopment (Lyons et al., 1995). It has been shown that the BMP-2 expression
might be of crucial importance for the neural crest cells to differentiate into
sensory neurons (Shah et al., 1996). BMP-2 promotes rapid induction of the
autonomic lineage-specific protein Mash1 and autonomic neurogenesis of
neural crest stem cells in vitro. In contrast, TGF-β1 causes the cells to develop
into smooth muscle cells. In a similar study, performed in quail, neural crest
cells were shown to express the adrenergic phenotype marker tyrosine hy-
droxylase (TH) when they were subjected to BMP-2, BMP-4 or BMP-7 in vitro
(Reissman et al., 1996). Coculturing the neural crest cells with explants of the
dorsal aorta could mimic this onset of TH. However, this study found BMP-2
not to be expressed in the dorsal aorta at the onset of neural crest differentia-
tion, and thus it was concluded that the effect seen could not be carried out
by BMP-2 in vivo. Further support came from a study by Varley and Maxwell
(1996), who showed that BMP-2 and BMP-4 but not BMP-6 increased the
adrenergic cells in quail trunk neural crest cultures. The requirement for BMPs
in the differentiation of sympathetic neurons was further established as it was
shown that the when beads containing the selective BMP antagonist noggin
was implanted into chick embryos, noradrenergic markers, such as TH, were
absent (Schneider et al., 1999).

In the central nervous system too, BMPs have been shown to drive dif-
ferentiation. When serotonergic neurons isolated from rat E14 hindbrain
raphe were cultured in serum free conditions, BMP-2, BMP-6, BMP-7 as well
as GDF-5, increased the levels of cells expressing serotonin specific markers
(Galter et al., 1999). This effect was due to induction of the markers, rather
than increased survival. However, the authors argue that this may be an indi-
rect action, with the BMPs exerting their action on the non-neural population
of cells in the culture.

Furthermore, the group of Kessler has shown BMPs to be involved in ast-
roglial differentiation of progenitor cells. They showed that multipotent em-
bryonic cells of the subventricular zone (SVZ) could be induced to develop
into astroglial cells, on the expense of oligodendrocyte or neural differentia-
tion (Gross et al., 1996). This effect was seen when the cells of the SVZ was
treated with either BMP-2, BMP-4, BMP-5, BMP-6 or BMP-7. Similarly, they
showed bipotent postnatal cells harbouring capability to become either astro-
cytes or oligodensrocytes to exclusively adopt astrocyte fate when exposed to
BMP-2 (Mabie et al., 1997). In both studies, the effects were BMP specific
and could not be mimicked by activin, TGF-β or GDNF.
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TGF-β superfamily members as neurotrophic factors
TGF-βs most commonly effects supporting cells, such as microglia, oligo-
dendrocytes and Schwann cells (reviewed by Böttner et al., 2000), even though
a substantial amount of reports on their neural effects have been published.

One of the first indications of the neural relevance of the TGF-β super-
family members was the finding that activin A had survival and differentiation
effects on P19 cells (Schubert et al., 1990). This teratoma cell line differenti-
ates into neuronal like cells when they are exposed to retinoic acid (RA); with-
out RA and under controlled conditions they die within 48 hours. Schubert
cultured P19 cells in the absence of RA with conditioned media from a rat eye
tumour cell line, and found the cells to survive. The conditioned culture media
was analysed and the active molecule was found to be activin A.

TGF-βs are survival factors of midbrain dopaminergic neurons (Poulsen et
al., 1994; Kriglstein et al., 1995), and prevent 1-methyl-4-phenylpyridinium ion
(MPP+) toxicity (Kriglstein et al., 1995). In addition, TGF-β1 and TGF-β2
have been shown to have survival and differentiating effects on sensory neu-
rons dissociated from the dorsal root ganglion (DRG; Chalazonitis et al.,
1992). These effects were dependent on, and synergistic with, NGF. Also,
when all non-neural cells were eliminated in the culture, no effects of TGF-β1
or TGF-β2 were seen, implying that this is a secondary effect, exerted by the
supporting glial cells. Furthermore, antimitotic effects of TGF-βs on cerebel-
lar granule cells (Constam et al., 1994) and adrenal medullary chromaffin cells
(Wolf et al., 1999) have been shown, which is in agreement with early reported
effects of TGF-βs in the periphery.

Rat PC12 cells is a cell line known to be able to differentiate into neuronal
like cells in vitro if cultured with NGF. It has been established that BMP-2 also
can change these cells morphologically, promote neurite outgrowth and in-
duce them to express neuron specific markers (Iwasaki et al., 1996), hence
mimicking a neurotrophin.

Several BMPs are also expressed in developing sensory neurons of DRG.
When this ganglion was dissociated and grown in vitro, Farkas and coworkers
(1999) showed them to survive in response to GDF-5, BMP-2, BMP-4, BMP-
6, BMP-7, and less prominent, BMP-11 and BMP-12. In addition, GDF-5 and
BMP-4 were shown to have synergistic effects with NGF and NT-3 as sur-
vival promoting factors.

Dendritic outgrowth
Modulation of dendrites is a continuous process throughout life. Hence, to
study dendrite outgrowth is a means of studying not only neural development,
but also neural maintenance. One way of going about this is to grow sympa-
thetic neurons. In vivo, a sympathetic nerve cell must grow dendrites in order
to form all synapses needed for its adequate function. However, when dissoci-
ated in vitro, these neurons extend only a single axon in response to its corre-
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sponding survival factor NGF. When BMP-7 is added in such a dissociated
culture, the neurons extend branched dendrites (Lein et al., 1995). This does
not happen if NGF is absent; NGF is needed for survival. It was then con-
cluded that NGF is a modulator of dendritic outgrowth while BMP-7 is the
inducer of the same. In subsequent studies, this dendritic outgrowth was
shown to be restricted to the dpp (BMP-2 and BMP-4) and 60A (BMP-5
through BMP8a and BMP-8b) subgroups of BMPs (Guo et al., 1998; Beck et
al., 2001).

TGF-β1 and TGF-β2 have been shown to promote neurite outgrowth in
cultured hippocampal neurons (Ishihara et al., 1994). In an assay where the
axons of these cultured neurons had been injured, TGF-β1 could induce re-
elongation (Abe et al., 1996).

Serine/threonine receptors in the nervous system
Before the present author and coworkers started to investigate the distribution
of serine/threonine kinase receptors in the nervous system, few reports were
published. It was known that activin receptor mRNAs were expressed in de-
veloping neural tissue of Xenopus (Kondo et al., 1991; Mathews et al., 1992)
and chicken (Ohuchi et al., 1992). In the adult rat brain Cameron and cowork-
ers (1994) showed that ActR-II and ActR-IIB both are expressed abundantly.
This study showed that, in general, the probe for ActR-II gave stronger label-
ling, indicating this receptor to be the more expressed of the two. In paper II
of this thesis, we confirm the results of Cameron and coworkers (1994) in re-
gard of ActR-II and, furthermore, show the distribution of ActR-I in the de-
veloping spinal cord and adult rat brain. In addition, we show ActR-II expres-
sion in the peripheral nervous system.

At this time, one additional serine/threonine kinase type I receptor was in-
dependently cloned by several groups (Lorentzon et al., 1996; Rydén et al.,
1996; Tsuchida et al., 1996) and depicted ALK-7. Interestingly, in all cases it
was isolated from cDNA libraries prepared from brain tissue. It is strongly
expressed in developing and adult brain, however its distribution is not rest-
ricted to the nervous system.

In paper III of the present thesis, the expression patterns of BMPR-II,
ActR-II (more extensively than in paper II), ActR-IA, ActR-IB, BMPR-IA,
BMPR-IB and TβR-I in developing and adult rat brain is reported. We found
BMPR-II and ActR-I, in addition to ActR-II, to be the dominantly expressed
among the receptors, with no transcript found for neither BMPR-I receptors
nor TβR-I. However, challenging results have been reported (Dewulf et al.,
1995; Zhang et al., 1998; see also Discussion).

The expression of BMPR-II, ActR-II and ActR-I has been shown to be re-
gulated as a response to injury. Mild cortical contusions can trigger elevated
levels of ActR-I and BMPR-II in the dentate gyrus of the hippocampal for-
mation, whereas the expression of ActR-II was downregulated (Lewén et al.,
1997). Furthermore, raised levels of BMPR-II transcripts in the dentate gyrus
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have been reported in a model of global cerebral ischemia (Charytoniuk et al.,
2000).

Transgenic mice expressing dominant negative forms of
serine/threonine kinase receptors
Through oocyte pronuclei microinjections, several transgenic mice have been
generated that express a truncated dominant negative form of a ser-
ine/threonine kinase receptor (Böttinger et al., 1997; Serra et al., 1997; Wang
et al., 1997; Gorska et al., 1998; Yamaoka et al., 1998; Shiozaki et al., 1999).
The expressions have been made tissue specific by using tissue specific pro-
moters. All transgenic mice described have mutant forms of a type II receptor
that have intact extracellular and transmembrane parts but lack the intracellu-
lar kinase domain. This enables the mutant receptors to bind ligands and form
complexes with type I receptors, however fail to activate the kinase of the
type I receptor and hence is unable to propagate the signal from bound ligand.
Transgenic mice expressing a signalling defective TβR-II have been reported
to block TGF-β induced growth inhibition of keratinocytes when expressed
with a mouse loricrin promoter that localise expression to epidermis (Wang et
al., 1997). In addition, the same transgenic mice develop skin carcinogenesis at
an accelerated rate, due to increased angiogenesis (Go et al., 1999). Further-
more, when a truncated TβR-II is driven by a matellothionein-like promoter it
alters chondrocyte differentiation, resulting in skeleton and joint malforma-
tions (Serra et al., 1997). In the mammary gland of virgin female mice, failure
of TβR-II to signal causes suppression of alveolar development and expres-
sion of the milk protein β-caselin, a state normally occurring in midgestation
pregnant mice (Gorska et al., 1998). In the pancreas, expression of truncated
TβR-II, controlled by the metallothionein promoter, resulted in pancreatic
acinar cell proliferation, fibrosis, neoangiogenesis and macrophage infiltration
(Böttinger et al., 1997). Also expressed in the pancreas, a truncated ActR-II
caused dysfunction of β-cells and impaired glucose tolerance when under the
control of the insulin promoter (Yamoaka et al., 1998) and small, misplaced
islets, however with normal glucose tolerance, when expression was moni-
tored by a β-actin promoter (Shoizaki et al., 1999). The latter mouse also dis-
played an increased number of glomeruli, though smaller sized, in the kidney
(Maeshima et al., 2000).

Receptor gene knockouts
A summary of the serine/threonine kinase receptor gene abolition studies per-
formed to date and their corresponding literature references are presented in
table 2. Noteworthy is the fact that most of the null mutant embryos are
smaller than normal, fail to undergo proper gastrulation and are incapable of
mesoderm formation (knock-outs of BMPR-IA, ActR-IB, ActR-IA, ActR-
IIA/ActR-IIB [double knock-out] and BMPR-II). These results illustrate the
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importance of serine/threonine kinase receptors in early embryogenesis. Ex-
amining the phenotypes further, however, showed them not to be identical.
Some mutant embryos are effected at the egg cylinder stage, immediately pre-
ceding the gastrula stage (BMPR-IA, ActR-IB, ActR-II–/–/ActR-IIB–/– and
BMPR-II), whereas others, indeed, show formation of a primitive streak and
initiation of gastrulation but fail in progressing the same (ActR-IA, ActR-II–/–

/ActR-IIB+/–; the latter mutants die around midgestation, due to severely im-
paired embryonic mesoderm failing to form a primitive heart or a head-fold
structure). Further examination of the mutations lethal at the egg cylinder
stage showed that embryos mutant for BMPR-IA and BMPR-II failed to es-
tablish the anterior-posterior axis, which normally occurs at this stage of de-
velopment.

The knock-out mice that do develop to term are the ones with damaged
ActR-II, ActR-IIB or BMPR-IB genes as well as the double mutant ActR-II+/–

Table 2. TGF-β superfamily receptor gene abolition studies.

Receptor Reported by Gastrulation Phenotype

TβR-II Oshima et al., 1996 yes defective yolk sac vasculogenesis
midgestation lethal

ActR-II Matzuk et al., 1995 yes skeletal abnormalities in utero1

suppressed FSH2

sterile females2

ActR-IIB Oh and Li, 1997 yes complicated cardiac defects
transformation of axial skeleton
disturbed lateral asymmetry

ActR-II/ActR-IIB Song et al., 1999 no3 embryo lethal
defective egg cylinder proliferation
no mesoderm

BMPR-II Beppu et al., 2000 no embryo lethal
fail to form A-P axis
no mesoderm

ALK-1 Oh, et al., 2000 yes defects in angiogenesis
midgestation lethal

ActR-IA Gu et al., 1999 no embryo lethal
failure to progress gastrulation
no mesoderm

BMPR-IA Michina et al., 1995 no embryo lethal
fail to form A-P axis
no mesoderm

ActR-IB Gu et al., 1998 no embryo lethal
defective egg cylinder proliferation
no mesoderm

BMPR-IB Yi et al., 2000 yes limb abnormalities
122% of homozygous mice
278% of homozygous mice
3See text for details regarding different genotypes
FSH: follicle stimulating hormone; A-P axis: anterio-posterior axis
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/ActR-IIB–/–. Most of the ActR-II null mice (78%) develop to adulthood, but
have suppressed follicle stimulating hormone release, and as a consequence a
defective reproductive performance. Females were in addition sterile. The re-
maining 22% developed skeletal and facial abnormalities in utero and died in
late gestation or within minutes of delivery. The mice with disrupted ActR-IIB
develop to term but die soon after birth. The pups display cardial defects in-
cluding randomised heart position and abnormal positioning of the two great
arteries, the aorta and the pulmonary artery. Other organs, including the lungs
and spleen were affected as well, in a manner indicative of disturbance of lat-
eral asymmetry. In addition, the vertebrae of these mice were transformed; for
example, two additional vertebrae carried ribs, compared to wild type mice.
Interestingly, as implied above, the double mutants ActR-II–/–/ActR-IIB–/–

fail to develop past the gastrulation stage. This is indicative of overlapping
functions of the two ActR-II receptors. In the null BMPR-IB mice, defects
were largely restricted to the appendicular skeleton, displaying limb abnor-
malities with failure of phalanx formation, due to impaired proliferation of
prechondrogenic cells and failure in differentiation of chondrocytes.

Genomic structure of the mouse bone morphogenetic protein
receptor type II gene
The mouse BMPR-II is encoded by 13 exons and spans over 80 kb (Beppu et
al., 1997). Exons vary in length from 92 bp (exon 5) to 1280 bp (exon 12).
The entire exon 1 encodes the most part of the signal peptide. The majority of
the extracellular domain is encoded by exons 2 and 3. The transmembrane re-
gion is encoded by a single exon, exon 4. The kinase domain is encoded by
exons 5 to 11 and, finally, exons 12 and 13 encode the very long, and for
BMPR-II specific among the serine/threonine kinase receptors, carboxy-ter-
minal tail. The introns vary in size from more than 28 kb (intron 1) to 1.0 kb
(intron 8).

The family of neurotrophins – an overview
The first and now classic molecule shown to have neurotrophic properties
was nerve growth factor (NGF). It was first purified from mouse sarcomas
(Cohen et al., 1954), that when grafted into chicken embryos attracted neurites
from the developing DRG. Subsequently, the amino acid sequence of NGF
was determined (Angelitti and Bradshaw, 1971; Angelitti et al., 1973), and
eventually with more modern methods, the gene of NGF was found with
molecular cloning (Scott et al., 1983).

Since the discovery of NGF, three more members of the neurotrophin fam-
ily have been found in mammals, namely brain derived neurotrophic factor
(BDNF), neuorotrophic factor-3 (NT-3) and neurotrophic factor-4 (NT-4).
BDNF was, as its name implies, purified from brain (Barde et al., 1982), and
subsequent molecular cloning was achieved by Leibrock and coworkers
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(1989). NT-3 was isolated by several different groups in parallel (Ernfors et
al., 1990; Hohn et al., 1990; Jones and Reichardt, 1990; Kaisho et al., 1990;
Maissonpierre et al., 1990; Rosenthal et al, 1990). NT-4 was originally isolated
in Xenopus and elephant snake (Hallböök et al., 1991). The mammalian
orthologue of NT-4 was isolated in human, termed NT-5 (Berkemeier et al.,
1991) and initially believed to be one additional neurotrophin. However, it
now is established that NT-4 and NT-5 are orthologues, and this neurotro-
phin is often depicted NT-4/5. Nevertheless, in this thesis it will be referred
to as NT-4.

All neurotrophins are structurally related secretory proteins with six con-
served cysteines that contribute in forming the cysteine knot (Lewin and
Barde, 1996), a structural conformation these factors share with TGF-β super-
family members and other cytokines (Sun and Davies, 1995). Functional neu-
rotrophins perform as homodimers and they bind to and activate high affinity
receptors with tyrosine kinase activity known as tropomysin receptor kinases
(trks). In addition, there is a low affinity-neurotrophin receptor, p75NTR. In
mammals, there are three known trks, trkA, trkB and trkC. trkA binds primar-
ily NGF (Cordon-Cardio et al., 1991; Hempstead et al., 1991; Kaplan et al.,
1991a; Kaplan et al., 1991b), trkB binds BDNF and NT-4 (Soppet et al., 1991;
Klein et al., 1992) and trkC binds NT-3 (Lambelle et al., 1991), however some
cross talk may occur, especially NT-3 seems to bind the trks promiscuously
(e.g. Hempstead et al., 1991; Soppet et al., 1991).

Upon ligand binding, the trk receptors homodimerise (or oligomerise) and
undergo intermolecular phosphorylation (Jing et al., 1992) which trigger the
intracellular signal transduction cascade, including the MAP kinase and the
phosphatidylinositol-3-kinase pathways (Kaplan and Miller, 2000), ultimately
resulting in survival, differentiation or proliferation of the cell.

The p75NTR was originally described as the NGF receptor per se (Johnson
et al., 1986; Radeke et al., 1987). At present, however, the low-affinity receptor
is known to bind all neurotrophins with same affinity and is more considered
a coreceptor for the trks facilitating the high-affinity receptor interaction with
neurotrophins (Hantzopoulos et al., 1994; Mahadeo et al., 1994; Verdi et al.,
1994), alongside being a true receptor that mediates effects upon ligand bind-
ing (Dechant and Barde, 1997; Kaplan and Miller, 2000).

The neurotrophins have been described as target-derived neurotrophic fac-
tors, i.e. during development neurotrophins are produced and secreted from a
tissue to be innervated by a responding neuron (that express the correspond-
ing trk), thereby acting as an attractant, as well as a survival factor for the ex-
tending neuron. Indeed, when explanted neuronal ganglia of the PNS are
cultured, neurotrophins are essential for survival, and in addition, promote
neurite outgrowth. In the PNS and CNS subsets of neurons are supported by
the different neurotrophins during development and in the adult animal
(Lewin and Barde, 1996). Gene targeting studies of several of the trks and
neurotrophins have revealed essential roles of these gene products in devel-
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opment of the PNS, whereas the CNS has been less compromised (Snider,
1994).

Neurotrophin action
NGF has the ability to stimulate a subset of neurons of the DRG and sym-
pathetic ganglia. In fact, NGF is often referred to as the survival factor as
such when sympathetic neurons are cultured (see for example paper IV). NT-
3 exerts stimulating action on a subset of DRG neurons (separate from those
stimulated by NGF); the placode-derived nodose ganglion and the ganglion of
Remak of the enteric nervous system.

The catecholaminergic systems
The central nervous system contains three types of catecholamines: dopamine,
noradrenaline and adrenaline, each constituting neurotransmitters of its own
system of neuronal signalling interactions. Of these, the dopamine system is
the most complex in terms of anatomy and function and is more numerous
than the other catecholamine systems (Moore and Bloom, 1978). Given that
the BMPR-II expression was described for the substantia nigra neurons of the
dopamine system (paper III), this class of catecholaminergic neurons will be
given more emphasis here than the other two, and in particular the dopamine
synthesizing cell bodies of the brain stem. These cells are located in three
main areas of the ventral midbrain; the retrorubral field, the ventral tegmental
area (vta) and the substantia nigra (Dahlström and Fuxe, 1964). Other areas of
dopamine synthesis (not further dealt with here) include the arcuate nucleus
of the hypothalamus (and the adjacent periventricular nucleus), the retina and
the olfactory bulb (Moore and Bloom, 1978). The projections of the dopa-
minergic neurons of the ventral midbrain have been described by Ungerstedt
(1971). The author described them to project to nucleus accumbens (the
mesolimbic pathway), to cortical regions (the mesocortical pathway) and to
caudate putamen (the nigrostriatal pathway).

Dopamine is coupled to a number of perceptions, such as motivation and
reward. Furthermore, in Parkinson’s Disease the dopamine synthesizing cells
of the substantia nigra degenerate. Other disorders coupled to the dopamine
system are schizophrenia and drug addiction.

Tyrosine hydroxylase
Cetecholamines are synthesized in a step-wise fashion from the amino acid
tyrosine. Tyrosine hydroxylase (TH) catalyses the conversion of tyrosine to
dopa and is the first, rate limiting, enzyme of this biosynthetic pathway (Na-
gatsu et al., 1964; Levitt et al., 1965). Dopa is an intermediate molecule that in
itself has no biological properties and is converted by dopadecarboxylase
(DDC; also known as L-aromatic-amino acid decarboxylase; AADC) to do-
pamine, which can get modified further into noradrenaline. The final step of
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this synthetic pathway is the exchange of one hydrogen of noradrenaline for a
methyl group, yielding adrenaline. This biosynthesis takes place in catechol-
aminergic neurons, and often TH is used as a marker for these cells.

Expression of tyrosine hydroxylase
As a consequence of the role of TH in the catecholamine synthesis, TH ex-
pression in brain is localised to the catecholaminergic neurons, partly de-
scribed above. Outside the CNS, TH expression is found in neural crest-de-
rived cells of the sympathetic ganglia and in the adrenal medulla (Cochard et
al., 1978; Teitelman et al., 1979; Jonakait et al., 1989). To find TH in those lo-
cations are not surprising; sympathetic ganglia contain cells that hold cate-
cholamines as signalling substances and the chromaffin cells of the adrenal
medulla release adrenaline into the blood. A not as straight forward finding,
though, was the transient TH expression in scattered cells of the gut during
development (Cochard et al., 1978; Teitelman et al., 1979; Jonakait et al.,
1989). These cells express TH during embryonic days 10 to 13 and were sub-
sequently shown to develop into neurons of the enteric nervous system
(Beatge et al., 1989, 1990). Transient expression of TH during development is
seen in other areas as well, including cranial sensory ganglia, DRG, pancreas
and kidney (Teitelman et al., 1981; Jonakait et al., 1984). In addition, many
cranial parasympathetic principal neurons express TH (Leblanc and Landis,
1989), however with a later onset (embryonic day 18.5) and not transiently.

Targeted disruption of tyrosine hydroxylase
Two research groups have independently generated TH knock-out mice (Ko-
bayashi et al., 1995; Zhou et al., 1995). Inactivation of TH causes severe dep-
letion of all catecholamines. In both cases, most homozygous mutants die
during midgestation. Kobayashi et al. (1995) report 19% of TH–/– mice to de-
velop to term only to die by postnatal day 1. The development of the normally
TH-positive cells was not effected, as shown by DDC antibodies and all major
organ systems was normally developed. However, Zhou et al. (1995) reported
congestions of blood in the liver and major blood vessels, and both groups
described bracycardia. In conclusion, the TH–/– mice are reported to die from
cardiovascular abnormalities.

Of note with regard to paper V, Zhou et al., (1995) reported 30 of 1184
mice to develop to term and described them as small and weak, displaying de-
fective motor function. All surviving TH–/– mice succumbed by 4 weeks of
age. The authors explain this circumvention of embryo lethality as a rescuing
action performed by maternal catecholamines.
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Genomic structure of the mouse tyrosine hydroxylase gene
The mouse TH gene consists of 13 exons and span 7.5 kb (Iwata et al., 1992).
The exons vary in size from 51 bp (exon 6) to 415 bp (exon 13). Exon 13
contains the 3′-untranslated region used for targeted insertions described in
paper V. The intron sizes range from 68 bp (intron 7) to 1.6 kb (intron 1).
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Aims
The aims of this thesis were

• to isolate new receptors for the members of the TGF-β superfamily re-
ceptors in nervous tissue

• to study the expression of serine/threonine kinase receptors in the ner-
vous system

• to elucidate the function of the bone morphogenetic protein receptor
type II in the nervous system, especially in catecholaminergic neurons
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Materials and methods
List over in situ-probes used in different papers of this thesis

TCTTTAAGTGATCTCACAGCCAAGCTGTTCTCTTTCCATGCTTCTGGG
humanBMPR-II paper I Kawabata et al., 1995

TGACCTCACTGCCAGGCTATTTTCTTTCCAGGCTTCTGGGAACTTGGG
humanBMPR-II paper I, III Kawabata et al., 1995

TTCATCAGCTTCGCCAGAGAAGTTAATGTCGGGTCTGAGAACCATCTG
ratActR-IA paper II, III Tsuchida et al., 1993

CATTGCCATTCCTGCGTGTTTCTGCCAATAATCTCTTAAAACGGGCCT
ratActR-II paper II, III Shinozaki et al., 1992

TCGCATCATCTTCCCCATCACCCGCAGTGCCTCATAACTCTGCCACCA
ratActR-IB paper III ten Dijke et al., 1993

TCTGACATTAGCTTCAAAACTGCTCGAAGACATTCATCGCTGTTCCAG
mouseBMPR-IA paper III Dewulf et al., 1995

TGTCATAAGCTTCCCCATCTGCCTGAGACACTCATCACTGCTCCATCG
mouse BMPR-IB paper III ten Dijke et al., 1994b

TTCTCTCATAATTTTAGCCATCACTCTCAAGGCCTCACAGCTCTGCCA
mouseTβR-I paper III Tomoda et al., 1994

TCTTTAAGTGATCTCACAGCCAAGCTGTTCTCTTTCCATGCTTCTGGG
chickenBMPR-II paper IV Paper I, present thesis

TTGACATAGGAATCTTCTTCATACACATCACGGGATAGGCCAAAATCA
chickenRet paper IV Robertson and Mason, 1995

GGGCAGCATGGTCCGACCGCCCACCCGGTAGTAGTCGGTGCTGTAGAT
chickenTrkA paper IV Bäckström et al., 1996

AGGCAGCATGGTGTGTCCTCCAACCCTGTAGTAATCAGTGCTGTAGAC
chickenTrkC paper IV Okazawa et al., 1993

AGCATCAATGTGCAGCCATACACCCTCCTGGTTGCAGATGGGACCCAC
ratTH paper V Grima et al., 1985

TGCGTGGGCCAGGGTGTGCAGCTCATCCTGGACCCCCTCCAAGGAGCG
ratDDC paper V Tanaka et al., 1989

Cloning of chicken bone morphogenetic protein receptor type II
From known sequences of serine/threonine kinase receptors a pair of degen-
erate PCR-primers were designed. A 5′-primer with the nucleotide sequence
of 5′-ACTGAATTCGITA(C/T)ATGGCICCIGA(A/G)GTICT(C/T/A/G)
GA(A/G)-3′ was designed as was a 3′-primer with the sequence of 5′-
ACTGAATTCGIGCITCIG(G/C)(G/A)TC(A/G)TG(G/A)TCCCA(G/A)C
A-3′. The primers were designed with an 5′-overhang including a cleavage site
for Eco RI (underlined). I is for inosine. Primers were used in low-stringency
PCRs with cDNA prepared from E9 chicken as template. Yielded fragments
of expected size (~300 bp) were cloned into plasmid vectors and their se-
quences were determined.
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Tissue collection and sectioning
All tissue collected was immediately frozen on dry ice. Sections were cut and
thaw-mounted onto poly-L-lysine coated microscopic slides and stored frozen
at –80°C until use for in situ hybridisation or immunohistochemistry.

In situ hybridisation
All probes used for in situ hybridisation are listed above.

The oligonucleotide probes were 3′-end labelled with deoxyadenosine to a
specific activity of approximately 1 × 109 cpm/µg. In situ hybridisation was
performed at 42°C for 16h in a humidified chamber with 100 µl of hybridisa-
tion cocktail. Hybridised sections were subsequently rinsed, washed, dehy-
drated in ethanol and left to air-dry. The sections were mounted for exposure
to X-ray films for approximately 2 weeks at 4°C, whereafter the films were
developed. The slides were then dipped in film emulsion (papers I-IV), ex-
posed and developed to allow for microscopic observation of grain localisa-
tion.

Immunohistochemistry
After thawing, sections were fixed in 4% paraformaldehyde for 10 min. Pri-
mary antibody (α-mouse TH, produced in rabbit) was applied and sections
were incubated in a humidified chamber for 20h in 4°C. Then, the brain sec-
tions were blocked with normal goat serum. Endogenous peroxidase was
blocked with 0.3% H2O2 in methanol for 30 min. Secondary antibody (HRP-
linked α-rabbit) was put on each glass and incubated in a humidified chamber
for 1h at 4°C. Finally, the sections were incubated with diaminobenzidine
(DAB) in room temperature until desired degree of staining. Rinsing in de-
ionised water terminated the reaction. Between each step, sections were
washed 3 × 5 min in PBS.

Image analysis
Densitometry of labelled anatomical structures was performed by the aid of
Jandel video analysis system software on video captured X-ray film images.
Film densities were measured in the X-ray films put on a light table equipped
with a video camera with a macroobjective. The video signal was captured
with a frame grabber and the digitised image was analysed using Jandel video
software.

Bioassays
For retina explants (paper I), day 6 chicken embryos were collected in Eagle’s
basal medium (BME). After removal of the distal part of the eye, plugs of tis-
sue were taken from the neural retina with the aid of a glass capillary. This
technique permitted us the explantation of the same shape and size of prese-
lected retinal zones.
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For peripheral ganglia (paper IV), embryonic day 9 chicken were used for
dissection. Ganglia were kept intact and placed in a collagen matrix (Ebendal,
1989), as were the retina plugs. For other assays peripheral ganglia were disso-
ciated into single neurons in 0.25% trypsin and plated in a thin collagen gel.
The gels were supplemented with equal volumes of Eagle’s Basal Medium
with 1% fetal calf serum, and incubated at 37°C with 5% CO2. Retinal ex-
plants were examined after 2, 3 and 4 days, whereas peripheral ganglia cultures
were observed after 2, 4, and 6 days. Neurite outgrowth from the retina and
ganglia explants were measured and surviving cells were estimated in the dis-
sociated ganglia cultures.

Generation of a truncated form of BMPR-II
A three-primer PCR strategy (see fig. 4) run with rat cDNA as template and
with one 5′- and two 3′-primers was used to produce a truncated form of
BMPR-II (trBRII). The single 5′-primer (HB22b: TATGAATTCCAGCCA-
TGGCTTCCTCGCTGCATCG) was designed to span the start codon (indi-
cated in bold) of the mouse BMPR-II. Just over the start ATG, the sequence
was altered to introduce an Nco I recognition site (indicated in italics), to fa-
cilitate future cloning. The first 3′-primer was a shorter oligonucleotide, com-
plementary to the BMPR-II juxtamembrane region (HB23: ACGCTGTTTC
CGGTCTCCTGTCAACATTC) and was used in a 100-fold greater dilution
compared to the other primers. The second 3′-primer was longer and partially
overlapping with HB23, also containing the sequence for human c-myc (indi-
cated in italics), amino acids (HB24: CTGTCTAGATCAGAGGTCCTCT-
TCGGAAATAAGTTTCTGTTCACGCTGTTTC).

BMPR-II

ATG c-myc

HB22b HB23 HB24

minor yield

major yield

trBRII

trBRII c-myc

Fig 4. Schematic picture describing the PCR strategy used to generate a trun-
cated BMPR-II (trBRII). Three primers were used, HB22b, HB23 and HB24 (see
text for details). HB 23 was used in a 100 times lower concentration than HB22b
and HB24, resulting in one minor yield of trBRII only, and one major yield consis-
ting of the trBRII with the c-myc tag incorporated from HB24.
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Luciferase assay
HepG2 cells were transfected with trBRII, using CaPO4 precipitate. The cells
were cultured for one day, then they were serum-deprived and ligand was
added. After one more day, the cells were harvested and lysed. Luciferase sub-
strate was added to the lysate, and the resulting luciferase activity was immedi-
ately measured.

Isolation of the mouse tyrosine hydroxylase gene
PCR primers were designed to first obtain a fragment of exon 13 of the
mouse TH gene, covering the stop codon and the poly A-signal. The primers
were ACTGAATTCACCCTGACCCAAGCACT (5TH; upstream primer)
and ACTGAATTCTTTCCTTCCTTTATTGAGAT (3TH; downstream pri-
mer). In both primers an Eco RI recognition site was introduced (underlined).
PCRs were run using genomic DNA from 129SvJ mouse.

The fragment was cloned into a pMOS vector and its sequence was confir-
med as being in full agreement with the published cDNA of TH (Ichikawa et
al., 1991).

The cloned PCR fragment was cut out, labelled with 32P and used as a
probe to screen a mouse 129SvJ genomic λ phage library. The entire insert of
16 kb from one positive clone was cut out and subcloned and its restriction
map determined. The subclone contained the TH stop codon and poly-A sig-
nal. Between these a unique Sph I site useful for insertions was situated.

Generation of an IRES knock-in construct
trBRII was cloned downstream of an internal ribosome entry site (IRES) po-
sitioned in a pBs vector. Next, the IRES-trBRII construct was excised using
Xho I/Not I. The same enzyme combination was used to cut out an frt-
flanked neomycin resistance gene (frt-neor) from its pBs vector. Ligation of
these two fragments simultaneously into a new cloning vector, opened with
Xho I, caused them to combine with their coding regions in opposite direc-
tions, facing each other. The resulting IRES-trBRII-frt-neor was cloned into
the unique Sph I site in the TH subclone described above, to give flanking re-
gions homologous to the mouse TH locus.

Generation of genetically modified mice
Embryonic stem cells (ES-cells) generated from 129SvJ mice were used (GSI-
1). They were grown on feeder cells, in presence of leukaemia inhibitory fac-
tor (LIF), with DMEM containing 16% FCS until reaching the desired num-
ber of cells. The ES-cells were electroporated with the homologous recombi-
nation construct. The transfected cells then were transferred to 5 ml plates
with neomycin-resistant feeder cells and grown for 24 h. After 6 days of G-
418 selection, single ES-cell clones were picked and put onto a 96-well plate,
each well containing 25 µl trypsin and incubated at 37°C for 5 min. Then
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150 µl medium containing 16% FCS was added, and the cells were dissociated
and transferred to a new 96-well plate with feeder cells. After a few days of
growing, the ES-cells were subcultivated onto a replica plate. The original
plate was stored frozen at –80°C. The replica plate was grown until there were
enough cells for DNA preparation. Subsequent DNA analysis was carried out
with Southern blot.

One positive clone was selected, thawed and dissociated with trypsin and
injected into C57Black 6J blastocysts. The injected blastocysts were incubated
in 37°C for up to 3h for expansion prior to embryo transfer. The recipients
were pseudopregnant F1-hybrid females. 10-15 injected blastocysts were
transferred into one of the uterine horns of several females.

Genotyping of pups
Tail biopsies were taken from pups at the age of weaning. The tissue was lysed
and the genomic DNA was ethanol precipitated. DNA was prepared and used
as template in high stringency PCRs. To identify the modified allele, primers
HB22b and HB24 described above, were used. These primers do not recog-
nise the wildtype form of BMPR-II. The wildtype TH-allele was identified
with the primers 5TH and 3TH, described above.

Locomotor examination
Spontaneous movement was measured during 15 min sessions by putting sin-
gle mice into activity chambers (20 × 20 cm) monitored by TruScan software.
The mice were weighed and then left undisturbed in the activity chamber.

Determination of catecholamine and serotonin levels
F2 mice were sacrificed by decapitation. Brains and submandibular glands
were rapidly removed and chilled in saline (4°C) before regional dissection
was carried out mainly according to Jonsson et al. (1982). The samples were
immediately frozen on dry ice and stored in –70°C until analysis.

Samples were processed for high-pressure liquid chromatography (HPLC)
with electrochemical detection as follows: All tissues were homogenized by
sonication, followed by centrifugation. The endogenous levels of dopamine,
noradrenaline and serotonin were determined in the supernatants. The sepa-
rations were performed using a reverse-phase column (SupelcosilTM, LC-18, 75
mm×4,6 mm, 3 µm particle diameter). The mobile phase consisted of a 0.05 M
sodium phosphate/0.03 M citric acid buffer containing 0.1 mM EDTA, with
various amounts of methanol and sodium-l-octane sulphonic acid, at a flow
rate of 0.4 ml/min. The catecholamines and metabolites were detected using a
glassy-carbon electrode detector, and the resultant peak heights were meas-
ured.
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Results

Cloning of chicken BMPR-II (paper I)
Sequencing of fragments amplified by the degenerate primers revealed several
known sequences of serine/threonine kinase receptors, including ActR-II,
ActR-IIB and ActR-IA. In addition, an unknown partial sequence was deter-
mined and was shortly thereafter identified as the chicken homologue of the
human BMPR-II (Kawabata et al., 1995).

Serine/threonine kinase receptors are expressed in developing and
adult nervous system (papers I-IV)
In situ hybridisations with probes complementary to several mRNAs for ser-
ine/threonine kinase receptors showed a complex pattern of receptor expres-
sion in developing and adult nervous tissue (see papers I-IV for details). Pa-
per II shows that receptors of the previously reported functional pair ActR-
II/ActR-IA do not display an identical expression pattern. For example, em-
bryonic day (E) 16 rat spinal chord and DRG display intense labelling for
ActR-II, whereas no transcripts were detected with the ActR-IA probe. Also
in the brain clear differences of expression are evident. In the adult, all regions
of the hippocampus show even expression of ActR-IA, whereas ActR-II is
stronger expressed in the dentate gyrus compared to any other hippocampal
region.

As early as E11, BMPR-II is expressed in the developing spinal cord and
brain of the rat. At E15 BMPR-II mRNA could be found in spinal cord,
DRG and, less dense, in sympathetic ganglion. One day later, at E16, the
BMPR-II labelling in the sympathetic ganglion was as high as for DRG and
spinal cord. Furthermore, in paper III it is shown that the expression of ActR-
II in developing spinal cord is stronger in the dorsal half. The brain of the
adult rat expresses several of the receptors examined. Especially BMPR-II is
abundantly expressed in many areas, including cortex, olfactory bulb, striatum,
hippocampus, amygdala and other areas. An interesting finding was the ex-

Fig. 5. In situ hybridisation showing expression of BMPR-II and ActR-II in E9 chicken
spinal chord, DRG and sympathetic ganglia. Note that BMPR-II expression is evenly
distributed over the spinal chord whereas the strongest labelling for ActR-II is in the
dorsal part.
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pression of BMPR-II mRNA in neurons of the substantia nigra (fig. 6), which
was not seen with any other receptor probes.

Other receptors particularly well expressed in the brain are ActR-II and
ActR-IA. Expression patterns of several receptors in adult hippocampus for-
mation are summarised in table 3. The study in paper III find expression of
neither BMPR-I receptors to be present in the adult brain, in contrast to dis-
tinct expression, although moderate, earlier in development.

Fig. 6. In situ hybridisations on adult rat brain with a probe for BMPR-II show the
receptor to be expressed in numerous areas. Strong labelling in the hippocampus,
thalamus and amygdala. (left), cortex, hippocampus and substantia nigra (sn; right).

BMP-7 as a neurotrophic factor (papers I and IV)
BMP-7 (also termed osteogenic protein-1; OP-1) is one reported ligand of
BMPR-II (Liu et al., 1995; Rosenzweig et al., 1995). When explants of chicken
embryonic retina were exposed to BMP-7, prominent neurite outgrowth was
observed (paper I). In all peripheral systems tested, though, BMP-7 alone had
little or no trophic effects on explanted neurons. For example, when BMP-7
was added to the medium of explanted DRG, very little effect could be seen
in terms of fibre outgrowth. However, when combined with NT-3 the effect

Table 3. Adult expression of receptor mRNAs in rat hippocampus

BMPR-II ActR-II ActR-I ActR-IB BMPR-IA BMPR-IB TβR-I
CA1 + + + + - - -
CA2 + ++ (+) + - - -
CA3 ++ + +(+) + - - -
DG ++ +++ +++ + - - ++

DG: dentate gyrus

was even greater than NT-3 itself. Similar results were obtained for sympa-
thetic ganglia (fig. 7). Also in the ciliary ganglion, a synergistic effect with
BMP-7 and, in this case, GDNF was robust.
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Fig. 7. A, B. Explanted sympathetic ganglia. C-F. Explanted DRG. OP-1 (BMP-7)
strongly potentiates the fibre outgrowth evoken by NT-3 in both types of ganglia (B and
E). Adding OP-1 to GDNF gives a less dense halo of fibres (F).

When neurons of peripheral ganglia were dissociated, BMP-7 could en-
hance the survival effects of neurotrophins. This was manifested after 2 days
of culture, but even more pronounced after 6 days (fig. 8) Neurons cultured in
presence of BMP-7/NT-3 or BMP-7/GDNF for 6 days had as good survival
rate as NGF cultures, the protein that often is regarded as the survival factor
for sympathetic neurons.
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Fig.8 Survival of dissociated sympathetic neurons grown in collagen gels.
Survival after two and six days in vitro. The number of neurons in the presence
of NGF was set to 100%.
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A truncated form of BMPR-II (trBRII; paper V)
The 3-primer PCR strategy resulted in a truncated form of the BMPR-II with
a normal extracellular part. Just inside the transmembrane region, but before
the kinase domain, it had an altered sequence that code for the c-myc tag, af-
ter which a translational stop was introduced.

Dominant negative properties of trBRII
After modifications (see paper V) the trBRII was transfected into HepG2
cells. Its dominant negative nature was confirmed by subjecting the trans-
fected cells to stimulation of BMP-4, BMP-7 and activin and subsequent
measuring of the resulting transcriptional activation. Transcription from the
HepG2 cells was found to be lowered.

Mice homozygous for the knock-in construct are hypokinetic
(paper V)
From the electroporated ES-cells two chimeric males were born that exhibited
germline transmission. F1 offspring of these chimeras was mated to produce
the F2 mice examined. Of all mice born, a subset was smaller and less prone
to move about. This observation coincided in all cases with mice homozygous
for the altered TH-allele. Body weight was measured and found to be signifi-
cantly lower for mice carrying two copies of the altered TH-allele, compared
to wiltypes and heterozygotes. Spontaneous movement was recorded for 15
min in an activity chamber, documenting the hypokinetic phenotype.

Fig. 9. Recordings of spontaneous activity in two mice separately placed in activity
chambers for 15 min. The recording on the left is a wildtype mouse and on the right is a
mouse homozygous for the TH-IRES-trBRII-neor allele.
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Mice carrying the IRES-trBRII-neor construct in the TH locus are
tyrosine hydroxylase hypomorphs (paper V)
In situ hybridisations with probes complementary for TH and dopade-
carboxylase (DDC) revealed that homozygous F2 mice had lowered levels of
TH transcripts in the substatia nigra, whereas the DDC mRNA expression
was normal. Hence, the (normally) TH-positive cells are present in the homo-
zygous animals, albeit with reduced levels of TH mRNA. Immunohistochem-
istry with TH antibodies gave similar results; undetectable levels of TH pro-
tein in the substantia nigra.

To further establish the TH-hypomorphism of the homozygous mice, a
group of F2 mice was sacrificed and tested for contents of dopamine,
noradrenaline and serotonin in caudate nucleus, hippocampus, substantia ni-
gra and the submandibular gland. There was a general reduction of dopamine
levels (fig. 10) in homozygous mice and dramatically so in the caudate nucleus,
with a 97% loss of dopamine. In addition, levels of noradrenaline were af-
fected, except in the caudate.

Fig. 10. Panel showing quantifications of dopamine in various tissues of heterozygous
(het), homozygous (hom) knock-in mice and wildtype (wt) controls. Dopamine levels
were significantly lowered in all areas measured. Note the low levels in caudate nu-
cleus (cn). smgl: submandibular gland. sn: substantia nigra. hc: hippocampus. 
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Discussion
The effects exerted by TGF-β superfamily members on the nervous system
are starting to unravel. This system of signalling molecules and receptors is a
complicated one, with many factors and a number of possible receptor com-
binations. To facilitate understanding of which factor does what, it is of im-
portance to show the expression patterns of their cognate receptors in devel-
oping and adult nervous tissue. Prior to the work described by this thesis,
much of what was known about serine/threonine kinase receptors in the
brain was data collected from RNA blots, which is a very sensitive method,
and minute levels of transcript can be detected, however often it tells nothing
of cellular distribution or local coexpression of other receptors. This thesis
describes the expression of several serine/threonine kinase receptors in devel-
oping and adult nervous tissue by means of in situ hybridisation a technique
that allows analysis of temporal and spatial regulation of transcripts as well as
coexpression studies. Indeed, here it is shown that receptors have a temporal
expression (for example ActR-II and BMPR-II expression of developing spi-
nal cord, paper III). Also, it is shown here that, for example, neither BMPR-
IA, nor BMPR-IB was expressed in adult rat brain (paper III) and the pre-
dominantly expressed type I receptor was Act-RIA. Hence BMPR-II, which is
abundantly expressed in adult rat brain, probably do not form functional
complexes with either of the two BMP type I receptors, but most likely with
ActR-IA. Perhaps could this give a clue into which factors then is most likely
to exert effects on neurons coexpressing BMPR-II and ActR-IA, a receptor
complex shown to bind and transmit signals evoked by several BMPs, in-
cluding BMP-7. Zhang et al. (1998), report a strong expression of transcripts
for BMPR-IA and moderate expression of BMPR-II in adult mouse brain,
seemingly contradicting the results shown here. The apparent differences
could be due to choice of probe, where the longer riboprobes possibly could
give more cross-reactability between different serine/threonine kinase recep-
tors than a shorter oligonucleotide probe.

Neurotrophic effects of BMP-7 are described in papers I and IV. Explanted
retina shows neuritogenesis as a response to BMP-7 stimulation. Through ret-
rograde tracing the neurites were determined to be derived from retinal gan-
glion cells, which is in line with the expression of BMPR-II mRNA in the fu-
ture retinal ganglion cell layer of developing retina. The neurotrophic effects
of BMP-7 on retina could not be seen in peripheral neurons, at least not if
BMP-7 alone was tested. In combinations, though, with NT-3 and/or GDNF,
BMP-7 was able to enhance the survival or neurite outgrowth effects of these
neurotrophins. Synergistic effects of combined factors of different families
have been reported previously, but the potentiation has never been as strong
as described in paper IV. Further increase in understanding which factors are
involved in neural trophic support gives a better foundation for future clinical
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applications of such trophic factors in, for example, repair or regeneration of
nerve cell injury or degeneration.

One way of finding out the function of a protein is to destroy the gene en-
coding it in mice. This was considered as a means of strategy in order to shed
more light over the function of BMPR-II in the nervous system. However,
from the collected knowledge of the abundant expression of this receptor,
both in the nervous system and in the periphery, a BMPR-II knock-out mouse
most likely would be embryo lethal. Indeed, Beppu et al. (2000) showed this
to be the case, as BMPR-II deficient mice die before the gastrulation stage of
development. Therefore, yours truly and co-workers aimed at circumventing
this problem by expressing a dominant negative form of BMPR-II (trBRII)
restricted to the nervous system. This was achieved by coupling an internal
ribosome entry site (IRES) to the trBRII, and by homologous recombination
insert it into the 3′-UTR of the mouse TH locus. In addition, an frt-flanked
neomycine resistance gene (neor) was incorporated (for details, see paper V).
Theoretically, in cells where it is active, the mouse TH promoter would tran-
scribe a bicistronic mRNA, giving rise to two proteins; the endogenous TH
and trBRII. Even though TH is not exclusively expressed in the nervous sys-
tem we found it useful given its expression pattern and the fact that BMPR-II
is expressed in adult neurons of the substantia nigra (paper III).

This alteration of the TH allele gave in homozygous mice a phenotype dif-
ferent from wildtype and heterozygotes. Mice were viable, but small and slow-
moving. Comparing TH-expression and catecholamine contents in homozy-
gous brains with wiltdtype and heterozygous brains showed the phenotypically
altered mice to be TH hypomorphs. Whether this finding is due to the expres-
sion of trBRII, though, is not certain. It could simply be an effect caused by
the cloning strategy used when generating the genetically modified mice. For
example, the promoter of the neor and the TH promoter are facing each
other, giving rise to complementary transcripts. If these transcripts hybridise,
cellular mechanisms will recognise them as defective and degrade them, ulti-
mately preventing translation and protein production. To truly asses the im-
plications of the dominant negative receptor in this system, the neor and its
promoter will have to be eradicated from the genome, in order to give fully
operational bicistronic mRNAs. Mating mice harbouring the mutation with
Flp-deleter mice can achieve this. The latter mice express Flp, a recombinase
that recognise the frt sequences flanking neor. Hence, this breeding causes Flp
to recombine the frt sequences, removing neor along with its promoter.

In conclusion, a TH impaired mouse strain has been generated that have
very low catecholamine levels. These mice could serve as model for cate-
cholamine impaired pathological states, such as Parkinson’s Disease.
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