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ABSTRACT 

Plexins (plxn) are the main signal-transducing receptors of semaphorins (sema), which 
were originally characterized as axon guidance cues. Semaphorin-plexin signalling has 
now been implicated in many other developmental and pathological processes. In this 
thesis, my first aim was to study the expression of plexins during mouse development. 
Based on the results of the expression survey, my second aim was to study the function of 
Plexin B2 in the development of the kidney. Thirdly, my objective was to elucidate the 
evolutionary conservation of Plexin B2 by investigating its sequence, expression and 
function in the developing zebrafish. 
 I show by in situ hybridisation that plexins as a family are widely expressed in 
non-neuronal tissues during mouse development, in addition to the nervous system. 
Plxnb1 and Plxnb2 are highly expressed in the developing kidney, where they both are 
seen in the ureteric epithelium, developing glomeruli and undifferentiated metanephric 
mesenchyme. Plexin B2-deficient mice in the inbred C57BL/6 background (Plxnb2-/-) die 
before birth and have severe defects in the nervous system. I demonstrate that Plxnb2-/- 
embryos develop morphologically normal but hypoplastic kidneys. The ureteric 
epithelium of Plxnb2-/- kidneys has fewer branches and a lower rate of proliferating cells. 
Approximately 10% of the Plxnb2-/- embryos also show unilateral double ureters and 
kidneys. The defect in the branching of the ureteric epithelium is intrinsic to the 
epithelium as the isolated ureteric epithelium grown in three-dimensional culture in vitro 
fail to respond to Glial-cell-line-derived neurotrophic factor (Gdnf). The expression of 
Gdnf targets and receptors is normal in the Plxnb2-/- kidneys, but we show by co-
immunoprecipitation that Plexin B2 interacts with the Gdnf-receptor Ret. Sema4C, the 
Plexin B2 ligand, increases branching of the ureteric epithelium in wild type and 
Plxnb2+/- but not in Plxnb2-/- E11.5 kidney explants. These results suggest that the 
Sema4C-Plexin B2 signalling modulates ureteric branching in a positive manner, possibly 
through directly regulating the activation of Ret. 
 The expression pattern of Plxnb2 overlaps with Plxnb1. Embryos deficient of 
both Plexin B1 and B2 (Plxnb1-/- Plxnb2-/-) die in early embryogenesis. Only a single 
double homozygous knockout embryo survived to E12.5. It had hypoplastic kidneys 
similar to Plxnb2-/- embryos, suggesting that Plexin B1 and B2 are not required for the 
formation of the kidney. 
 I cloned the zebrafish orthologs of Plexin B2, Plexin B2a and Plexin B2b, and the 
corresponding proteins contain all the conserved domains the B-subfamily plexins. 
Plxnb2a and plxnb2b are expressed in dynamic and partly overlapping patterns during 
zebrafish development, for example, in the otic vesicle, pectoral fins and at the midbrain-
hindbrain region. Especially the expression pattern of plxnb2b recapitulates many aspects 
of the expression pattern of Plxnb2 in mouse. By using antisense morpholino-
oligonucleotides to knock down the expression of Plexin B2a and B2b we showed that the 
nearly complete knockdown of Plexin B2a alone or combined with the approximately 
45% knockdown of Plexin B2b did not interfere with the normal development of the 
structure of the central nervous system, axon projections, cartilage structures or with the 
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swimming performance of the embryos. These results show that the striking exencephaly 
phenotype of Plexin B2-deficient mice is not recapitulated in zebrafish upon knockdown 
of Plexin B2a and B2b.  
 In conclusion, my thesis reveals that most plexins are expressed broadly during 
mouse embryogenesis. It also shows that Sema4C-Plexin B2 signalling modulates the 
branching of the ureteric epithelium during kidney development, perhaps through a direct 
interaction with Ret. Finally, I show that the sequence and expression of Plexin B2 are 
conserved in zebrafish. The knockdown of zebrafish Plexin B2a together with the partial 
knockdown of Plexin B2b does not, however, result in any clear defects or a neuronal 
phenotype similar as in the Plxnb2-/- mice. 
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1. REVIEW OF THE LITERATURE 

1.1 INTRODUCTION 

Plexins (plxn) are large transmembrane proteins that function as the receptors for 
semaphorins (sema). Their function was acknowledged first in the development of the 
nervous system, where semaphorins were described as axon guidance cues. Both plexins 
and semaphorins are widely expressed in several organs in and outside the nervous 
system. Indeed, they have been implicated in, for example, the development of the 
cardiovascular system, and in other regulatory and pathological processes, such as in the 
function of the immune system and in tumour progression (Neufeld and Kessler, 2008; 
Zhou et al., 2008).  
 In our studies, plexins became candidates as putative components in Gdnf 
signalling in the kidney, because some of the plexins had been shown to associate with 
and affect the signalling of Met receptor tyrosine kinase (Giordano et al., 2002). Met, on 
the other hand, is involved in Ret-independent Gdnf-signalling (Popsueva et al., 2003). 
We therefore started screening for the expression of different plexins in the developing 
mouse embryo, especially in the kidney.  

1.2 PLEXIN AND SEMAPHORIN FAMILIES 

1.2.1 Protein structure  

1.2.1.1 Plexins 

Plexins are glycoproteins that are divided into four subgroups, A-D, according to 
structural criteria.  In the mouse (Mus musculus) and human (Homo sapiens) genomes 
there are 9 plexin genes (Plexin A1-A4, B1-B3, C1 and D1) (Maestrini et al., 1996; 
Tamagnone et al., 1999), whereas in the genomes of Caenorhabditis elegans and 
Drosophila melanogaster there are two plexin genes, 1 and 2, and A and B, respectively 
(Winberg et al., 1998; Nakao et al., 2007), and in Xenopus laevis one plexin (Ohta et al., 
1992; Satoda et al., 1995).  
 Plexin proteins have several conserved domains (Fig. 1). Their extracellular parts 
share similarities with both Met-family tyrosine kinases and semaphorins: they contain a 
~500 amino acid long Sema domain and two or three Met-related sequences (MRS), also 
called domains found in plexins, semaphorins and integrins (PSI) (Kolodkin et al., 1993; 
Ohta et al., 1995a; Maestrini et al., 1996; Comeau et al., 1998; Winberg et al., 1998). The 
sema domain of plexins contains 14 cysteines that are conserved in plexins and 
semaphorins. These cysteines form seven disulfide bridges, giving rise to the typical 
seven-blade ß-propeller fold variant (Love et al., 2003; Gherardi et al., 2004). The sema 
domain participates in the protein-protein interactions, such as dimerization and binding of 
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semaphorins to plexins (Gherardi et al., 2004). Crystal structures show that a semaphorin 
homodimer uses the sema domain of plexins to bind independently to two plexin 
molecules forming a heterotetramer. This changes the orientation of the plexin relative to 
the membrane and may cause the structural changes in the intracellular domain that is 
needed for plexin signalling (Janssen et al., 2010; Nogi et al., 2010).    
 The consensus sequence of the MRS repeat is C-X(5-6)-C-X(2)-C-X(6-8)-C-
X(2)-C-X(5)-C-X(5-6)-C-X(12, 15-16)-C (Maestrini et al., 1996; Tamagnone and 
Comoglio, 1997), and the MRS domains of plexins generally contain this consensus 
sequence. The exception is the B-subfamily plexins, in which two cysteines have been 
replaced by other amino acids in one of the three MRS repeats. The first MRS repeat in 
plexins is embedded in the end of the sema domain. The functional significance of the 
MRS domains is still unclear but they have been suggested to participate in the 
interactions between proteins, similarly to the sema domain. The extracellular domain of 
plexins also includes several potential N-glycosylation sites (Ohta et al., 1995a; 
Kameyama et al., 1996a; Kameyama et al., 1996b; Maestrini et al., 1996). 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

  
 
 
 
 
 
 
  
Figure 1: The protein structures of semaphorins and plexins (Modified from Tran et al., 2007). 
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 Similarly to Met-family tyrosine kinases, the extracellular domain of plexins also 
contains two to three glycine-proline-rich immunoglobulin (Ig)-domains shared by plexins 
and transcription factors (IPT) (Fig. 1) (Bork et al., 1999). Recently, it was shown that in 
Met receptor tyrosine kinase these domains mediate the high affinity binding of the ligand, 
hepatocyte growth factor (HGF), whereas the sema domain is responsible for the low 
affinity binding of HGF and the selective sensitivity to the active, proteolytically cleaved 
form of HGF (Basilico et al., 2008). Adjacent to the IPT domain is the hydrophobic 
transmembrane domain that spans the cell membrane once. 
 The cytoplasmic domain of plexins is highly conserved and specific to these 
proteins. It contains 13 conserved tyrosine residues that can be phosphorylated but it lacks 
intrinsic tyrosine kinase activity (Tamagnone et al., 1999; Franco and Tamagnone, 2008). 
It has two segments, C1 and C2, which show homology to R-Ras guanosine 
triphosphatase (GTPase)-activating proteins (GAP) (Rohm et al., 2000; Hu et al., 2001). 
Between C1 and C2 there is a Rho GTPase binding domain (RBD), which includes Plexin 
Rho GTPase association motifs (PRAMs). The conserved consensus motifs of the PRAMs 
are aEWXXGXX[GA]+aaa and N[TS]aXHYXa where X stands for any amino acid, “a” 
means an aliphatic residue and “+” denotes positively charged residue. In Plexin B2, C1 
and D1 the PRAMs are less conserved and they are predicted to bind with less affinity to 
Rho GTPases (Tong et al., 2007).  
 Plexins of the B-subfamily differ structurally from other plexins in that they 
contain a cleavage site for proprotein convertases in their extracellular domain close to the 
transmembrane domain (Fig. 1) (Tamagnone et al., 1999; Artigiani et al., 2003). Due to 
the cleavage they exist predominantly as heterodimers on the cell surface. The proteolytic 
cleavage of plexin B1 increases its binding affinity to its ligand, Sema4D, and it is 
necessary for the functional response (Artigiani et al., 2003). The cytoplasmic C-terminus 
has a PDZ interaction motif (Swiercz et al., 2002). 

1.2.1.2 Semaphorins 

Semaphorins are divided into 8 classes based on origin and structural criteria (Fig. 1) 
(Semaphorin Nomenclature Committee, 1999). Classes 1 and 2 consist of invertebrate 
semaphorins, whereas classes 3-7 comprise of 20 vertebrate semaphorins. Semaphorins of 
class 5 are found in both invertebrates and vertebrates. Semaphorins expressed by DNA 
viruses, such as vaccinia, variola and alcelaphine herpes virus type I viruses, comprise 
class V. Semaphorins of the classes 2 and 3, as well as the virus semaphorins, are secreted 
proteins, whereas classes 1 and 4-6 encode for transmembrane semaphorins and the class 
7 semaphorin is attached to the cell membrane via a glycosylphosphatidyl inositol (GPI) 
moiety (Fig. 1) (Semaphorin Nomenclature Committee, 1999). Semaphorin signalling 
requires the homodimerization of semaphorins (Janssen et al., 2010; Nogi et al., 2010). 
 All semaphorins contain the sema domain, and all but some of the viral 
semaphorins also contain one MRS repeat embedded in the sema domain (Fig. 1) 
(Kolodkin et al., 1993; Ohta et al., 1995a; Semaphorin Nomenclature Committee, 1999). 
In addition, most semaphorins contain an Ig repeat. Class 3 semaphorins are the only 
soluble semaphorins in vertebrates and they contain a basic domain not found in other 
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semaphorins. They can be processed by furin-like cleavage, which affects their biological 
activity (Adams et al., 1997; Christensen et al., 2005). Semaphorins of class 4, for 
example Sema4D, can be cleaved by metalloproteinases (Elhabazi et al., 2001), such as 
membrane type 1-matrix metalloproteinase, and this is important for their function (Basile 
et al., 2007b) (Fig. 1).  

1.2.1 Discovery and evolution of plexins and semaphorins 

The first plexin molecule was recognized in the amphibian X. laevis using a monoclonal 
antibody (MAbB2) that was generated against the optic tectum tissue of tadpoles (Takagi 
et al., 1987). The antibody stained the plexiform layers of the optic tectum and neural 
retina (Takagi et al., 1987; Ohta et al., 1992), hence the name plexin (Takagi et al., 1987; 
Ohta et al., 1995a). A polyclonal antibody against the purified Xenopus plexin proteins 
also hindered the formation of the retinal plexiform layers (Ohta et al., 1992), giving the 
first clue that plexins are involved in guidance of neuronal axons. The first mouse plexins 
were found by screening a mouse complementary DNA (cDNA) library using the Xenopus 
plexin sequence as a tag (Kameyama et al., 1996a; Kameyama et al., 1996b). The first 
plexin identified in the human genome was found on the X chromosome by CpG island 
screening. It was originally given the name SEX because it was located on the long arm of 
the sex chromosome X. Now SEX is known as Plexin A3. In the same study, three other 
plexin sequences were isolated and they were named SEP (Plexin B1), OCT (Plexin A2) 
and NOV (Plexin A1) according to the Latin ordinals following six (Maestrini et al., 
1996).  
 The ligands of plexins, the semaphorins, were described simultaneously in the 
developing grasshopper nervous system (Sema-1a, originally named Fasciclin IV) 
(Kolodkin et al., 1992) and in chicken brain (Sema3A, originally named Collapsin) (Luo 
et al., 1993). The grasshopper Sema-1a was discovered in a screen for surface 
glycoproteins expressed on developing insect central nervous system (CNS) axons and 
antibodies against Sema-1a caused defasciculation of axons of Ti1 neurons in the limb bud 
(Kolodkin et al., 1992). In the chicken brain Sema3A was shown to collapse the neuronal 
axon growth cone (Luo et al., 1993). Soon after, the first D. melanogaster, human and 
viral semaphorins were discovered using several sets of degenerate oligonucleotide 
primers designed on basis of the Sema-1a sequence in PCR and sequence database 
searches (Kolodkin et al., 1993). In the beginning different semaphorins were given 
asystematic names but later the proteins were gathered into one family called the 
semaphorins. The name is derived from “semaphore”, which means to communicate 
through signals such as lights or signs (Kolodkin et al., 1993; Semaphorin Nomenclature 
Committee, 1999). Especially in the railway traffic, the term “semaphore” has been used 
for signals that display their indications to trains by changing the angle of inclination of 
the pivoted arm.  
 Plexins were first shown to be the receptors of semaphorins in the immune 
system. A virus encoded semaphorin, A39R (SemaVA), was found to bind to an Epstein-
Barr virus–transformed human cord blood B cell line, CB23, and the responsible cell 
surface receptor was affinity purified and cloned. The receptor was plexin C1, originally 
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named VESPR (viral-encoded semaphorin protein receptor) (Comeau et al., 1998). Close 
thereafter, in D. melanogaster,  biochemical and genetic analyses showed that plexin A is 
the functional receptor for class 1 semaphorins (Sema-1a and Sema-1b) and that Sema-1a-
plexin A signalling regulates the axon guidance and fasciculation of motor and CNS 
neurons (Winberg et al., 1998).  The vertebrate semaphorins Sema7A and Sema4D were 
shown to specifically bind to Plexin C1 and Plexin B1, respectively, on the surface of 
COS7 cells. Class 3 semaphorins did not bind to plexins alone (Tamagnone et al., 1999). 

 Semaphorins and plexins have been found in all metazoan examined. In the 
vertebrate genome they are present in several copies. In contrast, in lower animals, like D. 
melanogaster or C. elegans, there are fewer semaphorins than in mammals and only two 
different plexin genes (Winberg et al., 1998; Roy et al., 2000; Fujii et al., 2002; Ayoob et 
al., 2006). This suggests that during evolution, gene duplication has taken place and 
generated proteins with acquired additional and essential roles in the vertebrate organism. 
However, the structure of the proteins has remained highly conserved between different 
semaphorins and plexins. For example, the sema domain that is found in both plexins and 
semaphorins as well as in Met and Ron receptor tyrosine kinase can be used to analyze the 
phylogenetic relationships of proteins belonging to these families. The phylogenetic tree, 
which is based on the alignment of the sema domain sequence of 60 semaphorins, 17 
plexins and 12 Met/Ron tyrosine kinases from different species (Fig. 2) (Gherardi et al., 
2004), recapitulates the division that is based on overall domain organization. It also 
shows that the sequences of a certain semaphorin class or plexin subfamily from different 
species cluster together and have therefore most likely evolved from a common ancestor. 
  

 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
  
  
Figure 2: Phylogenetic tree of the evolution of the sema domain (Reproduced from Gherardi et al., 
2004, with permission of the copyright holder). 
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 Plexins and semaphorins do not exist in unicellular eukaryotes or prokaryotes, 
which proposes that semaphorin-plexin signalling has originally developed for the purpose 
of signalling between cells in multicellular organisms. Also, they do not exist in plants. 
Viruses may have adopted the semaphorins to fool and modulate the immune system of 
the infected host. The viral semaphorin A39R binds to Plexin C1 expressed on the cell 
surfaces in the host and elicits responses in human monocytes and production of 
inflammatory cytokines (Comeau et al., 1998).  

1.2.2 Semaphorin-plexin signalling 

Most semaphorins bind to and use plexins as receptors. In addition to plexins, semaphorin 
receptor complexes often contain other proteins, such as neuropilins (Nrp), integrins or 
receptor tyrosine kinases (Zhou et al., 2008). Table I summarizes the semaphorin-plexin 
pairs known so far. Also, other proteins known to participate in forming the receptor 
complex for semaphorins are mentioned. Besides plexins, semaphorins in some cases bind 
to other receptors, such as Sema4D to CD72 and Sema4A to Tim-2 in the immune system 
(Kumanogoh et al., 2000; Kumanogoh et al., 2002). 

 
Table I: Semaphorin-plexin pairs  

Semaphorin 
class 

Plexin 
subfamily 

Other components in the 
receptor complex 

References 

Sema1 PlexA OTK, Gyc76C (Winberg et al., 1998; 
Winberg et al., 2001; 
Ayoob et al., 2004) 

Sema2 PlexB  (Ayoob et al., 2006) 

Sema3   
   *Sema3E 

Plexin A  
    *Plexin D 

Nrp1, Nrp2, L1/Nr-CAM, 
integrins 

(Tran et al., 2007) 
*(Gu et al., 2005) 

Sema4 
   *Sema4A 

Plexin B  
    *Plexin D 

Met, ErbB-2 (Zhou et al., 2008) 
*(Toyofuku et al., 2007) 

Sema5 Plexin B Met, HSPGs (Zhou et al., 2008) 

Sema6 Plexin A VEGFR, Off-track, PDC-
TREM/DAP12 

(Zhou et al., 2008) 

Sema7 Plexin C integrins (Tamagnone et al., 1999; 
Pasterkamp et al., 2003; 
Scott et al., 2008) 

SemaV Plexin C  (Comeau et al., 1998) 

*exception  
 
The downstream targets of different semaphorin-plexin combinations vary but a common 
target for all semaphorin signalling is the cytoskeleton. Unlike many other signalling 
pathways, such as those of Sonic hedgehog and bone morphogenetic proteins, 
semaphorin-plexin signalling has not been shown to affect gene transcription.  
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1.2.3 Plexin signalling in invertebrates 

The signalling of invertebrate class 1 and 2 semaphorins has been mostly studied in the 
fruit fly D. melanogaster. They signal through either of the two plexins, PlexA or PlexB, 
which are able to form heteromultimeric receptor complexes. PlexA binds the 
transmembrane semaphorins, Sema-1a and -1b, while PlexB binds the secreted Sema-2a 
(Table I) (Winberg et al., 1998; Ayoob et al., 2006). Signalling of Sema-1a and Sema-2a 
through their receptors cause repulsive axon guidance, dendritic targeting and synapse 
formation (Winberg et al., 1998; Ayoob et al., 2006; Lattemann et al., 2007; Sweeney et 
al., 2007). PlexB has been shown to associate with the small GTPases Rac and Rho 
(Driessens et al., 2001; Hu et al., 2001). PlexA interacts with Off-track (OTK), a putative 
receptor tyrosine kinase, and this interaction is necessary in vivo for proper Sema-1a-
PlexA mediated axon repulsion (Winberg et al., 2001). Guanylyl cyclase Gyc76C is also 
required for Sema-1a-PlexA repulsive axon guidance of motor axons in vivo (Ayoob et 
al., 2004). Downstream signalling effectors of PlexA are Nervy (an A-kinase anchoring 
protein) (Terman and Kolodkin, 2004) and MICAL (molecule interacting with CasL), a 
protein belonging to the family of flavoprotein monooxygenases (Terman et al., 2002). 
Nervy connects PlexA with cyclic adenosine monophosphate (cAMP)–dependent type II 
protein kinase (PKA RII) and this complex antagonizes Sema-1a-PlexA–mediated 
repulsion and links cAMP-PKA signalling to Sema-1a-PlexA regulated axon guidance 
(Terman and Kolodkin, 2004). MICAL associates with PlexA and Collapsin response 
mediator protein (CRMP) and this association results in the release of the autoinhibition of 
MICAL (Schmidt et al., 2008). MICAL has a calponin homology domain, through which 
it interacts with the actin cytoskeleton of, for example, neural or bristle cells in flies. It 
therefore provides the first direct link between plexin signalling and the actin 
cytoskeleton. MICAL limits the size, abundance and bundling of F-actin, resulting in the 
specific morphology of the cells. The effect of MICAL on the actin cytoskeleton is 
dependent also on the redox-domain of the MICAL (Hung et al., 2010). In addition to the 
normal bristle cell development, the association of MICAL is required for Sema-plexin 
mediated axon guidance in D. melanogaster (Terman et al., 2002; Hung et al., 2010). 

 1.2.4 Plexin signalling in vertebrates 

1.2.5.1 A-subfamily plexins  

Class 3 and class 6 semaphorins generally use A-subfamily plexins as receptors (Table I). 
The class 3 semaphorins (Sema3A-3G, here collectively marked as Sema3) are unable to 
directly bind to the plexins (Tamagnone et al., 1999). The binding receptor is either 
Neuropilin-1 or Neuropilin-2 (Nrp1, Nrp2) (Chen et al., 1997; He and Tessier-Lavigne, 
1997; Kitsukawa et al., 1997; Kolodkin et al., 1997), which both are transmembrane 
proteins with short intracellular domains. Class 6 semaphorins (Sema6A-6D) bind to A-
subfamily plexins independently of neuropilins, Sema6A to Plexin A2 or Plexin A4, 
Sema6B to Plexin A4, and Sema6C and Sema6D to Plexin A1. Both Sema3 and Sema6 
play roles in axon guidance, cardiac development and immune system (Zhou et al., 2008). 
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 The common end result of signalling of Sema3 in neurons is the repulsion and 
collapse of axonal growth cones, although in some cases Sema3s function as axon 
attractants. The collapse of the growth cone is a retraction of filopodia and lamellipodia, 
which is associated with depolymerization and redistribution of actin filaments. 
Semaphorins are also able to cause the rearrangements of the cytoskeleton of other cells 
than neurons, resulting in the collapse or shrinkage of the cell. The only direct link 
between the actin cytoskeleton and plexin signalling discovered so far is MICAL, the 
actin-binding flavoprotein monooxygenase described earlier in the context of plexin 
signalling in invertebrates (Hung et al., 2010). 
 Small GTPases Rnd1 and RhoD associate with Plexin A1 (Rohm et al., 2000; 
Zanata et al., 2002). The interaction between Rnd1 and Plexin A1 causes cell collapse and 
axon repulsion upon Sema3A stimulation, whereas RhoD blocks this (Zanata et al., 2002). 
Rnd1 is required for the R-Ras GAP activity of plexins that results in downregulation of 
R-Ras (Oinuma et al., 2004; Toyofuku et al., 2005). The activation of the R-Ras GAP of 
Plexin A1-Rnd1 complex is regulated by FERM domain-containing guanine nucleotide 
exchange factor (GEF) protein FARP2 (FERM, RhoGEF and pleckstrin domain protein). 
FARP2 is a positive regulator for RhoGTPase Rac (Kubo et al., 2002) and it binds to 
Nrp1-Plexin A1 complex in the neurons of the dorsal root ganglion (DRG). Upon 
stimulation with Sema3A it dissociates from the receptor complex and activates Rac. The 
activation of Rac, on the other hand, is then needed for Rnd1 to bind to Plexin A1 
(Toyofuku et al., 2005). Rac is necessary for Sema3A-induced collapse of growth cones in 
the DRGs and motor neurons (Jin and Strittmatter, 1997; Kuhn et al., 1999; Västrik et al., 
1999; Turner et al., 2004). Normally, Sema3A suppresses cell adhesion through integrins 
in endothelial cells (Serini et al., 2003). In the DRG neurons the knockdown of FARP2 
abolishes the suppressive effects of Sema3A on cell adhesion (Toyofuku et al., 2005). 
FARP-family members are also involved in the signalling of Sema6s through Plexin A 
(Zhuang et al., 2009), but the detailed mechanisms are not yet known. 

 Rac also activates p21-activated kinase (PAK), which in turn activates the serine 
kinase LIM-1 (Edwards et al., 1999). LIM-1 regulates the actin cytoskeleton by 
inactivation cofilin, an actin-depolymerizing protein (Arber et al., 1998), and this is 
necessary for the growth cone collapse induced by Sema3A in DRG neurons (Aizawa et 
al., 2001). 

 Activation of Glycogen synthase kinase (GSK)-3 is necessary for the biological 
activity of Sema3A in the collapse of the axonal growth cone (Eickholt et al., 2002). The 
level of GSK-3 activation is modulated by phosphatidylinositol (PI) 3-kinase (PI3K) and a 
PI-3-phosphatase PTEN (phosphatase and tensin homologue deleted on chromosome 10). 
PI3K produces Phosphatidylinositol (3, 4, 5)-trisphosphate (PIP3) and inactivates GSK-3 
through Akt-dependent phosphorylation (Cross et al., 1995; Eickholt et al., 2002). 
Application of Sema3A suppresses PI3K signalling and decreases the phosphorylation 
level of Akt through PTEN that negatively controls the level of PIP3. This causes the 
activation of GSK-3 (Chadborn et al., 2006). The R-Ras GAP activity of plexins that is 
dependent on Rnd1 increases the amount of activated GSK-3 and decreases the level of 
active PI3K and Akt causing growth cone collapse (Ito et al., 2006).  
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 CRMPs, the major phosphoproteins in the brain, associate with A-subfamily 
plexins (Goshima et al., 1995). CRMP2 promotes microtubule assembly and thereby 
regulates the rate of axonal growth (Fukata et al., 2002). CRMP2 is phosphorylated by 
GSK-3 (Yoshimura et al., 2005) and cyclin-dependent kinase 5 (Cdk5).  The dual 
phosphorylation of CRMP2 is required for mediating the response of axon growth cones 
to Sema3A and it disrupts the association of CRMP2 with tubulin (Uchida et al., 2005).  
 Signalling of Sema3 through Plexin A is modulated by other transmembrane 
proteins, such as the neurotrophin receptor P75 (Ben-Zvi et al., 2007). 

 High expression and signalling activity of Sema6D and Plexin A1 in asbestosis-
related malignant pleural mesothelioma (MPM) cells seems to protect them from 
apoptosis. This is dependent on the activation of Vascular endothelial growth factor 
receptor 2 (VEGFR2). Plexin A1 associates with receptor-type tyrosine kinases VEGFR2 
or Off-track on the cell membrane, and Sema6D enhances VEGFR2 binding and 
suppresses interaction with Off-track. The inhibition of Plexin A1 signalling in MPM cells 
reduces survival and anchorage-independent growth in a VEGFR2-dependent manner 
(Catalano et al., 2009). 

 In the immune system, Plexin A1 is expressed by plasmacytoid dendritic cells 
(PDCs) and associates with PDC-TREM, a member of the triggering receptor expressed 
on myeloid cells (TREM) family. Binding of Sema6D to Plexin A1-PDC-TREM complex 
causes the robust production of type I interferons (IFN) and an enhancement of 
phosphorylation of PI3K or Erk1/2 (Watarai et al., 2008). 

 In cardiac morphogenesis, Sema6D regulates the migration of outgrowing 
endothelial cells from the conotruncal segment and the ventricle, in a promoting and 
inhibitory manner, respectively, depending on the type of receptors associated with Plexin 
A1. The former action is mediated through Plexin A1 complexed with VEGFR2 and the 
latter through a complex of Plexin A1 and receptor tyrosine kinase-like transmembrane 
protein Off-track (Toyofuku et al., 2004a). Knockdown of Sema6D or Plexin A1 results in 
aberrant bending of the ventricular portion of the cardiac tube, narrowed ventricles and 
suppressed trabecular formation (Toyofuku et al., 2004a; Toyofuku et al., 2004b). The 
expression of extracellular domain of Plexin A1 does not rescue the ventricle size defect. 
However, it rescues the trabelucation defect in the case of knockdown Plexin A1 but not 
of Sema6D. This means that Sema6D signalling can operate in reverse direction so that 
Plexin A1 acts as a ligand, and this is necessary for normal myocardial growth and 
organization. In summary, Sema6D reverse signalling is necessary for the migration of 
cardiac cells into trabeculae, whereas the forward signalling through Plexin A1 is required 
for ventricular expansion (Toyofuku et al., 2004b). 

1.2.5.2 Plexin C1  

In COS7 cells Sema7A binds to cells overexpressing Plexin C1 (Table I) (Tamagnone et 
al., 1999). In the nervous and immune systems, however, Sema7A signals independently 
of Plexin C1 by binding to α1β1 integrin and activating the Mitogen-activated protein 
kinase (MAPK) pathway (Pasterkamp et al., 2003; Suzuki et al., 2007). In bone 
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development Sema7A regulates the migration of pre-osteoblast cells via the MAPK 
pathway and enhances the fusion of osteoclasts (Delorme et al., 2005). 

 During melanocyte differentiation, Sema7A signals through both Plexin C1 and 
integrins with opposing effects. Sema7A is expressed on the keratinozytes while Plexin 
C1 and β1-integrin are expressed by the melanocytes. Sema7A stimulates melanocyte 
attachment, spreading, and dendrite outgrowth in human melanocytes via β1-integrin, 
whereas Plexin C1 activation is inhibitory to melanocyte spreading on Sema7A (Scott et 
al., 2008). In melanoma, the expression of Plexin C1 correlates conversely with tumour 
progression so that its expression decreases as the melanoma progresses towards the 
metastatic form. Sema7A signalling through Plexin C1 phosphorylates and inactivates 
cofilin, an actin depolymerizing protein. Cofilin activation is strongly linked to tumor 
progression (Scott et al., 2009). 

 Transforming growth factor beta 1 (TGF-β1) stimulates the expression of 
Sema7A, and Sema7A is important for the TGF-β1-induced fibrosis, alveolar remodelling, 
DNA injury and cell death in the lung and for the activation of signalling via PI3K and 
AKT. Sema7A plays a role also in the ability of TGF-β1 to increase the accumulation of 
mRNA encoding collagens and other extracellular matrix (ECM) proteins, antiproteases, 
fibrostimulatory cytokines, and IL-13 receptors. TGF-β1 enhances the expression of 
Plexin C1 and β1 integrin, as well, in a Sema7A-dependent manner (Kang et al., 2007).  
 The two reported viral semaphorin homologs, SemaVA (originally named A39R) 
in Vaccinia virus and SemaVB (AHVsema) in alcelaphine herpes virus (Kolodkin et al., 
1993; Ensser and Fleckenstein, 1995; Comeau et al., 1998) mimic Sema7A and also bind 
to Plexin C1 on cells of lymphoid origin, such as primary monocytes (Comeau et al., 
1998).  

1.2.5.3 Plexin D1  

An exception to the rule of class 3 semaphorins not being able to bind directly to plexins is 
Sema3E, which binds to Plexin D1 directly (Table I), and this signalling is responsible for 
patterning of the intersomitic vasculature (Gu et al., 2005). In the brain, Sema3E signals 
either directly through Plexin D1 or through Nrp1 and Plexin D1. Nrp1has a gating 
function: neurons that express Plexin D1 alone respond to Sema3E by retraction, whereas 
neurons having both Nrp1 and Plexin-D1 are attracted by Sema3E (Chauvet et al., 2007). 
 Sema4A has also been shown to bind to Plexin D1 and negatively regulate 
downstream signalling of VEGF-mediated endothelial cell migration and proliferation in 
vitro and angiogenesis in vivo (Toyofuku et al., 2007). 
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1.3 SEMAPHORIN SIGNALLING THROUGH B-SUBFAMILY PLEXINS 

1.3.1 Ligand-receptor specificity of the B-subfamily plexins  

Semaphorins of classes 4 and 5 interact directly with B-subfamily plexins. Sema4D binds 
to both Plexin B1 and Plexin B2 (Tamagnone et al., 1999; Masuda et al., 2004), although 
the affinity of Sema4D for Plexin B2 is significantly lower than for Plexin B1 (Deng et al., 
2007). Sema4C is the preferential ligand of Plexin B2 (Deng et al., 2007). Recently, 
Sema4A was shown to bind to and signal through all three plexins of the B-subfamily 
(Yukawa et al., 2010b). Sema5A binds to Plexin B3 (Artigiani et al., 2004).  

1.3.2 Receptor interactions at the cell surface 

1.3.2.1 Homo- and heterophilic interactions  

The B-subfamily plexins have semaphorin-independent adhesive and signalling properties. 
Plexin B2 and B3 mediate cell adhesion and aggregation through homophilic trans-
interaction that is dependent on the sema domain and the presence of Ca2+/Mg2+-ions. 
They also stimulate neurite outgrowth of primary cerebellar neurons (Hartwig et al., 
2005). In D. melanogaster, plexin mediates cell adhesion via a homophilic binding 
mechanism in a calcium-dependent manner (Ohta et al., 1995b). B-subfamily plexins are 
also able to form heterodimers with plexins of other subfamilies, for example Plexin B1 
associates with Plexin A1 through the cytoplasmic part (Usui et al., 2003), but the 
significance of this interaction has not been elucidated. 

1.3.2.2 Receptor tyrosine kinases in migration and invasive growth  

Giordano et al. (2002) showed an interaction between B-subfamily plexins and Met 
receptor tyrosine kinase. After that the B-subfamily plexins have been shown to interact 
also with ErbB-2 and Ron (Fig. 3) (Conrotto et al., 2004; Swiercz et al., 2004; Deng et al., 
2007). The interaction of B-subfamily plexins with the receptor tyrosine kinases is ligand-
independent and mediated by their extracellular domains. The binding of the ligand results 
in the activation of the receptor tyrosine kinase and phosphorylation of both the receptor 
itself and the plexin (Giordano et al., 2002; Conrotto et al., 2004; Swiercz et al., 2004; 
Conrotto et al., 2005; Deng et al., 2007). Sema4D-stimulation of cells expressing Plexin 
B1 and Met leads to the phosphorylation of the major substrate of Met, Gab1 (Fig. 3). 
Sema4D does not, however, bind to Met directly. Association of Plexin B1 with Met is 
necessary for the Sema4D-induced migration and anchorage-independent growth of 
epithelial or liver progenitor cells as well as for the angiogenic activity of Sema4D 
(Giordano et al., 2002; Conrotto et al., 2005). When the ligands of both receptors, 
Sema4D and HGF, are added simultaneously to the cells, they exert an additive effect on 
Met activation (Giordano et al., 2002). Similarly, the ligand of Ron, Macrophage 
stimulating protein (MSP), shows an additive effect when applied together with Sema4D 
(Conrotto et al., 2004). 
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 ErbB-2 is necessary for the activation of RhoA by Sema4D-Plexin B1 signalling 
via Rho-GEF (Swiercz et al., 2004), whereas Met is required for the inhibitory effect on 
RhoA activity (Swiercz et al., 2008). The phosphorylation of Plexin B1 or B2 by ErbB-2 
creates a docking site for SH2 domain-containing proteins such as phospholipase Cγ1 
(PLCγ1) and 2. The interaction is necessary for Sema4D-induced RhoA activation, 
migration and growth cone collapse (Swiercz et al., 2009). Stimulation of Plexin B1 and 
ErbB-2 with Sema4D causes the activation of the downstream pathway of ErbB-2 as well, 
including Shc and Erk (Fig. 3) (Swiercz et al., 2004).  
 Both ErbB-2 and Met are involved in Sema4D-induced axonal growth cone 
collapse (Swiercz et al., 2004) and they compete for the interaction with Plexin B1. In 
breast carcinoma cells expressing Plexin B1 and Met but not ErB-2, the Sema4D inhibits 
migration, while in breast carcinoma cells expressing Plexin B1 and ErbB-2 but not Met, 
Sema4D induces migration (Swiercz et al., 2008). Therefore, the outcome of Sema4D-
Plexin B1 signalling on cellular behaviour depends greatly on the cellular context.  

 

 

 

 

 

 

 

 

 

 

 
Figure 3: Summary of the signalling through 
B-subfamily plexins (Modified from Zhou et 
al., 2008, with permission of the copyright 
holder). 
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1.3.3 Downstream pathways  

1.3.3.1 The Ras superfamily of small GTPases  

The Ras superfamily of small GTPases consists of over 150 human members, including 
Ras and Rho family proteins. Their activities are controlled by two classes of proteins, 
GEFs and GTPase-activating proteins (GAPs). GEFs promote the active, GTP-bound state 
of the small GTPases while GAPs promote inactivation by accelerating the intrinsic 
GTPase activity (Wennerberg et al., 2005). 
 The Ras oncoproteins represent the prototype of the Ras superfamily 
(Wennerberg et al., 2005). Rohm et al. (2000) suggested that plexins may have 
characteristics of GAP-activity towards R-Ras and that this activity would be necessary 
for the growth cone collapsing-effect of semaphorin-plexin signalling. Similarly to A-
subfamily plexins, B-subfamily plexins associate directly and specifically with active     
R-Ras through their GAP-homologous domains in the extracellular domain. This 
interaction is dependent on the association of Rnd1, a constitutively active member of the 
Rho family (Oinuma et al., 2004). The presence of R-Ras and its inactivation are required 
for both Sema4A- and Sema4D-induced growth cone collapse of hippocampal neurons 
(Fig. 3) (Oinuma et al., 2004; Yukawa et al., 2010b). In addition to R-Ras, Sema4D 
inhibits M-Ras activity, activation of the ERK-pathway and thereby dendritic outgrowth 
(Saito et al., 2009).  
 R-Ras is activated by ECM molecules and it promotes integrin activation, 
adhesion and cell spreading (Kinbara et al., 2003). Accordingly, the inactivation of R-Ras 
by Sema4D-Plexin B1 signalling regulates cell migration by modulating the activity of β1 
integrins (Fig. 3). Plexin B1 downregulates the activity of PI3K, the predominant effector 
of R-Ras, and this is required for the inactivation of β1 integrins and the inhibition of the 
ECM-mediated cell migration (Fig. 3) (Oinuma et al., 2006).  
 Ras homologous (Rho) family proteins regulate the organization of the actin 
cytoskeleton, cell cycle and gene expression, and they transduce the signals from the ECM 
to the actin cytoskeleton. The most studied members are RhoA, Rac1, Cdc42, Rnd1 and 
Rin (Wennerberg et al., 2005). Rin associates with Plexin B3 (Hartwig et al., 2005), 
whereas Plexin B1 has been shown to bind Rac1, RhoD and Rnd1 with the RBD that 
resides between the two GAP-domains and has ubiquitin fold structure (Fig. 3) (Hu et al., 
2001; Tong and Buck, 2005; Tong et al., 2007). The binding of GTPases to the RBD 
induces the activation of GAP motif of the receptor (Tong et al., 2007; Tong et al., 2009).   
 Plexins of the B-subfamily associate with active Rac and this association is 
enhanced by the ligand (Fig. 3) (Rohm et al., 2000; Vikis et al., 2000; Driessens et al., 
2001). The signalling between Rac and Plexin B1 is bidirectional as this also results in 
enhanced localization of Plexin B1 to the cell surface and enhanced affinity for Sema4D 
(Vikis et al., 2002). Active Rac also increases Sema4D-induced phosphorylation of Plexin 
B1 (Swiercz et al., 2004). Plexin B1 competes with PAK for the binding to Rac (Fig. 3). 
PAK is involved in the regulation of filopodia and membrane ruffles, and the binding of 
Rac to Plexin B1 inhibits the activation of PAK, which correlates with disassembly of 
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cytoskeletal structures during turning or collapsing growth cones (Hu et al., 2001; Vikis et 
al., 2002).  
 The B-subfamily plexins regulate RhoA through binding of two PDZ-domain 
containing Rho-specific GEFs; PDZ-RhoGEF and leukemia-associated RhoGEF (LARG) 
(Fig. 3). Upon binding of Sema4D, this interaction causes activation of RhoA and 
subsequently cell rounding and contraction, for example the collapse of the growth cone 
(Aurandt et al., 2002; Driessens et al., 2002; Hirotani et al., 2002; Perrot et al., 2002; 
Swiercz et al., 2002). The association of Rnd1 with and the phosphorylated tyrosine 1078 
on Plexin B1 or B2 are essential for the interaction between Plexin B1 and PDZ-GEF and 
subsequent activation of RhoA upon ligand binding (Oinuma et al., 2003; Swiercz et al., 
2009). Sema4D increases the density of dendritic spines in hippocampal and cortical 
neurons through the PDZ-domain of Plexin B1 and activation of RhoA. Also the 
downstream effector, RhoA/Rho-kinase (ROCK), is necessary for the Sema4D-induced 
increase in spine density (Fig. 3) (Lin et al., 2007). Depending on the cellular context and 
time point of analysis, however, Sema4D-Plexin B1 signalling can also result in a 
transient inhibition of RhoA activity. The early inactivation of RhoA, inhibition of 
integrin function and Sema4D-mediated cell collapse in fibroblast and mammary 
carcinoma cells is accomplished through interaction with and activation of p190-RhoGAP, 
an activator of the intrinsic GTPase activity of Rho (Fig. 3) (Barberis et al., 2005). 
 ERK is phosphorylated and activated through Plexin B1 and LARG upon 
Sema4D-binding and consequent RhoA activation (Aurandt et al., 2006; Basile et al., 
2007a). Activated R-Ras, on the other hand, co-operates with activated RhoA in activating 
the MAPK pathway (Aurandt et al., 2006). 

1.3.3.2 Intracellular tyrosine kinases 

Intracellular tyrosine kinases implicated in the signalling of B-subfamily plexins include 
FAK family member PYK2 and Src tyrosine kinase (Basile et al., 2005). Stimulation of 
endothelial cells with Sema4D results in the phosphorylation and sequential activation of 
PYK2 and Src, which leads to the activation of Akt via PI3K. Upon activation PYK2 
associates with Plexin B1 and it is necessary for the phosphorylation of Plexin B1. After 
receptor activation also Src and PI3K associate with the cytoplasmic portion of Plexin B1. 
All the components in this signalling cascade are essential for the Sema4D-induced 
chemotaxis (Basile et al., 2005). 

1.3.3.3 Phosphatidylinositol 3-kinase/Akt pathway 

Sema4D-Plexin B1 signalling stimulates migration and chemotaxis of endothelial cells 
through activation of PI3K/Akt-pathway in a manner that is dependent on Src, PYK2 and 
ErbB-2 tyrosine kinases but independent of the R-RasGAP activity of Plexin B1 (Basile et 
al., 2005; Swiercz et al., 2008). It has been proposed that the Sema4D-Plexin B1 
association causes stress fiber contraction through activation of RhoA and ROCK and that 
the contracting stress fibers generate tension at focal adhesions, which is then converted 
into a biochemical signal by integrins and activation of PYK2. This activates a signalling 
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cascade that results in the phosphorylation and activation of PI3K, Akt and ERK and 
thereby cell motility is regulated (Basile et al., 2007a). 
 An opposite effect of Sema4D-Plexin B1 signalling on Akt activation has been 
reported in hippocampal cells, which is dependent on R-Ras (Ito et al., 2006). Sema4D 
inactivates Akt, which leads to the activation of GSK-3β. GSK-3β then further suppresses 
the ability of CRMP2 to promote microtubule polymerization and stabilization (Fig. 3). 
Sema4D-Plexin B1 signalling has been shown to stimulate the activation of PTEN in 
hippocampal neurons, which inhibits PI3K/Akt signalling and it is necessary for the 
growth cone collapse in hippocampal neurons induced by Sema4D (Oinuma et al., 2010).  
 Recently, Sema5A was shown to induce proliferation in endothelial cells through 
Plexin B3 and activation of Akt (Sadanandam et al., 2010). 

1.4 B-SUBFAMILY PLEXINS IN VERTEBRATE DEVELOPMENT AND DISEASE 

1.4.1 Nervous system  

Both plexins and semaphorins were initially described in the nervous system and the focus 
of research thereafter has, by large, been on their function in the nervous system. I will 
here describe the functions that are known so far of B-subfamily plexins in the CNS and 
peripheral nervous system (PNS). Both CNS and PNS are derived from the ectoderm: the 
CNS consists of the brain and spinal cord that are derived from the neural tube. The PNS 
is built of cells derived from the neural crest cells that have migrated away from the 
closing lips of the neural plate (Gilbert, 2006).   

1.4.1.1 Central nervous system 

An extensive in situ hybridization (ISH) screen of B-subfamily plexins in the developing 
mouse nervous system show that of the three plexin Bs, Plxnb1 is expressed in the widest 
pattern in the embryonic brain. It is expressed in the developing forebrain, midbrain, 
cerebellum and the neuroepithelium that lines the ventricles of the brain and spinal cord. 
In the telencephalon Plxnb1 is expressed in the cortical plate and in the ventricular and 
subventricular zones at E13.5-15.5 (Worzfeld et al., 2004; Hirschberg et al., 2009). At 
birth Plxnb1 expression is visible in the ventricular zone. In the cerebellum, Plxnb1 is 
expressed by the external granule cell layer (EGL) and Purkinje cells at E13.5, although 
the expression in the former it is downregulated as the brain matures (Moreau-Fauvarque 
et al., 2003; Worzfeld et al., 2004). Plxnb2 is expressed in a similar pattern in the 
developing mouse brain as Plxnb1 although with lower levels. Plxnb2 is expressed in the 
ventricular zone of the telencephalon at E13.5-E15.5 and in the migratory stream of 
granule precursor cells in the developing hippocampus (Worzfeld et al., 2004; Deng et al., 
2007; Hirschberg et al., 2009). It shows a strong expression in the EGL of the cerebellum 
during development at E13.5 and also at postnatal day (P) 10. Both Plxnb1 and Plxnb2 are 
expressed in the ependymal neuroepithelium of the spinal cord at E13.5. Plxnb3 is not 
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expressed in mouse before birth. Postnatally it is expressed in the white matter tracts, for 
example in the cerebellum (Worzfeld et al., 2004). 
 The ligand of Plexin B1 and B2, Sema4D, is expressed before birth throughout 
the CNS in mouse (Furuyama et al., 1996; Worzfeld et al., 2004). The expression of 
Sema4D in the developing nervous system is in many parts complementary that of Plxnb1. 
For example, whereas the expression of Plxnb1 is seen in the ventricular and 
subventricular zones of the telencephalon, Sema4D is expressed by the adjacent layer, the 
preplate or later the cortical plate at E13.5-15.5 (Worzfeld et al., 2004). After birth, the 
expression pattern of Sema4D changes dramatically from neuronal expression to 
expression by the myelinating oligodendrocytes in the CNS white matter (Moreau-
Fauvarque et al., 2003; Worzfeld et al., 2004). Sema4D signalling through Plexin B1 
causes the collapse of the growth cone of primary hippocampal and chick retinal ganglion 
cells (Swiercz et al., 2002). Despite the complementary expression patterns of Sema4D 
and Plxnb1 and the effect of Sema4D on neurons in vitro, the absence of any defects in the 
CNS development in Plexin B1 knockout (Plxnb1-/-) mice suggests that Sema4D-Plexin 
B1 signalling is not essential for CNS development (Deng et al., 2007; Fazzari et al., 
2007; Hirschberg et al., 2009). The mice deficient of Sema4D (Sema4D-/-) also show 
grossly normal organization and histological anatomy of the CNS (Shi et al., 2000). 
However, Sema4D plays a role in the regulation of the maturation of the oligodendrocytes 
in vivo, as the Sema4D-/- mice have an increased number of myelin-associated 
glycoprotein-positive, mature oligodendrocytes in the cortex. The receptor for Sema4D in 
the maturation of oligodendrocytes is not known (Taniguchi et al., 2009). In vitro, in 
embryonic primary hippocampal neurons, Sema4D stimulates the branching of primary 
dendrites into secondary dendrites and axonal branching at higher concentrations within a 
few hours. This is dependent on Plexin B1 (Vodrazka et al., 2009). Another semaphorin, 
Sema4A, has also been shown to induce the collapse of the growth cones of hippocampal 
neurons in vitro, through either Plexin B1, B2 or B3 (Yukawa et al., 2005; Yukawa et al., 
2010b). 
 The absence of Plexin B2, in contrary of Plexin B1, causes severe neuronal 
defects during mouse embryogenesis. Embryos in the inbred C57BL/6 background 
deficient of Plexin B2 (Plxnb2-/-) die before birth with defects in the closure of the neural 
tube (exencephaly) caused by a failure of fusion of the neural head folds that normally 
express Plexin B2, combined with an inverse topography of the brain (Deng et al., 2007; 
Friedel et al., 2007). The molecular mechanisms causing the exencephaly are not yet 
known. In the CD1 genetic background (Plxnb2-/-CD1) approximately 30% of the 
homozygous embryos survive and are fertile (Friedel et al., 2007). In accordance with the 
expression of Plxnb2 in the proliferating granule cell progenitors in the EGL, both mouse 
strains show altered cerebellar structure. The cerebellum is smaller, has foliation defects 
and shows disruption of the different cell layers and ectopic granule cell clusters (Deng et 
al., 2007; Friedel et al., 2007). The granule cells of the Plxnb2-/-CD1 mice differentiate and 
migrate prematurely and the regulation of the proliferation of these cells is impaired 
(Friedel et al., 2007). In the inbred background, the proliferation of the neuroblasts is 
severely impaired (Deng et al., 2007; Hirschberg et al., 2009). It has also been shown that 
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Plxnb2-/- mice have altered development of the dentate gyrus and olfactory bulb (Deng et 
al., 2007).  
 In the adult brain, Sema4C expression in the cebellar granule cells overlaps with 
that of Plxnb2. Sema4C is expressed in the olfactory bulb, dentate gyrus and EGL in the 
cerebellum during development. Soluble Sema4C causes the collapse of COS7 cells, 
increases the adhesion of the granule cell precursors of wild type mice to laminin as well 
as increases their proliferation and migration. None of these functions take place in the 
absence of Plexin B2, suggesting that Sema4C regulates the development of granule cell 
precursors through Plexin B2 specifically (Deng et al., 2007).  
 The small proportion of Plxnb2-/- embryos that do not suffer from exencephaly 
exhibit nonetheless defects in the layering of the neocortex as well as in the differentiation 
and migration of different subtypes of cortical neurons. The number of mature neurons in 
the cortical plate is reduced, whereas the number of nestin-positive neuronal and glial 
progenitors is increased and the proliferation is significantly reduced. Sema4D is 
expressed in the cortical plate complementary to Plxnb1 and Plxnb2. Sema4D stimulates 
the migration of neuronal precursors and newly born neurons in a motogen-like manner in 
vitro but fails to cause an increase in their proliferation. These functions of Sema4D are 
not abrogated in neurons deficient of Plexin B1, whereas neuronal precursors of Plxnb2-/- 
embryos fail to respond to Sema4D. This suggests that in cortical development, differently 
from that of the cerebellum, the ligand of Plexin B2 is Sema4D rather than Sema4C 
(Hirschberg et al., 2009). 
 Plexin B3 has been shown to stimulate neurite outgrowth of primary cerebellar 
neurons in vitro (Hartwig et al., 2005). However, the absence of Plexin B3 is compatible 
with normal behavior, development and structure of the CNS, locomotor activity, motor 
coordination, motor learning, and anxiety levels (Worzfeld et al., 2009). On the other 
hand, in humans the existence of certain Plxnb3 haplotype is genetically associated with 
better performance in a vocabulary test and with increased volume of brain white matter, 
suggesting that Plexin B3 may have an influence on cognitive abilities (Rujescu et al., 
2007). 

1.4.1.2 Peripheral nervous system 

At E13.5, Plxnb1 is expressed in the developing ganglia of the PNS, such as the DRGs 
and the trigeminal ganglia (Worzfeld et al., 2004). Plxnb2 is expressed in the DRGs, but 
the level is significantly lower than that of Plxnb1 (Masuda et al., 2004). Sema4D is 
expressed in the developing DRGs (Furuyama et al., 1996; Masuda et al., 2004) and it 
promotes the axonal outgrowth of embryonic DRG neurons in a way that is dependent of 
nerve growth factor (NGF) signalling (Masuda et al., 2004). Possible defects of the PNS in 
mice deficient of B-subfamily plexins has not been reported so far.  

1.4.2 Immune system 

Sema4D, also known as CD100, was the first semaphorin to be discovered in the immune 
system (Bougeret et al., 1992; Hall et al., 1996), where it was shown to induce B cell 
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aggregation and to improve their viability in vitro (Hall et al., 1996). The effects of 
Sema4D in the lymphocytes are mainly mediated by its other, low-affinity receptor, CD72 
(Kumanogoh et al., 2000). However, in some situations Plexin B1 is the receptor of 
Sema4D also in the immune system. Sema4D is expressed in chronic lymphocytic 
leukemia (CLL) cells and normal CD5-positive B cells. Plexin B1, on the other hand, is 
expressed by the bone marrow stromal cells and activated T lymphocytes, both crucial 
sites for interaction with B cells. In vitro, Sema4D-Plexin B1 signalling enhances the 
proliferation and survival of the malignant CLL cells besides normal regulation of B cell 
proliferation (Granziero et al., 2003). No defects involving B cell development have been 
reported in the Plxnb1-/- embryos, but in Sema4D-/- mice the activation and proliferation 
of B cells as well as the priming of T cells are defective (Shi et al., 2000). 
 Soluble Sema4D inhibits the migration of both human monocytes and immature 
dendritic cells (DCs), and induces the production of cytokines from these cells. The 
monocytes express Plexin C1 but as they differentiate into immature DCs, the expression 
of Plexin C1 is gradually lost along with the expression of CD72 and replaced by the 
expression of Plexin B1. In immature DCs, Plexin B1 is necessary for the effect of 
Sema4D on migration and cytokine production. The inhibitory effect of Sema4D on 
monocyte migration and stimulatory effect on cytokine production are dependent on the 
presence and availability of Plexin C1 although the two proteins do not directly interact. 
This suggests that there is a multimeric receptor complex transmitting the signal for 
Sema4D (Chabbert-de Ponnat et al., 2005).   
 Sema4D produced by active T lymphocytes plays a role in neuroinflammation 
and associated demyelination. Sema4D secreted by activated T lymphocytes induces 
apoptosis and decreases the number of cells in human neural precursors and rat immature 
oligodendrocytes in glial primary culture through Plexin B1. Sema4D is detected in the 
cerebrospinal fluid and spinal cord in post mortem samples of patients suffering from 
demyelination and neuroinflammation (Giraudon et al., 2004). In another CNS 
inflammatory model, experimental autoimmune encephalomyelitis (EAE), microglias 
become activated upon brain injury, infection or a variety of neuroinflammatory stimuli 
and migrate and protect the brain by removing harmful pathogens and cell debris. 
However, the system can become overactivated so that it causes inflammation and 
accumulation of proinflammatory and cytotoxic substances, which are detrimental to 
neuronal tissues. Sema4D-positive T cells interact with Plexin B1-positive microglias and 
cause the activation of the microglia, a feature of inflammation and EAE progression, and 
production of inducible NO synthase (iNOS), an effector molecule of neuroinflammation 
(Okuno et al., 2010).  
  In experimental crescentic glomerulonephritis model the absence of Sema4D 
reduces the amount of glomerular injury. The lack of Sema4D resulted in suppression of 
both cellular and humoral systemic immune responses. Normally Sema4D is expressed in 
the tubules of the kidney whereas Plexin B1 expression is seen in the tubules and in the 
glomeruli. Sema4D expressing macrophages are recruited to the glomeruli, suggesting that 
interactions between Plexin B1 in the glomeruli and leucocyte Sema4D would facilitate 
glomerular leucocyte recruitment (Li et al., 2009). 
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1.4.3 Circulatory system 

In vivo, in both mouse and chicken models, Sema4D triggers angiogenesis, the formation 
of new vessels by sprouting from vessels that already exist (Basile et al., 2004; Conrotto et 
al., 2005). Also in vitro, Sema4D-Plexin B1 signalling is proangiogenic, inducing 
migration, chemotaxis and tubulogenesis in, for example human umbilical vein 
endothelial cells (HUVECs) (Basile et al., 2004; Conrotto et al., 2005). 
 In tumours, such as head and neck squamous cell carcinomas, Sema4D 
expression induced by hypoxia-inducible factor-1 (HIF-1) may be a strategy for promoting 
angiogenesis to enable tumour growth, survival and metastatic properties (Basile et al., 
2006; Sun et al., 2009). Accordingly, the maturation of tumour vessels is impaired in 
Sema4D-/- mice (Sierra et al., 2008). However, Plxnb1-/- mice do not show defects in the 
development of blood vessels or in the angiogenetic response induced by tumour growth 
(Fazzari et al., 2007).  
 Sema4D also enables the formation, neovascularisation and growth of 
atherosclerotic plaques.  Sema4D is expressed in the infiltrating lymphocytes while Plexin 
B1 is expressed by the endothelial cells. In the absence of Sema4D, the neovascularisation 
and development of atherosclerotic plaques is delayed and impaired in the atherosclerosis-
prone apolipoprotein E-deficient (ApoE-/--) mice (Yukawa et al., 2010a). 

 In zebrafish, Plexin B2 has been shown to regulate the sprouting of 
intersegmental vessels (ISVs). Starting at 24 somite stage in zebrafish embryos, 
angioblasts sprout in a pairwise manner on both sides of the notochord from the dorsal 
aorta (DA) at each interface of successive somites. The angioblasts grow dorsally, form a 
T-shape and fuse to neighbouring cells to form the left and the right dorsal longitudinal 
anastomotic vessels (DLAVs). (Childs et al., 2002). The sprouting vessels forming the 
connection between the DA and DLAV are called ISVs and they are arranged in a very 
specific pattern. Plxnb2 (Plxnb2a) is expressed ubiquitously in the 24 hours post 
fertilization (hpf) zebrafish embryo, whereas Sema3e is expressed in the dorsal aorta. 
Knockdown of either Sema3e or Plexin B2 causes delayed ISV sprouting, suggesting that 
Sema3e and Plexin B2 promote vessel sprouting of the ISVs. Although it has not been 
determined whether Sema3e and Plexin B2 physically interact as a ligand-receptor pair, 
they do interact genetically, as co-injection of suboptimal doses of morpholinos against 
Sema3e and Plexin B2 results in a similar delay in ISV sprouting as when knocking down 
either Plexin B2 or Sema3e completely. The complete knockdown Plexin B2 and Sema3e 
simultaneously results in embryonic death (Lamont et al., 2009).  

In the adult mouse, Plexin B2 is expressed in the cells of the discontinuous 
endothelium of liver sinusoids and in the cuboidal endothelium of high endothelial 
venules in the lymph node, whereas the continuous endothelium lining vessels in the lung, 
heart and skeletal muscles do not express Plexin B2 (Zielonka et al., 2010). The function 
of Plexin B2 in angiogenesis in mouse is not known.  



 29 

1.4.4 Cancer 

B-subfamily plexins can function as both tumour promoting and inhibiting factors. This 
underlines once more that the outcome of plexin signalling is very much dependent on the 
cellular context (Neufeld and Kessler, 2008). 
 Giordano et al. (2002) showed that Sema4D-Plexin B1 signalling induces 
characteristics of invasive growth in liver progenitor cells (MLP29) through activation of 
Met. In breast and ovarian cancers the co-expression of Plexin B1 and Met correlates with 
tumour aggressiveness and higher incidence of lymph node metastases, so that advanced 
stage tumours often are Plexin B1-Met-double positive (Valente et al., 2009). In prostate 
cancer Plexin B1 and Sema4D are often upregulated as compared to control non-
neoplastic tissue. In addition, 13 different missense mutations in Plexin B1 have been 
found in prostate cancer samples and cell lines (Wong et al., 2007). In brain tumours, the 
expression of Plexin B2 correlates with the malignancy by being higher in aggressive 
glioblastoma compared to less aggressive astrocytomas (Shinoura et al., 1995). In gastric 
cancer, the increased expressions of both Plexin B3 and Sema5A correlate with the 
progression of the tumour from normal nonneoplastic mucosa to primary gastric 
carcinoma and lymph node metastasis (Pan et al., 2009). In addition to direct modulation, 
signalling through B-subfamily plexins supports the progression of cancer indirectly by 
promoting angiogenesis, enabling the tumour to grow, survive and to form metastases 
(Basile et al., 2006; Sierra et al., 2008; Sun et al., 2009).  
 Downregulation of Plexin B1, on the other hand, is associated with tumour 
formation and more aggressive and malignant tumours in melanoma, clear cell renal 
carcinoma and estrogen receptor (ER)-positive breast cancer, suggesting that Plexin B1 
functions as a tumour suppressor (Rody et al., 2007; Gómez Román et al., 2008; Argast et 
al., 2009; Rody et al., 2009).   

1.5 B-SUBFAMILY PLEXINS IN KIDNEY DEVELOPMENT  

1.5.1 The development and branching of the mammalian kidney 

The kidney develops from the intermediate mesoderm. Three different kidneys develop 
during embryogenesis in mammals: the pronephros, mesonephros and metanephros. In 
mouse the first kidney, the pronephros, is visible at embryonic day (E) 9 and the 
mesonephros starting at E10. Both the pronephros and mesonephros are transient 
structures. Besides kidney development, however, in mammals the mesonephros plays a 
vital part in haematopoiesis and contributes to the development of the male gonads 
(Gilbert, 2006). The third and permanent and functional mammalian kidney, the 
metanephros, develops at the posterior end of the intermediate mesoderm through 
reciprocal interactions between the epithelium (ureteric bud, UB) and the metanephric 
mesenchyme (MM) (Fig. 4). The MM induces the epithelium of the caudal Wolffian (or 
nephric) duct to form the UB at E11 (Fig. 4B, C). The UB reciprocally induces the 
adjacent cells in the MM to condensate. The condensating MM, in return, instructs the UB 
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to branch and form a T-bud (Fig. 4D). The T-bud branches signal to the MM to form 
pretubular aggregates in the “armpits”. The pretubular aggregates will undergo 
mesenchyme-to-epithelium transition to form the secretory nephrons, the functional units 
of the kidney. The nephron will eventually consist of three types of cells; the mesangial 
cells, podocytes and endothelial cells. The reciprocal signalling between the UB and MM 
continues and the ureteric epithelium branches to form a highly arborated ductal tree and 
the tips of the branches carry on inducing more nephrons (Fig. 4E, F). Other tissue 
components participating in the formation of the kidney include, for instance, the stroma, 
vasculature and smooth muscle cells. The ureteric epithelium eventually differentiates into 
the collecting ducts of the kidney (Fig. 4G, H) (Saxén, 1987; Costantini and Kopan, 2010). 
Defects in branching of the ureteric epithelium result in a decreased number of nephrons 
and renal hypoplasia. Mutations in genes such as Pax2 have been shown to cause renal 
hypoplasia in humans (Sanyanusin et al., 1995). The number of nephrons in the kidney 
varies greatly between individuals, ranging from 300000 to 1 million in humans 
(Nyengaard and Bendtsen, 1992; Schedl, 2007).  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Development of the metanephric kidney in mouse. A: Formation of the MM. B: 
Budding of the Wolffian duct as the caudal epithelium forms into pseudostratified epithelium. C: 
The UB at E11.0. D: The so-called T-bud at E11.5. E&F: The ureteric tree has branched several 
rounds. G&H: Elongating collecting ducts form the medulla and the papilla (Modified from 
Costantini & Kopan, 2010, with permission of the copyright holder). 
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1.5.1.1 Determination of the MM and induction of the UB 

The process of the budding of the Wolffian duct that initiates metanephros development 
has been studied extensively. The intermediate mesoderm is patterned so that the     
caudal-most part adjacent to the Wolffian duct is destined to become the metanephric 
mesenchyme. Factors involved in the specification of the metanephric mesenchyme 
include transcription factors of the Hox11 paralogous group, Eya1 and Pax2, which 
together induce the expression of Gdnf and Six2 in the MM (Gong et al., 2007) (Fig. 5). 
Also Wilms’ tumour suppressor gene (Wt1) is necessary for the expression of Gdnf and 
survival of the MM cells (Kreidberg et al., 1993; Moore et al., 1999). The formation of the 
UB starts by a thickening of the Wolffian duct as the epithelial cells of the caudal part of 
the duct destined to form the ureteric bud rearrange to convert the epithelium from a 
simple cuboidal to a pseudostratified epithelium (Fig. 4B). Gdnf, secreted by the MM 
cells, is the major inducer of the UB outgrowth (Moore et al., 1996; Pichel et al., 1996; 
Sanchez et al., 1996; Sainio et al., 1997), whereas Six2 regulates MM cell renewal (Self et 
al., 2006). Gdnf binds to a receptor complex formed by Ret tyrosine kinase and              
co-receptor Gdnf family receptor �-1 (Gfr�1), which are expressed by the Wolffian duct 
epithelium (Fig. 5) (Costantini and Shakya, 2006). The localization and activity of 
Gdnf/Ret signalling and thereby the outgrowth of the UB are regulated by several factors. 
Bone morphogenetic protein 4 (BMP4) is expressed by the cells surrounding the Wolffian 
duct and it inhibits Gdnf/Ret signalling, as shown by the downregulation of Gdnf/Ret 
target, Wnt11 (Miyazaki et al., 2000). BMP4 expression is excluded from the region of 
bud formation by expression of its inhibitor, Gremlin 1, an extracellular BMP-antagonist 
(Michos et al., 2007). Other negative regulators of Gdnf/Ret signalling are             
Sprouty-1 and -2, negative feedback inhibitors of receptor tyrosine kinases (Chi et al., 
2004; Basson et al., 2005). Cues that are restricting the expression domain of Gdnf and 
thereby determining the area of ureteric bud outgrowth include Slit2/Robo2 signalling and 
transcription factor Foxc1 (Fig. 5). The kidneys of mice deficient of Slit2, Robo2 or Foxc1 
or of mice heterozygous for BMP4 form of supernumerary ureteric buds (Kume et al., 
2000; Miyazaki et al., 2000; Grieshammer et al., 2004). 
 

 

 

 

 

 

 Figure 5: The molecular regulation of ureteric budding (Modified from Dressler et al., 2009, and 
Vainio and Lin, 2002). 
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1.5.1.2. Molecular regulation of ureteric budding and branching 

The initial thickening of the Wolffian duct epithelium is Ret-independent, whereas the 
subsequent formation of the primary ureteric tip domain and budding of the ureteric bud 
from the Wolffian duct are Ret-dependent. The selection of the cells in the primary 
ureteric bud tip domain is based on the level of Ret signalling: cells with high level of Ret 
signalling win the competition to form the primary UB tip domain while cells with low 
level of Ret signalling are excluded from the tip domain (Chi et al., 2009). 
 Even though other factors, such as the fibroblast growth factor (Fgf) family 
members, have proved to be important for ureteric budding and branching (Maeshima et 
al., 2007; Michos et al., 2010), Gdnf/Ret signalling remains as the major budding and 
branching inducer. Genetic deletion of Gdnf or its receptors results in severe kidney 
hypoplasia or agenesis (Moore et al., 1996; Pichel et al., 1996; Sanchez et al., 1996; 
Schuchardt et al., 1996; Enomoto et al., 1998). Gdnf dimers bind to GPI-linked Gfrα1 
molecules, which then bring two Ret molecules together. Thereafter Ret is activated by 
auto-phosphorylation of several intracellular tyrosine residues and activated Ret elicits the 
activation of numerous downstream pathways, in a phosphotyrosine-specific manner 
(Sariola and Saarma, 2003). Ret activates Erk MAPK, PI3K/Akt and PLCγ pathways, 
which are all important for normal kidney development. For example, the inhibition of Erk 
MAPK pathway by pharmacological inhibitors decreases the rate of ureteric branching 
while only slightly affecting the branch elongation (Fisher et al., 2001; Watanabe and 
Costantini, 2004). In vivo, blocking of both Erk MAPK and PI3K pathways by an amino 
acid substitution for tyrosine 1062 of Ret severely disrupts ureteric branching (Wong et 
al., 2005; Jain et al., 2006). The downstream pathways of Ret induce proliferation and 
migration of the cells in the Wolffian duct and ureteric epithelium, facilitating budding 
and branching. 
 Downstream targets of Gdnf/Ret signalling include signalling protein Wnt11, 
chemokine receptor Cxcr4, the cytokine Crlf1 and transcription factors Myb, Etv4 and 
Etv5 (Majumdar et al., 2003; Lu et al., 2009). Wnt11 is involved in a positive feedback 
loop in Gdnf/Ret signalling: its expression in the ureteric tip is upregulated by Ret 
signalling and then, reciprocally, Wnt11 signals to the MM to upregulate expression of 
Gdnf (Pepicelli et al., 1997; Majumdar et al., 2003). ETS transcription factors Etv4 and 
Etv5 are expressed both in the ureteric epithelium and MM and their expressions are 
upregulated by Gdnf/Ret signalling via PI3K. Etv4-/-Etv5-/- mice lack kidneys. Several 
targets of Etv4/Etv5 are already known and they include Myb, Cxcr4, Met and Mmp14 (Lu 
et al., 2009).     
 The UB undergoes repeated branching after invading the MM. The branching is 
regulated by many of the same factors that regulate the UB formation from the Wolffian 
duct. In addition, Wnt11, pleiotrophin, VEGF-A, HGF and epidermal growth factor (EGF) 
contribute to the regulation of ureteric branching morphogenesis (Costantini and Kopan, 
2010). After the ureteric budding, the expression of Gdnf is restricted to the        so-called 
cap mesenchyme surrounding the tips (Sariola, 2002). The expression of Ret and Gfrα1 is 
restricted to the tips of the branching epithelium along with for example Wnt11, Sox9, 
Ros1, Clf-1 and Cxcl14 (Pachnis et al., 1993; Kispert et al., 1996; Pepicelli et al., 1997; 
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Sainio et al., 1997; Majumdar et al., 2003; Schmidt-Ott et al., 2005). Therefore, cells in 
the ureteric epithelium can be divided into two populations: the tip domain that contains 
the progenitor cells for new branches and trunk cells that express markers such as Wnt7b, 
aquaporin3 and collagen XVIII and that normally cannot branch (Bridgewater and 
Rosenblum, 2009). The tip vs. trunk fate is, however, not irreversible, as stalk cells can 
regenerate tip cells in vitro (Sweeney et al., 2008). The patterning of ureteric branching is 
tightly regulated. In the absence of Gdnf/Ret signalling, the branching pattern is abnormal, 
even though removal or addition of other factors may rescue the branching process itself 
(Michos et al., 2010). The MM is an important regulator of the branching pattern as it is 
an indispensable instructor for the elongation and differentiation of the ureteric tree. MM 
has even been shown to correct developmental errors in ureteric branching (Shah et al., 
2009).  

1.5.1.3 Early nephron formation 

The tips of the branching ureteric epithelium induce the adjacent mesenchyme to 
condensate to form cap condensates expressing Six2, Gdnf and Cited1. Cells outside the 
cap condensates form the stromal cells and express Foxd1 and retinoic acid receptors 
(RAR). The cap condensate cells localized to the “armpits” of the branching epithelium 
differentiate further and become pretubular aggregates that undergo mesenchyme-to-
epithelium transition to renal vesicles expressing Wnt4 and Pax8 (Vainio et al., 1999). The 
vesicles fuse with the ureteric stalk and generate S-shaped bodies and segregate to 
different parts of the nephron, including the glomerular tuft, proximal and distal tubules 
and Henle’s loop (Costantini and Kopan, 2010). Wnt9b expressed by the Wolffian duct 
and ureteric trunks is a signal that induces the cap condensate mesenchyme to form renal 
vesicles. Through the canonical signalling pathway it upregulates the expression of Wnt4, 
Pax8 and Fgf8 in the MM destined to become the renal vesicles. Mice deficient in Wnt9b 
develop severely hypoplastic and dysplastic kidneys with no glomerular structures 
(Carroll et al., 2005). Loss of Wnt4 also results in the failure of formation of polarized 
renal vesicles (Stark et al., 1994). In vitro, Wnt4 triggers tubulogenesis in the isolated MM 
(Kispert et al., 1998). Wnt9b stabilizes β-catenin in the progenitor cells destined to 
become the renal vesicle and instructs them to undergo mesenchymal-to-epithelial 
transition. Six2 in the cap cells outside of the nephric vesicle area counteracts the             
β-catenin stabilizing effect of Wnt9b signaling thus maintaining the progenitor cells from 
acquiring Wnt4 expression and differentiating into renal vesicles. Knockout of Six2 results 
in premature differentiation of the MM into renal vesicles and depletion of the cap 
mesenchyme population (Self et al., 2006). Other signals necessary for the formation of 
renal vesicles and the mesenchyme-to-epithelium transition include Fgf8 and BMP7 
(Dressler, 2009). 

1.5.2 Pronephros is the functional kidney in zebrafish larvae 

The pronephros in teleost larvae consists of two pronephric ducts connected to two 
pronephric tubules that form two nephrons, which fuse in the midline around one 
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glomerular tuft. The vessels of the glomerular tuft develop by sprouting from the dorsal 
aorta. The development of the pronephros starts at 12 hpf with the specification of the 
intermediate mesoderm and it reaches functional maturity by the end of the second day of 
development (dpf) (Fig. 6) (Drummond, 2003). In juvenile (starting at 30 dpf) and adult 
(90 dpf and older) zebrafish the functional kidney is the mesonephros, which starts to 
develop caudally to the pronephros so that the first glomeruli are visible around 12 dpf 
(Zhou et al., 2010). Zebrafish do not develop metanephros. 
 

 
 
 
 
 
 
 
 
 
 
 

  
 
 
 
 
 The pronephros and mammalian metanephros are adapted to different conditions; 
the zebrafish live in sweet water, while most mammals live on dry land. However, the 
function of the pro- and metanephros is the same: to filter and purify blood from wastes 
and to maintain the osmotic balance of the blood. In addition, their development also 
proceeds through similar, defined stages. Also in zebrafish the intermediate mesoderm is 
patterned for the kidney destiny and the pronephric duct epithelializes and forms the 
collecting duct of the kidney. The nephrons are induced and patterned, and the endothelial 
cells invade the nephron and form the capillary tuft. The pronephros consists of similar 
cell types as the metanephros, including podocytes, endothelial and tubular epithelial cells. 
Many of the same genes, such as Pax2 and Wt1, are essential also for the development of 
the pronephros and many gene mutations causing human kidney diseases cause similar 
diseases in zebrafish. Also, the segmental organization of the nephron is similar as in the 
metanephros. The pronephric duct, however, does not branch or induce nephron formation 
(Drummond, 2003; Drummond, 2005; Dressler, 2006).   

1.5.3 Signalling through B-subfamily plexins in kidney development 

Plexins expressed in the mouse developing metanephric kidney include Plxnb1 (Maestrini 
et al., 1996; Fazzari et al., 2007) and Plxnb2 (I). At E13.5 to E17.5 Plxnb1 is expressed in 
the ureteric epithelium, differentiating glomeruli and undifferentiated mesenchyme 

Figure 6: Zebrafish pronephric development. Abbreviations: pnd; pronephric duct; np; nephron 
primordial, gl; glomerulus, pt; pronephric tubules, da; dorsal aorta, cv; cardinal vein  
(Reproduced from Drummond, 2003, with permission of the copyright holder). 
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(Fazzari et al., 2007; Korostylev et al., 2008). The expression of Plxnb1 is downregulated 
as the kidney matures. In the adult kidney, Plexin B1 protein is expressed in the distal 
tubules and the collecting ducts (Fazzari et al., 2007). The kidneys of adult Plxnb1-/- mice 
are histologically and functionally normal (Fazzari et al., 2007). However, during 
embryonic development between days E13.5 and E15.5 Plxnb1-/- embryos have larger 
kidneys than their control littermates, with more tips and branching points. This coincides 
with the inhibitory effect of Plexin B1 ligand Sema4D on ureteric branching in vitro. At 
E12.5 recombinant Sema4D decreases ureteric branching, whereas an antibody blocking 
Sema4D subsequently increases the kidney area and number of ureteric tips and branches 
when administrated to kidney explants (Korostylev et al., 2008). Plxnb1-/- metanephroi 
fail to respond to the inhibitory cues of Sema4D in tissue culture, suggesting that Sema4D 
acts by binding to its receptor Plexin B1 on the cell surface of the ureteric epithelium. 
Using pharmacological inhibitors it was shown that the inhibitory effect of Sema4D on 
ureteric branching is further mediated through ROCK and activation of RhoA. The effect 
is independent of receptor tyrosine kinases such as Met. The short temporal window of the 
phenotype of Plxnb1-/- embryonic kidneys suggests that the inhibitory effect of Sema4D 
is compensated in later stages of kidney development in Plxnb1-/- mice (Korostylev et al., 
2008). 
 The expression and function in kidney development of the other B-subfamily 
plexin that is expressed during embryo development, Plexin B2, has not been studied 
earlier. 
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2. AIMS OF THE STUDY 
 
 
Plexins and their ligands have been studied quite extensively in the development of the 
vertebrate nervous system. However, several aspects of their role and function in the 
development of non-neuronal tissues have remained unclear. Also, the role and evolution 
of plexins of the B-subfamily in the development of zebrafish, a widely used model 
organism for studying the development of, for example, the nervous system, has not been 
addressed. In this study my aims were to 
 
 

1. examine the expression patterns of plexins during mouse development, especially 
to screen for plexins that are expressed in the developing kidney 

 
2. based on the results of the first aim, to understand the role of plexins in kidney 

development 
 

3. study the evolutionary conservation of B-subfamily plexins in vertebrate 
development by studying these genes and gene products in zebrafish 
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3. MATERIALS AND METHODS 

The original articles are referred to by Roman numerals. Table II summarizes the 
experimental methods with references to the respective original publications. The animal 
strains, the main techniques as well as some unpublished methods are described in more 
detail.  
 
Table II: Methods used and described in the articles I-III 

Method Used in 

Section ISH I, II 

Planning and cloning of ISH probes I, II, III 

Paraffin sectioning I, II 

BrdU-proliferation assay II 

TUNEL-apoptosis assay II 

Statistical analysis II 

Mice breeding and PCR genotyping II 

Histological analysis II 

Protein extraction and Western blotting II 

Immunoprecipitation II 

Production and purification of a polyclonal Plexin B2 antibody II 

Production of purified Sema4C II 

Microdissection and tissue culture II 

Immunohistochemistry and immunofluorescence II, III 

Use of ImageJ, an image analyzer program; quantification of ureteric tips and kidney 
size and the intensity of bands in RT-PCR and Western blotting 

II, III 

Whole mount ISH II, III 

RNA extraction and RT-PCR II, III 

Vibratome sectioning II, III 

Cloning and sequencing of cDNA sequences III 

Knockdown of gene products using antisense morpholino oligonucleotides III 

Confocal analysis III 

Analysis of the conservation and phylogeny of sequences  III 

Alcian blue staining III 

Swimming performance assay of zebrafish III 
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3.1 ANIMALS (I, II, III) 

Wild type mouse (Mus musculus) embryos of NMRI and C57BL/6 strains were used. Both 
Plexin B1- (Plxnb1-/-) and Plexin B2-deficient (Plxnb2tmlMat1, here defined as Plxnb2-/-) 
mice were in the C57BL/6 background and they were genotyped by polymerase chain 
reaction (PCR) as previously described (Fazzari et al., 2007; Friedel et al., 2007). The day 
of the vaginal plug was counted as E0.5. Embryos were collected between E10.5 to E18. 

The wild type zebrafish (Danio rerio) used in this thesis were from an originally 
local strain maintained in the laboratory for more than 10 years (Kaslin and Panula, 2001; 
Kaslin et al., 2004). The transgenic fish line expressing vascular EGFP was from the 
Zebrafish International Resource Center (Tg(flia:nEGFP)y7/+(AB)) (ID: ZL1363). The 
fish in all developmental stages were kept in aged tap water at 28–29 °C in a 14:10 h 
light/dark cycle. 

The experimental procedures that required the use of laboratory animals were 
performed according to ethical guidelines of the European convention and approved by 
local authorities. 

3.2 IN SITU HYBRIDISATION (I, II, III) 

Non-radioactive section ISH was performed with Ventana Discovery ISH automate 
(Roche Diagnostics) on 5 µm thick paraffin sections. 

Whole mount ISH was carried out with InSituPro Automate (Intavis, Cologne, 
Germany) as previously described (Kuure et al., 2005). For more detailed analysis, the 
samples were cut to vibratome sections (15 µm) with Leica VT1000S vibratome (Leica 
Microsystems, Germany) after embedding into 5% low melting temperature agarose 
(BioWhittaker Molecular Applications, USA) in PBS. The sections were mounted in 50% 
glycerol. 

The ISH probes were digoxigenin (DIG)-labelled antisense cRNA probes. The sense 
probes were used as controls. The details of the probes are summarized in Table III. 
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Table III: ISH probes  

Probe Species Reference Used in 
Plxna1 Mouse EST clone IMAGE:1853022 I 
Plxna2 Mouse a BamHI-SpeI fragment of EST clone IMAGE:5067756 I 
Plxna3 Mouse an EcoRI-PstI fragment of EST clone IMAGE:401253 I 
Plxna4 Mouse (Suto et al., 2003) I 
Plxnb1 Mouse - a NotI-BspHI fragment  

- a EcoRI-BspHI fragment  
of EST-clone of IMAGE:5704682 

I, II 

Plxnb2 Mouse EST clone IMAGE:5151635 I, II 
Plxnb3 Mouse EST clone IMAGE:6842863 from which a PspOMI-NotI 

fragment was removed from the 3’ end 
I 

Plxnc1 Mouse EST clone IMAGE:3999904 I 
Sema4c Mouse EST clone IMAGE:6836945 II 
Crlf1 Mouse (Alexander et al., 1999) II 
Cxcr4 Mouse (Zou et al., 1998) II 
Etv4 
(Pea3) 

Mouse (Lin et al., 1998) II 

Etv5 
(Erm) 

Mouse (Trokovic et al., 2005) II 

Gdnf Mouse a gift from JG Pichel II 
Gfra1 Mouse (Suvanto et al., 1997) II 
Myb Mouse (Lu et al., 2009) II 
Pax2 Mouse (Dressler et al., 1990) II 
Raldh2 Mouse (Niederreither et al., 1997) II 
Ret Mouse (Pachnis et al., 1993) II 
Sprouty-1 Mouse (Zhang et al., 2001) II 
Wnt9b Mouse (Carroll et al., 2005) II 
Wnt11 Mouse (Kispert et al., 1996) II 
plxnb1 Zebrafish nucleotides 1183-1643 of [GenBank: XM_002662388.1], 

subcloned into pBluescript KS- 
unpublished 

plxnb2a Zebrafish nucleotides 1741-2174 of [GenBank: FJ480176], 
subcloned into pBluescript KS- 

III 

plxnb2b Zebrafish nucleotides 981-1513 of [GenBank: FJ386494], 
subcloned into pBluescript KS- 

III 

3.3 TISSUE CULTURE (II) 

Kidney explants dissected from E11.5 or E12.5 embryos were cultured on Nuclepore 
filters in DMEM supplemented with 10% fetal bovine serum, Glutamax and penicillin-
streptomycin as previously described (Sainio, 2003). To induce supernumerary budding in 
explants, they were cultured in the presence of 15 or 50 ng/ml Gdnf (R&D Systems). 

The UBs and MM were isolated by treating E11.5 or E12.5 kidney with 
pancreatin-trypsin solution and thereafter mechanically separating the two compartments 
(Sainio, 2003). The UBs were transferred with pulled glass capillaries to culture media. 
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Then the UBs were put either to adhere to chamber-slides coated with laminin (Sigma), 
fibronectin (Sigma), collagen (Millipore) or Matrigel (BD Biosciences) or to grow in a 
three dimensional culture in polymerized Matrigel. The Matrigel matrix kept on ice was 
diluted 1:2 with UB culture medium, which contained DMEM/F12 supplemented with 
10% charcoal/dextran-treated fetal calf serum (FCS) (Hyclone), 200 nM all-trans- and     
9-cis retinoic acid (Sigma) and with different combinations of 50 ng/ml recombinant rat 
Gdnf, 100 ng/ml Fgf7 (R&D Systems) and 100 ng/ml Follistatin (R&D Systems). After 24 
h incubation, the matrix was covered with UB culture medium. The isolated MM from 
E11.5 embryos were cultured on filters as previously described (Kuure et al., 2007). The 
mesenchyme was induced to differentiate by a 48 h transient pulse of 5 μM of                 
5’-bromoindirubin-3’-oxime (BIO; Calbiochem) and subsequently cultured in standard 
medium for 3 days.  

3.4 HISTOLOGY, IMMUNOHISTOCHEMISTRY AND IMMUNOFLUORESCENCE 
(II, III) 

Whole embryos or embryonic tissues were fixed with 4% paraformaldehyde (PFA) 
overnight at 4°C, after which they were embedded in paraffin and sectioned at 5 µm. To 
the study the morphology of the samples they were stained by haematoxylin and eosin. 

The antibodies that were used are listed and described in detail in the original 
articles. Immunohistochemistry on sections was carried out with Powervision+ Poly HRP 
histostaining kit (Leica Microsystems). When using the anti-Plexin B2 antibody, tyramine 
signal amplification (TSA) together with HISTOMOUSE-kit (Zymed) was used (Adams, 
1992). After counterstaining with haematoxylin the sections were mounted with 20% 
Mowiol 4-88 (Calbiochem).  

Whole mount immunofluorescence on embryonic mouse tissues was performed on 
samples fixed with methanol and 4% PFA, and stained as previously described (Sariola et 
al., 1988). Some of the stained samples were cut to vibratome sections (8-10 µm) as 
described under the ISH paragraph, and mounted in Vectashield with DAPI (Vector 
laboratories).  

Whole mount immunofluorescence on embryonic zebrafish tissues was carried out 
on samples fixed with 4% PFA, 2% trichloroacetic acid (TCA) or with 4%                      
N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDAC) followed by 4% 
EDAC and 0,1% PFA. The TCA-fixed samples were treated with 0.25% trypsin for 20 
min. The incubation of both the primary and secondary antibody was carried out overnight 
at 4°C in incubation buffer (PBS containing 0.8% Triton-X 5% normal goat serum and 1% 
DMSO). The samples washed in PBS were infiltrated with 50% glycerol before transfer to 
75% glycerol and mounting. Images of the zebrafish samples were taken with a Zeiss 
LSM 510 Meta Confocal microscope using Argon laser (488nm) and Zeiss LSM software. 
Maximum projection images were gathered from stacks from images scanned at 1-2 µm 
intervals.  
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3.5 APOPTOSIS AND PROLIFERATION ASSAYS (II) 

Apoptosis in embryonic mouse kidneys was analyzed from E12.5 kidney sections by the 
indirect Terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) method 
using the ApopTag Fluorescein In Situ Apoptosis Detection Kit (Millipore) according to 
manufacturer’s protocol. The sections were mounted by Vectashield containing DAPI. 
The level of apoptosis was measured as the proportional TUNEL-positive area compared 
to the total area. 

Cell proliferation in the tips of the ureteric epithelium of embryonic mouse kidneys 
was quantified by bromodeoxyuridine (BrdU; Amersham, GE Healthcare) incorporation. 
Pregnant mice were injected with BrdU and sacrificed 4 hours later. The embryos were 
collected, fixed by 4% PFA, and processed to paraffin sections. The BrdU in the kidney 
was visualized by indirect immunofluorescence using a monoclonal antibody to BrdU 
(Amersham, GE Healthcare). The sections were mounted by Vectashield containing DAPI 
and the amount of proliferation was reported as number of BrdU-positive cells compared 
with the total number of cells revealed by DAPI staining. 

3.6 PRODUCTION OF AN ANTI-PLEXIN B2 ANTIBODY AND SOLUBLE, 
RECOMBINANT SEMA4C (II) 

TI-2B, a polyclonal antibody, was raised in rabbit against a peptide specific for mouse 
Plexin B2 (1572-EDSQQDLPGERHALLEEENR-1591) (Washington Biotechnology, 
Inc.) and affinity purified.  

Soluble, recombinant Sema4C was purified from conditioned media collected from 
cells transfected with the cDNA expression construct for Sema4C (a kind gift of Dr. 
Steven Strittmatter, Yale University). The protein was purified by metal-ion 
chromatography (Ni-NTA agarose, Qiagen), and analyzed and quantified by SDS-PAGE 
followed by gel staining with Coomassie blue. 

3.7 PROTEIN ISOLATION, IMMUNOPRECIPITATION AND WESTERN BLOTTING 
(II) 

Proteins were isolated from embryonic kidneys using lysis buffer (1% Igepal CA-630, 1% 
Triton-X, 10% glycerol, 2 mM EDTA/TBS pH 7.5) supplemented with 100 mM NaVO3 
and Complete, Mini; Protease Inhibitor Cocktail Tablet (Roche). A syringe and needle 
were used to homogenize the tissue that was kept on ice. The lysate was kept on ice an 
additional 30 minutes before centrifugation to pellet the cell debris. 
 Before immunoprecipitation (IP), 30 µl of the supernatant was saved to be used 
directly in SDS-PAGE. The rest of the total lysate of 25-30 E14.5 kidneys was precleared 
in solubilization buffer and 25 μl Streptavidine beads (Cell Signaling) and the IP was done 
according to the manufacturer’s instructions using the Anti-Mouse Plexin-B2 Biotin 
antibody (eBioscience). Proteins were eluted with Laemmli sample buffer at 100°C.  
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 The IP samples as well as the total lysate samples were separated with 7.5% 
SDS-PAGE and transferred to a Hybond-ECL membrane (Amersham, GE Healthcare). 
Immunodetection was performed by ECL kit (Amersham TM, GE Healthcare) according 
to manufacturer’s instructions.  

3.8 STATISTICAL ANALYSES (II, III) 

Statistical analysis of more than two groups was performed with one-way analysis of 
variance followed by Tukey’s Multiple Comparison Test (GraphPad Prism, GraphPad 
Software Ink, CA). In pairwise comparison the results were shown as averages and 
standard errors of mean (s.e.m.) and the statistical significance (p-value) was determined 
using Student’s t-test. The results of the swimming performance test of zebrafish 
statistically analyzed with one-way analysis of variance followed by Dunnett's Multiple 
Comparison Test or Kruskal-Wallis test followed by Dunn's Multiple Comparison Test 
(GraphPad Prism, GraphPad Software Ink, CA). 

3.9 IMAGEJ (II, III) 

The image analyzer program ImageJ (http://rsb.info.nih.gov/ij/) (Rasband, 2009) was used 
to convert TIFF-images of kidney rudiments to skeletons corresponding to the ureteric 
epithelium tree from which the size and number of tips could be measured or calculated. 
ImageJ was also used to quantify the intensities of bands in Western blotting and reverse 
transcriptase (RT)-PCR.  

3.10 CLONING OF cDNAs (III) 

The zebrafish Plexin B2 cDNAs were cloned with primers designed based on in silico 
predicted mRNA sequences resembling the mouse Plexin B2 sequence. The cDNA 
fragments were amplified with SuperScript One-Step RT-PCR for Long Templates kit 
(Invitrogen, Carlsbad, USA) from 2 dpf zebrafish total RNA. The 3’ and 5’ untranslated 
regions (UTRs) were cloned using FirstChoice RLM-RACE Kit (Ambion Inc., Austin, 
USA). All fragments were cloned into pBluescript KS- using primer extensions for 
XhoI/NotI or EcoRI/ NotI sites. The fragments were sequenced with cycle sequencing 
with Big Dye Terminator kit (version3.1) (Applied Biosystems (ABI), Foster City, CA, 
USA) and ABI 3130xl capillary sequencer (ABI) according to the manufacturer's 
instructions. The sequence assembly was done with GAP4 (Bonfield et al., 1995).   

3.11 PHYLOGENETIC ANALYSIS (III) 

For the phylogenetic analysis of zebrafish Plexin B2a and Plexin B2b the amino acid 
sequences were aligned with other plexin sequences using the sequence alignment 
program Clustal X2 (Larkin et al., 2007). In the pairwise alignment the protein weight 
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matrix used was Gonnet 250 and in the multiple alignments it was the Blosum series. 
Iteration was done on each alignment step. A bootstrap phylogenetic tree was built from 
the alignment using the neighbour-joining clustering algorithm. Exclusion of gap 
positions, correction of multiple substitutions and 1000 bootstrap trials were used. The 
NJplot program was used to view the tree (Perriere and Gouy, 1996).  

3.12 RNA EXTRACTION AND RT-PCR (III) 

To clone the zebrafish plexin B2 cDNAs and to analyze the efficacy of antisense 
morpholino oligonucleotides, total RNA was extracted from zebrafish embryos using 
Trizol (Invitrogen) according to the manufacturer’s protocol. Analysis of the splicing 
defect in the morphants was carried out by RT-PCR using primers flanking the expected 
affected splice site. Zebrafish β-actin primers were used as loading control (Bollig et al., 
2006).  

3.13 ANTISENSE MORPHOLINO OLIGONUCLEOTIDES FOR KNOCKDOWN OF 
PLEXIN B2A AND B2B (III) 

The function of Plexin B2a and B2b in zebrafish development was analyzed by knocking 
them down individually or simultaneously using 3’-carboxyfluorescein-tagged antisense 
morpholino oligonucleotides (Gene Tools) B2aMO and B2bMO, respectively. The 
sequence of B2aMO was 5’-ACTCAACAACTCACATCTCTTTTGG-3’ and it annealed 
to the exon 4 - intron 4 border of plxnb2a. B2bMO annealed exon 6 - intron 6 border of 
plxnb2b and its sequence was 5’-ACACTCAGCCTGGTACCTGCTGGGA-3’. 
Corresponding 5-mispair morpholino oligonucleotides were used as controls. 

3.14 SWIMMING PERFORMANCE ASSAY OF ZEBRAFISH EMBRYOS (III) 

The morphants were analyzed for their swimming behaviour as previously described 
(Peitsaro et al., 2007). The behaviour of 5 dpf morphants was compared to that of 
uninjected, buffer-injected and 5-mispair-injected embryos in three replicates. Parameters 
measured were total distance moved (cm), maximum distance moved (cm), velocity 
(cm/s), turn angle (degrees, absolute values), angular velocity (degrees/s, absolute values) 
and meander (degrees/cm, absolute values).  

3.15 KNOCKDOWN OF PLEXIN B2 IN MOUSE EMBRYO USING RNAi IN VIVO 
(UNPUBLISHED) 

Before the knockout model became available, we used RNA interference (RNAi) in vivo-
method to study the function of Plexin B2 during embryogenesis in mouse. RNAi is gene-
silencing technique, in which double-stranded RNA (small interfering RNA, siRNA) 
silences the target gene. In short, pregnant females were injected into the tail vein with 
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plasmids that encoded templates for production of short hairpin RNA (shRNA) molecules 
from which siRNAs are processed within the cell (Gratsch et al., 2003; Jakobson et al., 
2005). The shRNA-molecules were designed to knockdown Plexin B2, also in the 
developing embryos. The embryos were collected a couple of days later and analyzed for 
protein expression and phenotype.  

3.15.1 Construction of shRNA-expressing vectors 

Using a web-based siRNA design program, siSearch (not available anymore), three 
different 19 base pair long siRNA sequences targeting mouse Plexin B2 were chosen. 
Based on the selected siRNA sequences, shRNA-constructs (shRNA1-3) were designed. 
Each shRNA included a 19 nucleotide (nt) sense target sequence, a 9 nt loop sequence, a 
19 nt antisense target sequence (Table IV) and terminator sequence of polymerase U6. 
Four point mutations (either A to G or C to T) were introduced to the sense-strand to 
generate C:U-base-pairing and to make the hairpin construct less sticky. This and the other 
details of the oligonucleotides have been shown to enhance the silencing and to prevent 
formation of unwanted mutations (Miyagishi et al., 2004). The oligonucleotides were 
annealed to form double stranded oligonucleotides, directionally cloned into RNAi-Ready 
pSIREN-DNR-DsRed-Express vector (Clontech) using BamHI- and EcoRI-sites 
downstream of the U6 promoter and transformed into competent E. coli (Jakobson et al., 
2005). The constructs were isolated from the bacteria and analyzed using restriction 
enzymes and sequencing to verify the correct sequence of the insert.  
 
Table IV: Sequences of the shRNA-coding oligonucleotides targeted against Plxnb2 

shRNA Hairpin sequences Target nt on  
NM_138749.2 

shRNA1.F 
shRNA1.R 

5’-GAATtATgCGTGtCCAtATTTCAAGAGAATGTGGGCACGTATGATTC 
5’-GAATCATACGTGCCCACATTCTCTTGAAATaTGGaCACGcATaATTC 

2209-2227 

shRNA2.F 
shRNA2.R 

5’-AGAAGATtATtGAtCgAGTTTCAAGAGAACTTGGTCGATGATCTTCT 
5’-AGAAGATCATCGACCAAGTTCTCTTGAAACTcGaTCaATaATCTTCT 

4723-4741 

shRNA3.F 
shRNA3.R 

5’-AGATGAtGTtAAGgAGgTATTCAAGAGATATCTTCTTGACGTCATCT 
5’-AGATGACGTCAAGAAGATATCTCTTGAATAcCTcCTTaACaTCATCT 

2741-2759 

*small letters in the sense sequence mark nucleotide changes made in order to make the hairpin less sticky. 
#underlined sequence corresponds to the loop sequence 

3.15.2 Tail vein injections 

Different concentrations for each shRNA-construct injected alone and together, as well as 
different time points for injection were tested to define the optimal conditions. The best 
and most efficient alternative was to use a cocktail of shRNA1 and shRNA2 (10 + 10 µg) 
or all three shRNA-constructs (10 µg each) simultaneously, and to inject the pregnant 
NMRI females twice: at E7.5 and E8.5. The plasmids were diluted in 200 μl Ringer’s 
solution (136.9 mM NaCl, 2.68 mM KCl, 1.84 mM CaCl2, 1.03 mM MgCl2, 5.55 mM 
glucose, 11.91 mM NaHCO3, 0.44 mM NaH2PO4) and injected into the tail vein of 
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pregnant females using insulin syringes and needles (BD). The embryos were collected at 
E10.5.   

3.15.3 Analysis of phenotype 

The embryos were examined with a light microscope for abnormalities and with a 
fluorescence microscopy for the expression of DsRed. Whole embryos that showed 
abnormal phenotype were fixed with 4% PFA overnight at 4°C, embedded to paraffin and 
sectioned at 5 μm and stained by haematoxylin-eosin. 

3.15.4 Western blot analysis of protein expression  

The knockdown efficiency of the shRNA-constructs was examined by Western blot. E10.5 
embryos were collected for Western blot and individually put into 100 µl of lysis buffer 
and lysed as described in section 3.7. The proteins were separated with SDS-PAGE and 
transferred onto a nitrocellulose filter. The level of Plexin B2 was measured by blotting 
the membrane with the antibody towards Plexin B2, TI-2B, and by comparing the 
intensity of this band with that of the Actin-band using ImageJ (http://rsb.info.nih.gov/ij/) 
(Rasband, 2009).  
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4.  RESULTS 

4.1 PLEXINS ARE WIDELY EXPRESSED WITH SPECIFIC PATTERNS DURING 
MOUSE EMBRYOGENESIS (I)  

There was not much information on plexin expression outside of the nervous system, 
especially in the developing kidney. To study this, I performed a non-radioactive ISH 
survey with probes against Plxna1, Plxna2, Plxna3, Plxna4, Plxnb1, Plxnb2, Plxnb3 and 
Plxnc1 on sagittal sections of E14 mouse embryos as well as on sections of E14, E16 and 
E18 kidneys, E14-E16 teeth, and E16 and P1 testis. The expression of Plxnd1 had been 
studied extensively earlier (van der Zwaag et al., 2002; Gitler et al., 2004).  
 The expression of the A-subfamily plexins in E14 embryos was more evident in 
the CNS and PNS as compared to the tissues outside of the nervous system. All four genes 
were expressed in the cerebral cortex, midbrain, spinal cord, and trigeminal and dorsal 
root ganglia. However, weaker expression was seen in the intestine and oral epithelium. In 
addition, Plxna1 was expressed in the olfactory epithelium, tooth bud, testis and lung, and 
weakly in the kidney. Plxna2 expression was seen in the lung mesenchyme, cochlea and 
muscle, whereas Plxna3 was expressed in the olfactory epithelium, cartilage and 
epidermis.  
 The study revealed that the expression level of especially B-subfamily plexins 
Plxnb1 and Plxnb2 was high in the non-neuronal tissues as well as in the nervous system, 
for example in the tooth bud, oral epithelium, lung epithelium and intestine, as well as in 
the cerebral cortex, midbrain, olfactory lobe and spinal cord. The expression Plxnb3 
during mouse embryogenesis was so low that it could not be detected by ISH.  
 Plxnc1 had the narrowest expression profile of the plexins at E14. It was visible 
only in the olfactory lobe of the brain, optic recess of the diencephalon, endocardium, lung 
mesenchyme, testis and cartilage.  

4.2 PLEXIN B1 AND B2 ARE EXPRESSED IN THE DEVELOPING MOUSE KIDNEY 
(I, II) 

Both Plxnb1 and Plxnb2 were expressed in the developing mouse kidney, in partly 
overlapping patterns. At E14 Plxnb1 was expressed in the developing glomeruli, 
undifferentiated cortical mesenchyme and ureteric epithelium and this expression pattern 
prevailed at E16. At E14, Plxnb2 was expressed in a ubiquitous manner throughout the 
kidney, whereas at E16 the pattern was identical to Plxnb1. At E18, as the kidney matured, 
both Plxnb1 and Plxnb2 had a similar pattern of expression: their expressions were visible 
only at the outer rim of the kidney cortex where immature glomeruli and undifferentiated 
mesenchyme still resided. Plxnb2 expression was, in addition, faintly visible in the 
proximal and distal convoluted tubules. At E11.5 Plxnb1 and Plxnb2 were expressed in 
the ureteric epithelium and also in the MM by whole mount ISH.  
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 Immunostaining with our own affinity-purified rabbit polyclonal anti-Plexin B2 
antibody, TI-2B, revealed similar expression pattern of Plexin B2 protein at E12.5 as 
compared to Plxnb2 mRNA at E16: At E12.5 the protein was localized to developing 
glomeruli, ureteric epithelium and undifferentiated mesenchyme. TI-2B antibody did not 
result in any staining in Plxnb2-/- kidneys and the intensity of the labelling in the 
Plxnb2+/- samples was weaker than in wild type kidneys, confirming the specificity of the 
antibody. Also in Western blotting TI-2B specifically recognized Plexin B2 and did not 
cross-react with Plexin B1.  

4.3 KNOCKDOWN OF PLEXIN B2 BY RNAi IN VIVO RESULTS IN 
EXENCEPHALY (UNPUBLISHED) 

Using different combinations of three shRNA-constructs, we analyzed the effect Plexin 
B2-targeted shRNAs on developing embryos when injected into pregnant NMRI females. 
We injected the pregnant females twice, at E7.5 and E8.5, with different combinations and 
concentrations of the shRNA-constructs, before collecting the embryos at E10.5. The 
effect on embryonic development varied between and also within litters. On the average, 
only 15% of the embryos had morphological changes, while the rest in the litter showed 
no apparent defects in morphogenesis. The most evident defect in the treated embryos was 
the defect in the closure of the neural tube, exencephaly, which was similar to that in the 
Plxnb2-/- embryos (Fig. 7A-C). Other defects included non-linear spinal cord and 
disarranged cellular organization in the spinal cord (Fig 7D, E). We first tried to estimate 
the penetrance of the shRNA-construct in the embryos by analyzing the amount of red 
fluorescence representing the expression of DsRed of the shRNA-construct. However, we 
soon realized that the blood in the embryos was interfering with the red fluorescence so 
that it was impossible to use that to estimate the amount of shRNA in individual embryos. 
Therefore, we used visible characteristics, such as exencephaly or a non-linear spinal cord, 
to collect individuals for further analysis. By Western blotting we showed that the 
knockdown efficiency of Plexin B2 varied between 35-100%. In most of the studied 
embryos the efficiency was between 50 and 80% (Fig. 7F). The results were calculated as 
the relative intensity of the Plexin B2 band compared to the actin band. In Figure 7, “no 
exencephaly” indicates an embryo that did not show defects in the neural tube closure but 
had minor defects, such as a non-linear spinal cord, whereas “severe exencephaly” stands 
for an embryo, in which a large area of the neural tube failed to close. Embryos marked 
with “exencephaly” exhibited defects in the closure of the neural tube, but at more 
restricted area than the “severe exencephaly” embryos. The level of Plexin B2 clearly 
correlated with the severity of the phenotype. For example, in lanes 10 to 12 the level of 
Plexin B2 decreases concurrently with the increase in the severity of the phenotype (Fig. 
7F). 
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4.4 LACK OF PLEXIN B2 RESULTS IN HYPOPLASTIC KIDNEYS (II) 

To examine the role of Plexin B2 in kidney morphogenesis we analyzed Plexin B2 
knockout (Plxnb2-/-) mice (Friedel et al., 2007). The Plxnb2-/- mice in the inbred 
C57BL/6 background die before birth and show exencephaly, defects in the development 
of the olfactory bulb, neuronal proliferation and differentiation (Deng et al., 2007; Friedel 
et al., 2007; Hirschberg et al., 2009). We analyzed the kidneys of the Plxnb2-/- embryos 
and showed that from E12 to E16.5 (the last stage studied) the kidneys of Plxnb2-/- 
embryos were smaller and had fewer ureteric branches than wild type and Plxnb2+/- 

Figure 7: RNAi in vivo knockdown of Plexin B2. A-C: Phenotype at E10.5. Lateral views of an 
untreated embryo (UT) (A), an embryo treated with 3x10μg Plxnb2.shRNA 1-3 at E7.5&E8.5 
(Plxnb2 RNAi) (B) and a Plxnb2-/- embryo (C). D-E: Morphology of the spinal cord. Haematoxylin-
eosin staining of transverse sections of the spinal cord of buffer- (D) and shRNAs-treated (E) 
embryos at E10.5. F: Efficiency of Plexin B2 knockdown was analysed by Western blotting. 
Embryos were injected at E7.5 and E8.5 with the constructs and amounts indicated, and 
collected at E10.5. The knockdown efficiency is presented in percentages as compared to the 
average of the results of the three untreated samples (1-3). 
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controls. However, morphologically the kidneys of Plxnb2-/- embryos looked normal and 
expressed normally markers for ureteric tips and stalks, mesenchyme, vasculature and 
stroma.  
 At 12.5 Plxnb2-/- kidneys had 40% (p<0.001) less tips of the ureteric epithelium 
as compared to stage matched wild type and Plxnb2+/- controls. Also, in approximately 
10% of the Plxnb2-/- embryos either one or both of the kidneys had double ureters and 
kidneys. There was no increase in apoptosis in the kidneys, but proliferation in the ureteric 
epithelium was decreased in the Plxnb2-/- kidneys by about 10% as compared to controls 
(p<0.05).  

4.5 THE LACK OF PLEXIN B2 AFFECTS THE RESPONSE OF THE URETERIC 
EPITHELIUM TO GDNF, AND PLEXIN B2 CO-IMMUNOPRECIPITATES WITH 
RET (II) 

We next studied whether the branching defect was due to an intrinsic defect of the 
epithelium or whether it was a secondary problem due to a defect in the mesenchyme. We 
cultured both MM and UBs separately. The isolated E12.5 UBs were grown in three-
dimensional Matrigel cultures, which were supplemented with different growth factors. 
Gdnf alone did not induce branching in the Plxnb2-/- UBs, even though in control UBs it 
did. However, the addition of Fgf7 and Follistatin rescued to the response to Gdnf. Also 
the response of Plxnb2-/- UBs to Fgf7 and Follistatin without Gdnf was comparable to 
that of the controls. Fgfs and Follistatin have been shown to be an alternative pathway for 
inducing the budding of the ureteric epithelium (Qiao et al., 1999; Qiao et al., 2001; 
Maeshima et al., 2007). Upon induction with 5’-bromoindirubin-3’-oxime (BIO), the 
E11.5 isolated MMs underwent normal differentiation to kidney tubules in vitro, and 
formed secretory nephrons with brush border antigens of the proximal tubules.  
 Because the UB experiments suggested that Plexin B2 may modulate the 
Gdnf/Ret signalling pathway during kidney development, we analyzed the response of 
whole kidney explants to Gdnf. Plxnb2-/- kidneys responded normally to exogenous Gdnf 
in vitro by forming supernumerary buds from the Wolffian duct. Also the known 
downstream targets of Gdnf (such as Wnt11, Etv5, Myb, Etv4, Crlf1 and Cxcr4) as well as 
receptor components (Ret, Gfra1) were expressed normally in the Plxnb2-/- kidneys. We 
next analyzed whether Plexin B2 interacts with Gdnf/Ret signalling pathway on the 
receptor level. We immunoprecipitated E14.5 kidney lysates with an antibody against 
Plexin B2 and showed that the 170 kDa, mature, glycosylated form of Ret                      
co-immunoprecipitated with Plexin B2. The 150 kDa immature Ret did not                      
co-immunoprecipitate with Plexin B2.  
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4.6 SEMA4C REGULATES URETERIC BRANCHING THROUGH PLEXIN B2 (II) 

Previous studies have shown that Sema4C is the preferential ligand for Plexin B2 (Deng et 
al., 2007). Sema4C is expressed in an overlapping pattern with Plxnb2 in the kidney: At 
E11.5 both were expressed by the Wolffian duct, MM and ureteric epithelium. 
Recombinant, purified, soluble Sema4C was added to E11.5 kidney explants and the 
contralateral kidney served as a control and was cultured with either mock serum or the 
elution buffer used in the purification of Sema4C. After 48 hours, the explants were fixed 
and stained to visualize the ureteric epithelium. Sema4C increased the number of tips of 
the ureteric epithelium in wild type with 16%. When it was applied to Plxnb2+/- kidneys 
the increase was even bigger, 40%. Sema4C did not have any effect on the Plxnb2-/- 
kidneys.  

4.7 THE ORGANIZATION OF THE CYTOSKELETON AND EXPRESSION OF 
PLEXIN B1 ARE NOT AFFECTED IN PLEXIN B2-DEFICIENT KIDNEYS (II) 

Downstream signalling components of Plexin B2 include Met and ErbB-2 tyrosine kinases 
(Giordano et al., 2002; Conrotto et al., 2004; Swiercz et al., 2004; Deng et al., 2007), 
PDZ-RhoGEF and LARG, which regulated the actin cytoskeleton through RhoA (Aurandt 
et al., 2002; Driessens et al., 2002; Hirotani et al., 2002; Perrot et al., 2002; Swiercz et al., 
2002), R-Ras and integrins (Oinuma et al., 2004; Oinuma et al., 2006). To analyze 
whether they were affected in the Plxnb2-/- kidneys, we examined the expression pattern 
of phosphorylated Met (pMet) and pErbB-2. Neither expression pattern was altered in 
Plxnb2-/- kidney compared to controls, suggesting that the phosphorylation of these 
receptor tyrosine kinases was not dramatically altered by the absence of Plexin B2. Also 
the adhesion and spreading of isolated Plxnb2-/- UB cells in vitro to plates coated with 
laminin, fibronectin, collagen or matrigel was comparable to that of control UB cells. We 
could see no difference in the organization of the actin cytoskeleton or the focal adhesion 
plaques. To examine the situation in vivo we stained vibratome sections of E12.5    
Plxnb2-/- kidneys with rhodamine phalloidin for the actin cytoskeleton. There were no 
differences in the organization of the actin cytoskeleton between kidneys of different 
genotypes, neither in the stalk nor tip region.  
 Because the expression of and signalling pathways elicited by Plexin B1 and B2 
are very similar, we examined whether the expression of Plxnb1 was altered in Plxnb2-/- 
kidneys. However, it showed a normal expression pattern. 

4.8 PLEXIN B1 AND B2 ARE NOT ESSENTIAL FOR KIDNEY DEVELOPMENT (II) 

To study the possible redundancy between Plexin B1 and B2 we crossbred the two 
knockout mouse lines to produce embryos lacking both genes or different combinations of 
the alleles. The kidneys of Plxnb1-/- mice were otherwise identical to the controls but at 
E13.5 they were bigger and had more epithelial branches, in accordance with earlier 
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reports (Korostylev et al., 2008). Double heterozygous (Plxnb1+/- Plxnb2+/-) and  
Plxnb1-/- Plxnb2+/- embryos were viable and fertile, although the litter size was small. 
The Plxnb1+/- Plxnb2-/- combination was embryonic lethal, displaying a similar 
phenotype to Plxnb2-/- embryos. The Plxnb1-/- Plxnb2-/- embryos died early during 
embryogenesis and we were able to harvest only one embryo at E12. This embryo 
developed kidneys, which were hypoplastic with long branches of ureteric epithelium and 
early differentiating mesenchyme. We have not yet analyzed what other functions of 
Plexin B1 and Plexin B2 could be revealed by the double mutants. Also we have so far not 
pinpointed the cause of the early lethality.  

4.9 ZEBRAFISH ORTHOLOGS OF PLEXIN B2 (III) 

We sought to find out whether the Plexin B2 sequence, expression and function are 
conserved in zebrafish and whether the zebrafish could be used as an additional model to 
study the function of Plexin B2 in kidney development. We cloned and sequenced the 
coding sequence and UTRs of the ortholog of Plxnb2 in zebrafish. The zebrafish belongs 
to the teleost lineage, in which the genome has undergone partial duplication during 
evolution resulting in two copies of some of the genes. We identified two Plxnb2 
orthologs in zebrafish and named them plexin B2a (plxnb2a) [GenBank: FJ480177] and 
plexin B2b (plxnb2b) [GenBank: FJ480178], according to the Zebrafish Nomenclature 
Guidelines by the Zebrafish Model Organism Database (ZFIN). plxnb2a corresponded to 
the recently published plxnb2 sequence [GenBank: NM_001161600] (Lamont et al., 
2009). Both plxnb2a and plxnb2b had two different splice variants. In plxnb2a-2 
[GenBank: FJ480178] the second of three exons in the 5’-UTR was absent, resulting in a 
shorter mRNA but identical protein as the one encoded by plxnb2a. In plxnb2b_23’ 
[GenBank: FJ386495] the 23rd exon was spliced at a cryptic splice site producing a short 
splice variant. The encoded protein was 36 amino acids shorter than the protein encoded 
by plxnb2b. 
 To study the relationship of the sequences with plexins of other species we 
performed phylogenetic analyses. First the Plexin B2a and B2b amino acid sequences 
were aligned with all known human, mouse and zebrafish plexins, while the                    
D. melanogaster Plexin B sequence formed the root of the phylogenetic analysis. In the 
phylogram built according to this alignment, Plexin B2a and B2b clustered together with 
the B-subfamily plexins (Fig. 8). Next the zebrafish Plexin B2 sequences were aligned 
with B-subfamily plexins from several species. In this phylogram Plexin B2a and B2b 
joined the other Plexin B2 sequences. These analyses demonstrate that Plexin B2a and 
B2b are the zebrafish orthologs for Plexin B2.  
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 We studied the protein sequences of Plexin B2a and B2b to see whether the 
protein domains associated with B-subfamily plexins were conserved. The predicted 
extracellular part of both orthologs contained the sema, MRS and IPT domains. Similarly 
to other B-subfamily plexins, Plexin B2a and B2b had consensus target sites of furin-like 
proteases close to the outer face of the plasma membrane. The cytoplasmic part of Plexin 
B2a and B2b also encoded the typical characteristics of plexins: conserved tyrosine 
residues, a bipartite R-Ras GAP domain and the Rho GTPase binding domain. In Plexin 
B2b_23’ one of the conserved tyrosines was missing due to the alternative splicing. 
Specific to B-subfamily plexins, the very carboxyterminal end of Plexin B2a and B2b had 
the five-residue-long PDZ-interaction domain. All in all, Plexin B2a and B2b contain all 
the conserved domains of plexins and especially of the plexins belonging to the B-
subfamily.     

4.10 THE EXPRESSION OF PLEXIN B2A, PLEXIN B2B AND PLEXIN B1 DURING 
ZEBRAFISH DEVELOPMENT (III, UNPUBLISHED) 

The mRNA expression patterns of plxnb2a and plxnb2b in the zebrafish embryos were 
studied by whole mount ISH, from 24 hpf to 4 dpf. Their expression patterns were 
dynamic, specific but partly also overlapping. The transcripts were both expressed, for 

Figure 8: The phylogenetic relationship of Plexin B2a (D.rerio_B2a) and Plexin B2b (D.rerio_B2a) 
with other plexins of zebrafish, mouse and human. 
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example, in the otic vesicles, pectoral fins and at the midbrain-hindbrain boundary. 
plxnb2a expression was more concentrated to the non-neuronal tissues than the expression 
of plxnb2b.  
 plxnb2a was expressed throughout the embryo at 24 hpf, in accordance with a 
previous study (Lamont et al., 2009). At 2 dpf the expression was restricted to the pectoral 
fins, otic vesicles, midbrain-hindbrain region, pharyngeal arches, subependymal layer of 
the rhombencephalic ventricle, and to ganglia, such as the facial and infraorbital and 
supraorbital lateral line ganglia. From 2 dpf onwards it was not expressed in the trunk 
region nor seen in the pronephric ducts. At 3 dpf the expression was similar to that at 2 dpf 
and at 4 dpf the expression of plxnb2a was further restricted so that it was no longer 
expressed in the brain but its expression persisted in the pectoral fins and pharyngeal 
arches.  
 plxnb2b was expressed in the otic vesicles already at 24 hpf. At all stages studied, 
the expression was absent from the trunk and from the pronephric ducts. On the contrary, 
the pallium and olfactory bulb showed marked expression starting at 2 dpf. At 2 dpf 
plxnb2b was also expressed in the otic vesicles, thalamus, medulla oblongata, pectoral 
fins, neuromasts of the supraorbital lateral line, cerebellum and in facial, anterior later line 
and vagal ganglia and at the midbrain-hindbrain region. The expression pattern of plxnb2b 
at 3 dpf resembled closely that at 2 dpf. Additionally, plxnb2b was expressed in the 
pharyngeal arches, cranial mesenchyme and the subependymal layers of the telencephalic 
and rhombencephalic ventricles. At 4 dpf plxnb2b continued to be expressed in the 
cerebellum, pallium, olfactory bulb, pharyngeal arches, and at the midbrain-hindbrain 
region (Fig. 9). 
 The ISH probe for the zebrafish ortholog of Plxnb1 (nucleotides 1183-1643 of 
[GenBank: XM_002662388.1, PREDICTED: Danio rerio plexin B1-like 
(LOC100333075), mRNA]) used in whole mount ISH revealed an expression pattern 
confined to a great extent to the developing nervous system (Fig. 10). At 2 dpf plxnb1 is 
expressed in the pallium, midbrain hindbrain region, cerebellum and otic vesicles (Fig. 
10A, D). At 3 dpf the expression pattern remains very similar to that at 2 dpf. In addition, 
plxnb1 expression is starting to be visible in the pharyngeal arches (Fig. 10B, E). At 4 dpf 
the expression of plxnb1 has decreased in the nervous system and it is seen only weakly in 
the midbrain hindbrain region. The expression in the pharyngeal arches remains (Fig. 10C, 
F). 
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4.11 THE KNOCKDOWN OF PLEXIN B2a AND PLEXIN B2b IN ZEBRAFISH 
EMBRYO (III) 

We used antisense morpholino oligonucleotides to knock down Plexin B2a and B2b either 
alone (single morphant) or simultaneously (double morphant) to study their function 
during zebrafish embryogenesis. B2aMO, the antisense morpholino designed to target 
plxnb2a mRNA, caused a nearly 100% inclusion of intron 4 and reduction in the level of 
correctly spliced plxnb2a, as measured by RT-PCR. This resulted in a disrupted open 
reading frame and the formation of a premature STOP-codon, most like causing 
expression of a truncated protein. The functional efficiency of B2aMO was confirmed by 

Figure 9: The expression of plxnb2b at 4 dpf. A sagittal section of a whole mount ISH sample. 
Abbreviations: Ce, cerebellum; Mhb, midbrain hindbrain boundary; Ob, olfactory bulb; P, 
pallium; Pa, pharyngeal arches. Scale bar: 100 μm. 

Figure 10: The expression of plxnb1 at 2 to 4 dpf by whole mount ISH. A-C, G: Lateral views. D-F: 
Dorsal views. Abbreviations: Ce, cerebellum; Mhb, midbrain hindbrain boundary; Ov, otic 
vesicles; P, pallium; Pa, pharyngeal arches.  
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the ISV sprouting assay, in which the knockdown of plxnb2a was recently shown to cause 
a delay in ISV sprouting at 24 hpf (Lamont et al., 2009). The knockdown of Plexin B2b 
proved to be more difficult. We designed and tested two splicing morpholinos and one 
morpholino targeting the translational start site of plxnb2b. Only one of the splicing 
morpholinos caused a marked reduction in the amount of normal mRNA transcript 
without having severe off-target effects. This morpholino was called B2bMO and it 
resulted in an approximately 45% reduction in the level of wild type plxnb2b transcript in 
RT-PCR, and it was used in the subsequent studies.  
 The development of single and double morphants was followed up to 5 dpf. 
There were no evident differences between the morphants and the uninjected, mispair-
morpholino (MIS)- or buffer-injected embryos. As both genes, and especially plxnb2a, are 
expressed in the cartilage of the pharyngeal arches we stained the morphants with Alcian 
blue to visualize the cartilage structure at 5 dpf. No differences could be detected in the 
single or double morphants as compared to controls. 
 Because plxnb2a and plxnb2b expressions were evident in the pectoral fins and in 
parts of the brain, which both contribute to the locomotion of the zebrafish embryos, we 
analyzed the swimming patterns of the morphants. We carried out a series of locomotor 
tests on 5 dpf embryos. Among other things the total swimming distance, velocity and 
angular velocity was measured in three replicate experiments. The behaviour of neither 
single nor double morphants differed significantly from that of the controls. 
 In Plxnb2-/- mice the structure and organization of the olfactory bulb and the 
cerebellum are altered (Deng et al., 2007; Friedel et al., 2007). As the expression of 
plxnb2a and plxnb2b in those parts resembled that in mouse, we stained the brains of 5 dpf 
single and double morphants with antibodies for γ-aminobutyric acid (GABA), tyrosine 
hydroxylase and cholin acetyltransferase. The samples were imaged with confocal 
microscopy. None of the stainings revealed differences between morphants and the 
controls. The size and area proportions of the brain were unchanged as was the 
telencephalic area containing the olfactory bulbs. GABAergic neurons are abundant also 
in the cerebellum and at the midbrain-hindbrain region, but the staining showed no 
alterations in neuron distribution in the morphants.    
 As plexins function in axon guidance, we examined whether there were changes 
in the axon projections of the double morphants by staining 1 to 4 dpf embryos with an 
anti-acetylated α-tubulin antibody. This staining showed that the axonal projections in the 
olfactory epithelium, olfactory bulbs, telencephalon, optic tectum, midbrain-hindbrain 
boundary, cerebellum and spinal cord were normal in the 1 dpf double morphants. Neither 
did the axon projections show any differences as later stages, up to 4 dpf.  



 56 

5. DISCUSSION 

5.1 EXPRESSION OF PLEXINS IN MOUSE (I, II) 

Our study was the first to show that plexins are expressed broadly during mouse 
embryogenesis, also outside the nervous system. For example, most of the plexins are 
expressed in the oral epithelium, intestine, lung and tooth at E14. We were also the first to 
report the expression pattern of Plxnc1 in developing mouse. 
 The expression patterns of A-subfamily plexins revealed by our ISH study follow 
to large extent results obtained by others (Maestrini et al., 1996; Takahashi et al., 1999; 
Tamagnone et al., 1999; Murakami et al., 2001; Suto et al., 2003). Also, the results on the 
expression patterns of Plxnb1 and Plxnb2 in the nervous system of mouse embryo are 
congruent with those published by others. For example, many studies show that both 
Plxnb1 and Plxnb2 are expressed in the cerebral cortex, choroid plexus, olfactory lobe of 
the brain, and spinal cord (Worzfeld et al., 2004; Deng et al., 2007; Hirschberg et al., 
2009). There are some discrepancies between the expression of Plxnb2 in the DRGs: we 
(I) and others (Worzfeld et al., 2004) show no expression in DRGs, while Masuda et al. 
(2004) claim that both Plxnb1 and Plxnb2 are expressed in the DRGs at E14.5. The 
expression of Plxnb2 outside of the nervous system during mouse development has not 
been studied by others so far. 
 The expression of Plxnb1 in non-neuronal tissues has been recently studied more 
extensively by others as well. In the lung, at E14, Plexin B1 immunostaining shows 
labelling in the mesenchyme only (Fazzari et al., 2007), whereas we (II) and another study 
using ISH technique (Korostylev et al., 2008) show high expression in the lung epithelium 
and low Plxnb1 expression in the mesenchyme. The studies of the expression of Plxnb1 in 
the developing kidney agree that the transcript is expressed in the ureteric epithelium (II, 
Korostylev et al., 2008). However, Korostylev et al. (2008) report that the expression of 
Plxnb1 is seen in the developing glomeruli only starting from E15.5 and not at E13.5. 
They also do not report the expression in undifferentiated mesenchyme, although in their 
figures it is visible. In our study, Plxnb1 was expressed in the developing glomeruli, 
undifferentiated cortical mesenchyme and ureteric epithelium at E14. By immunostaining 
Plexin B1 was not visible in the ureteric epithelium at E14, while the expression of the 
protein overlaps with the expression of the transcript in condensing MM. PlexinB1 
immunoreactivity was blocked by competition with the peptide that used was used to 
make the anti-PlexinB1 antibody (Fazzari et al., 2007). The expression of Plxnb1 in the 
enamel epithelium of the developing tooth is in accordance with another study 
(Korostylev et al., 2008).  
 The differences between the results of individual studies may be due to 
differences in the sensitivity of the various techniques or in the interpretation of the 
results.  
 We have reported that Plxnb1 is expressed in the developing testis in Sertoli cells. 
An immunostaining study shows that Plexin B1 is expressed in the granulosa cells in the 
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mouse ovary (Regev et al., 2005). This suggests that Plexin B1 may play a role in the 
maturation of both male and female germ cells. In the ovary, neutralizing antibodies 
against Plexin B1 results in a significant reduction in follicular growth and affects the 
secretion rate of steroid hormones in a negative manner in vitro (Regev et al., 2005). The 
role of Plexin B2 in spermatogenesis is not known. 

5.2. KNOCKDOWN OF PLEXIN B2 BY RNAi IN VIVO RECAPITULATES THE 
EXENCEPHALY OF THE PLEXIN B2-DEFICIENT EMBRYOS (UNPUBLISHED) 

To analyze the function of Plexin B2 in the developing embryos, we utilized RNAi in vivo 
to knock down the protein in NMRI embryos by injection of pregnant females with 
shRNA-constructs targeted against Plexin B2. The shRNA-constructs have been shown to 
reach the embryos through the placenta and to knock down the target gene in the embryos 
(Gratsch et al., 2003; Jakobson et al., 2005). We analyzed the phenotype of the embryos 
with a light microscopy and continued the study with those embryos (approx. 15% of 
embryos) that showed obvious defects. We were able to reduce the amount of Plexin B2 in 
some cases almost 100%, but mostly the knockdown efficiency in the studied embryos 
was between 50 and 80%. The knockdown efficiency correlated with the severity of the 
defects. The most obvious defect caused by the knockdown was the failure of the neural 
tube to close properly, resulting in exencephaly. This is similar to the phenotype reported 
in the Plexin B2 embryos in the C57/Bl inbred mouse line (Deng et al., 2007; Friedel et 
al., 2007). This suggests that although inefficient, the knockdown of Plexin B2 by the 
RNAi in vivo method was able to recapitulate at least the exencephalic phenotype of the 
Plxnb2-/- mice. Further studies would be needed to verify if the knockdown of Plexin B2 
by RNAi in vivo is able also to cause the other defects reported in the knockout mice and 
whether it results in kidney hypoplasia.  
 RNAi in vivo is a method that shows potential for being a fast way to screen the 
functions of a new gene in vivo. It also gives the opportunity to knock down a gene at a 
certain or different time point of development, to vary the degree of knockdown by 
injecting different amounts of shRNA-construct and to, if desired, knock down more than 
one gene simultaneously. However, the method still needs a lot of optimization before it 
can be used as a routine method, because the efficiency of the knockdown is too variable. 
Other weaknesses include the risk of unspecific off-target effects, which is a common 
problem when using siRNAs or antisense morpholinos. The reason for the great variation 
in the efficiency knockdown in different embryos of the same litter is difficult to explain. 
It could be due to variable penetration of the shRNA-construct through the placenta, 
which is a complicated matter to regulate, or to inconsistent efficiency of the shRNA-
construct. The efficiency and result of knockdown using a shRNA construct may be 
improved by injecting mice in an inbred background, as the mouse background strain 
often affects the nature and severity of the phenotype (Barthold, 2004; Friedel et al., 
2007), by increasing the number of injections, or by using more potent RNA-expression 
plasmid. The construct should include some other marker than DsRed to enable to 
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estimation of the penetrance of the shRNA-construct in the embryos, because blood dies 
the embryos red to different degrees and therefore also interferes with the analysis of the 
amount of red fluorescence.  
 Due to the drawbacks of the RNAi in vivo method, combined with the fact that 
the knockout mouse model for Plexin B2 became available, we chose to use the more 
reliable and established knockout model for the studies of the function of Plexin B2 in 
kidney development.  

5.3 PLEXIN B2 MODULATES URETERIC BRANCHING (II) 

Deletion of Plexin B2 in mice results in decreased branching and proliferation of the 
ureteric epithelium and small kidneys, which become apparent E12. Between E10.5 and 
E11.5 the UBs do not show significant differences between the control and Plxnb2-/- 
embryos, suggesting that there is no delay in the formation of the UB. Cell proliferation 
has been reported to be defective also in the developing nervous system of Plxnb2-/- 
embryos (Deng et al., 2007; Hirschberg et al., 2009). The reduction in cell proliferation in 
the Plxnb2-/- kidneys may contribute to the reduction in the number of branches. Because 
the number of secretory nephrons depends on the number of ureteric tips (Michael and 
Davies, 2004), reduced ureteric branching leads to renal hypoplasia in Plxnb2-/- embryos. 
Kidney hypoplasia, on the other hand, has been shown to correlate with the risk of 
developing primary hypertension (Schedl, 2007). 
 About 10% of the Plxnb2-/- embryos show unilateral or bilateral double ureters 
and kidneys, further suggesting that the control of the branching of the epithelium is 
compromised. A similar phenotype is seen in other genetically modified mice with 
ureteric branching defects and abnormal level of Gdnf/Ret signalling, for example in the 
Ret hypomorphs (de Graaff et al., 2001) and Sprouty-1-deficient mice (Basson et al., 
2005). In mice deficient of Foxc1, a restrictor of Gdnf expression, the MM domain 
expressing Gdnf is expanded, also resulting in the formation of supernumerary ureters 
(Kume et al., 2000). However, the expression patterns of Gdnf, Ret, Pax2 and Sprouty-1 
were normal in Plxnb2-/- kidneys, leaving still open the question of the mechanism behind 
the occasional double ureters.  
 The Plxnb2-/- kidneys express normally markers for differentiated mesenchyme, 
stroma and vasculature, suggesting that although the kidney size was small the nephrons 
differentiated normally.   

5.4 PLEXIN B2-DEFICIENT URETERIC BUDS FAIL TO RESPOND TO GDNF (II) 

When cultured in isolation in a three-dimensional Matrigel culture, the UBs of Plxnb2-/- 
kidneys fail to respond to Gdnf and to form branches in vitro. The isolated MM, on the 
other hand, is able to differentiate normally in vitro in response to the GSK3 inhibitor 
BIO. These results suggest that the branching defect is due to an intrinsic defect of the 
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epithelium rather than to a defective mesenchyme. They also suggest that although Plexin 
B2 is expressed in both the epithelium and mesenchyme, Plexin B2 is not necessary for 
the differentiation of the MM.   
 Whereas the response of the isolated Plxnb2-/- UBs to Gdnf is rudimentary, they 
respond to Fgf7 and Follistatin, alternative inducers of UB branching and growth (Qiao et 
al., 1999; Qiao et al., 2001; Maeshima et al., 2007). Fgf7 and Follistatin also helped to 
restore the response of the Plxnb2-/- UBs to Gndf. In the presence of the MM the Wolffian 
duct of Plxnb2-/- kidneys form supernumerary buds when induced with Gdnf, similarly to 
wild type controls. These results propose that factors in the MM or such as Fgf7 and 
Follistatin alleviate the defect in Gdnf-response of the Plxnb2-/- ureteric epithelium. They 
also imply that the MM is perhaps able to correct developmental errors in ureteric 
branching in Plxnb2-/- kidney analogous to what has been suggested by Shah et al. (2009). 
Perhaps a second mutation affecting the inductive capability of the mesenchyme is needed 
to fully appreciate the role of Plexin B2 in kidney development.  

5.5 INTERACTION BETWEEN PLEXIN B2 AND RET MAY REGULATE GDNF/RET 
SIGNALLING (II) 

As the Plxnb2-/- UBs clearly failed to respond normally to Gdnf induction we analyzed 
the expression of downstream targets and receptors of Gdnf, such as Ret, Gfrα1,Wnt11, 
Etv5, Myb, Etv4, Crlf1 and Cxcr4. All of them showed expression patterns and intensities 
in Plxnb2-/- kidneys comparable to control kidneys. However, we showed by                  
co-immunoprecipitation that Plexin B2 associates with Ret, and this suggests that Plexin 
B2 regulates the response of the ureteric epithelium to Gndf by directly modulating the 
activation and downstream signalling of Ret. Ret is a new interaction partner for Plexin 
B2. This brings the thesis work back to the starting point, as plexins were highlighted in 
our previous studies as candidates for new components in Gdnf-signalling in the kidney. 
Gdnf signalling has been shown to activate Met, both in the presence or absence of Ret 
(Popsueva et al., 2003), whereas also the B-subfamily plexins had been shown to associate 
with and activate receptor tyrosine kinases such as Met and ErbB-2 (Giordano et al., 2002; 
Conrotto et al., 2004; Swiercz et al., 2004; Deng et al., 2007) that are also expressed by 
the ureteric epithelium. However, neither ErbB-2 nor Met showed abnormal 
phosphorylation pattern in the Plxnb2-/- kidney.  
 Plexin B2 signalling targets include PDZ-RhoGEF and LARG, which regulate 
the actin cytoskeleton (Aurandt et al., 2002; Driessens et al., 2002; Hirotani et al., 2002; 
Perrot et al., 2002; Swiercz et al., 2002), as well as R-Ras and integrins (Oinuma et al., 
2004; Oinuma et al., 2006). The adhesion properties of isolated Plxnb2-/- UB cells to the 
extracellular matrix in vitro as well as the organization of the actin cytoskeleton in UB 
cells and ureteric epithelium in kidneys were normal. This suggests that alterations in the 
adhesion to the extracellular matrix of the ureteric epithelium or in the organisation of the 
actin cytoskeleton are not the primary cause of the branching defect of the Plxnb2-/- 
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ureteric epithelium. However, these analyzes are not sensitive enough to rule out small 
changes in the actin cytoskeleton, which could contribute to the branching defect. 
 Although we failed to detect any differences in the known targets of Plexin B2, 
we cannot exclude minor changes in these pathways. A more detailed analysis is 
necessary to verify the phosphorylation level of the receptor tyrosine kinases and 
organisation of the actin cytoskeleton. However, in kidney development Plexin B2 may 
exert its biggest effect through modulating other, major signalling pathways, such as the 
Gdnf-Ret pathway, rather than through its own signalling pathways known so far. Also 
there are surely many aspects of the Plexin B2 downstream signalling still waiting to be 
discovered, and some of these may directly contribute to the regulation of ureteric 
branching. 

5.6 THE LIGAND OF PLEXIN B2 IN KIDNEY DEVELOPMENT IS SEMA4C (II) 

Sema4C increases the branching in wild type E11.5 kidneys in vitro, whereas the    
Plxnb2-/- kidneys fail to respond to Sema4C. This suggests that in kidney development, 
like in the development of the granule cells in the cerebellum (Deng et al., 2007), Sema4C 
is the ligand that signals through Plexin B2 to modulate the branching of the ureteric 
epithelium. Sema4D has been shown to bind to Plexin B2 but with lower affinity than to 
Plexin B1 (Masuda et al., 2004; Deng et al., 2007). However, in kidney development it 
seems that Sema4D signals through Plexin B1 (Korostylev et al., 2008).  
 Kidneys heterozygous for Plexin B2 show increased sensitivity to Sema4C by 
forming significantly more branches in the presence of Sema4C than the wild type kidneys 
(p=0.05). This suggests that there exists a negative feedback loop regulating Sema4C-
Plexin B2 signalling in the kidney, but further studies are necessary to verify this 
hypothesis. As Plexin B1 shares many common downstream targets with Plexin B2, one 
possibility could be that increased expression of Plexin B1 is responsible for the 
hyperresponsiveness of Plexin B2 heterozygotes. However, the expression level of Plxnb1 
was not altered in Plxnb2-/- or Plxnb2+/- kidneys. 

5.7 PLEXIN B1 AND B2 HAVE DIFFERENT ROLES DURING KIDNEY 
DEVELOPMENT (II) 

The expression of Plxnb1 and Plxnb2 are overlapping in kidney development. They have 
also been shown to activate many common signalling pathways (Driessens et al., 2002; 
Perrot et al., 2002; Conrotto et al., 2004; Masuda et al., 2004; Swiercz et al., 2004; Deng 
et al., 2007). However, in kidney development their effects seem to be quite the opposite: 
while the absence of Plexin B1 results in a transient phenotype with large kidneys and 
increased number of ureteric branches from E13.5 to E15.5 (Korostylev et al., 2008), in 
Plxnb2-/- mice the ureteric branching is compromised starting at E12 and continuing to, at 
least, E16.5. We crossed Plxnb2-/- mice with Plxnb1-/- mice, but due to early embryonic 
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lethality around E10.5, we were able to collect only one double homozygous embryo at 
E12. This embryo had two kidneys with both differentiating mesenchymal and epithelial 
structures present. If the functions of Plexin B1 and B2 in kidney development were 
completely opposite to each other, the kidneys of double homozygous embryos should 
resemble that of the controls, because the growth impeding function of Plexin B1 and the 
growth promoting activity of Plexin B2 would rule each other out. This was not the case. 
And if Plexin B1 and Plexin B2 were redundant in kidney development, the phenotype in 
the double homozygous embryo should have been more severe than in single knockouts. 
This conclusion is, however, based on the analysis of a single double homozygous 
embryo. The solid analysis would require that more embryos are collected and analyzed or 
that a conditional mouse mutant of Plexin B2 is created. Other possible defects of the 
double mutants or the cause of early embryonic death has not been studied yet. 

5.8 THE SEQUENCE AND EXPRESSION PATTERN OF PLEXIN B2 ARE 
CONSERVED IN ZEBRAFISH (III) 

We identified and cloned two Plxnb2 orthologs in zebrafish, plxnb2a and plxnb2b. 
Plxnb2a corresponds to the recently published plxn2 sequence (Lamont et al., 2009). The 
intron-exon structure of plxnb2a and plxnb2b resemble each other closely, suggesting they 
are a result of the partial duplication of the genome in the teleost line. The proteins 
encoded by the genes contain all the conserved domains found in Plexin B2s, including 
the sema domain and MRS repeats in the extracellular part, as well the PDZ-binding 
domain, R-Ras GAP domains and conserved tyrosine residues in the intracellular part 
(Winberg et al., 1998; Rohm et al., 2000; Franco and Tamagnone, 2008; Liu et al., 2008). 
The phylogenic tree built upon sequence alignments of all known B-subfamily plexin 
sequences or all plexin sequences known from human, mouse and zebrafish show that 
Plexin B2a and B2b cluster with B-subfamily plexins, especially with other Plexin B2s. 
Thus, Plexin B2a and B2b encode for the zebrafish orthologs of Plexin B2. The generated 
phylogenetic trees are in good agreement with the phylogenetic trees that were built using 
either the sema domain sequence of several semaphorins, plexins and Met/Ron sequences 
or the plexin sema domain sequences from chicken and mouse (Gherardi et al., 2004; 
Mauti et al., 2006).  
 ISH probes targeted against plxnb2a and plxnb2b reveal that they are expressed in 
dynamic, specific and partly overlapping patterns during early zebrafish development. 
Together or separately they recapitulate the expression pattern of Plxnb2 in mouse 
embryo: in both species Plxnb2 mRNAs are expressed in the cerebellum, olfactory bulb, 
cartilage primordial and in the subependymal layer around the ventricles of the brain, 
suggesting that their expression pattern has been, at least, partly conserved during 
evolution (Worzfeld et al., 2004; Deng et al., 2007; Friedel et al., 2007). Neither plxnb2a 
nor plxnb2b are expressed in the kidney of the developing zebrafish, the pronephros. This 
could be due to the developmental differences in kidney types, as we do not know the 
expression and function of Plxnb2 in mouse pronephros, the developmental equivalent of 
the zebrafish pronephros. Also, because the pronephric ducts do not branch but are 
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connected to a single glomerular tuft by pronephric ducts, it can be speculated that Plexin 
B2 and its ureteric branching modulator characteristics are not required for the 
development of the zebrafish pronephros. It can be proposed that the expression and need 
of Plexin B2 in kidney development only arose during the evolutionary development of 
the metanephros and its branching ureteric epithelium. We did not study the expression of 
plxnb2a or plxnb2b in the zebrafish mesonephros, which starts to develop at 12 dpf and 
which is the functional kidney of the zebrafish starting from 30 dpf. 
 We did a preliminary analysis of the expression of a gene that could be the 
zebrafish ortholog of plxnb1. This gene is expressed mainly in the developing nervous 
system, for example in the cerebellum and midbrain hindbrain region, as well as in the 
pallium, which is the evolutionary precedent of the telencephalon. The expression of 
plxnb1 in zebrafish development is similar to that in mouse. Also in mouse Plxnb1 is 
expressed in the cerebellum and telencephalon (Worzfeld et al., 2004). The study of the 
sequence and expression of plxnb1 in zebrafish requires further analysis to be complete. 

5.9 KNOCKDOWN OF PLEXIN B2a AND B2b DOES NOT REVEAL 
DEVELOPMENTAL FUNCTIONS (III) 

Using antisense morpholinos we interfered with the normal splicing and knocked down 
the expression of plxnb2a almost completely and plxnb2b to approximately 45% of the 
level in controls. Both the single and double morphants developed normally and showed 
no defects in the development of the cartilage or neuronal circuits, or in the swimming 
behaviour. This suggests that at least plxnb2a is dispensable for the development of the 
studied organs. The viability and normal development of the double morphants could be 
due to the inefficient knockdown of plxnb2b. A more efficient morpholino or a transgenic 
zebrafish line has to be established before ruling out that plxnb2b is truly redundant for 
neural and cartilage development. The double morphants also do not show exencephaly, 
the most prominent phenotype in mice deficient of Plexin B2 (Friedel et al., 2007). This 
could be due to the residual expression of plxnb2b. Another reason could be that the 
primary neurulation in zebrafish differs in a fundamental manner from that in mouse. In 
mouse, most of the neural tube forms by bending of the ectoderm-derived neural plate to 
form a hollow tube that pinches off the surface (primary neurulation). The very posterior 
end of the neural tube develops from aggregating mesenchyme cells that form a solid rod, 
which subsequently form cavities that fuse to shape a hollow tube (secondary neurulation) 
(Copp et al., 2003; Gilbert, 2006). In zebrafish, on the other hand, the neural tube is also 
derived from ectoderm but the cellular movements during primary neurulation are 
different. Instead of bending, the cells of the neural plate first form a solid rod, the neural 
keel, which later forms a tube with a slit-like lumen (Lowery and Sive, 2004). In addition 
to the morphological differences in neural tube formation, the genes essential for neural 
tube formation are to some extent different in zebrafish as compared to mouse. For 
example, the cell polarity gene Scribble 1 is necessary for the neural tube closure in mice, 
whereas it is not necessary for zebrafish neurulation (Murdoch et al., 2003; Wada et al., 
2005). 
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6. CONCLUSIONS AND FUTURE PROSPECTS 

The work in this thesis provides the first insights to plexin expression outside of the 
nervous system during the development of mouse, for example in the tooth, testis and 
kidney. It suggests that plexins may have yet unknown functions in the development of 
several non-neuronal tissues. The previous studies of plexin expression and function focus 
mostly on the development of the nervous system. In addition to the expression data, our 
studies unraveled a function for Plexin B2 in the development of the mouse kidney. Plexin 
B2 is new modulator of ureteric branching and this study also suggests a novel cross-talk 
between Sema4C-Plexin B2 and Gdnf-Ret signalling pathways. The absence of Plexin B2 
results in kidney hypoplasia and occasional unilateral duplication of the ureter, which are 
relevant features in congenital abnormalities of the kidney and urinary tract (CAKUT) that 
occurs in 0.2% of newborns. Kidney dysplasia is the leading cause of chronic renal failure 
in children and, therefore, mutations in the Sema4C-Plexin B2 pathway may prove to be 
clinically relevant. However, a conditional Plexin B2 mutant mouse will be necessary for 
studying the function of Plexin B2 in the postnatal kidney because of the early embryonic 
lethality of the Plxnb2-/- mice. Also the interaction between Ret and Plexin B2 needs 
further analysis. We finally show that the sequence and expression of Plexin B2 is 
conserved in the zebrafish, which could be an additional useful model to study the 
function of Plexin B2 in vertebrate development. However, we could not yet verify, 
whether the functions of Plexin B2 in zebrafish and mouse are similar or different during 
the development. More efficient morpholinos targeting Plexin B2b or alternatively 
transgenic fish are needed to resolve the function of Plexin B2a and B2b in zebrafish. 
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7. SUMMARY 
 
 
The main results of this thesis can be summarized as follows: 
 

I. Members of the plexin family are expressed in specific patterns during mouse   
embryogenesis. Especially Plxnb1 and Plxnb2 are widely expressed during 
development, for example in the telencephalon, kidney, lung and tooth. This 
suggests that they may have yet undiscovered functions in the development of 
non-neuronal tissues as well as in the well-studied nervous system. 
 

II. Sema4C-Plexin B2 signalling stimulates the branching of the ureteric epithelium. 
Plexin B2-deficient mice have hypoplastic kidneys with few ureteric branches 
and less proliferating cells in the ureteric epithelium. The defect in branching is 
intrinsic to the epithelium and Sema4C increases ureteric branching in vitro 
through Plexin B2. While the known Plexin B2 targets are not altered in the 
Plxnb2-/- kidney, the response of the ureteric epithelium to Gdnf is 
compromised. This suggests that Plexin B2 modulates the branching by 
regulating the Gdnf-signalling pathway, perhaps through the association with Ret 
and direct modulation of its activation. Analysis of an embryo deficient of both 
Plexin B1 and Plexin B2 suggests that the two closely related proteins are not 
essential for kidney development.  

 
III. Plexin B2 is conserved in the zebrafish genome. Due to the partial duplication of 

the zebrafish genome, there are two Plexin B2 orthologs in zebrafish, Plexin B2a 
and Plexin B2b. Both encode for proteins that contain all the conserved domains 
B-subfamily plexins. The expression of plxnb2a and plxnb2b recapitulate fairly 
well the expression pattern of Plxnb2 in mouse. Both in mouse and zebrafish 
expression is seen for example in the cerebellum, olfactory bulb and cartilage 
primordia. However, the knockdown of Plexin B2a and B2b in zebrafish embryo 
does not cause the drastic neural phenotype of Plexin B2-defient mice. This could 
be due to the fact that the knockdown in zebrafish is not complete or that some of 
the developmental processes in zebrafish progress via different steps than in 
mouse, for example the formation of the neural tube.  
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