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Part I | CHAPTER 1 | 

“General Introduction”

1.1 PREFACE
Our ability to perceive, to act and to remember is a re!ection of the elaborate synaptic 
connections and neuronal circuits that make up the brain (Gibson and Ma, 2011). The formation 
of these connections relies on a series of developmental events including axon growth and 
guidance, synapse formation and cell death. The occurrence of defects in these events is 
thought to lead to mental disorders such as schizophrenia or autism. Neuronal circuits and 
synaptic contacts established during development are maintained during adulthood. Loss of 
connectivity in the adult brain is a hallmark of neurodegenerative disorders such as Parkinson’s 
disease or amyotrophic lateral sclerosis (ALS). Insight into the cellular and molecular processes 
that normally control the formation and maintenance of neuronal connections will help to 
further understand situations of perturbed connectivity during disease and may provide new 
leads for therapeutic intervention. The main goal of this thesis is to improve our understanding 
of the function and signal transduction mechanisms downstream of the largest family of 
canonical axon guidance cues, the semaphorins, and their axonal receptors, the plexins.

This introductory chapter addresses a number 
of cellular processes and molecules that are 
studied in the subsequent chapters of this 
thesis. First, the process of axon guidance is 
introduced. This is followed by a description of 
semaphorins and their receptors and the roles 
these proteins play during neuronal migration 
and axon guidance. Then, the s ignal 
t r a n s d u c t i o n c a s c a d e s t h a t f u n c t i o n 
downstream of plexins are discussed, with an 
emphasis on the recently identi!ed signal 
transduction molecule MICAL. The !nal part of 
this chapter states the aim and outline of the 
thesis.

1 . 2 M O L E C U L A R M E C H A N I S M S 
UNDERLYING AXON GUIDANCE
Brain regions are interconnected by complex 
axonal connections formed during embryonic 
and early postnatal development. During 
development, axons are guided by molecular 
cues in their environment towards their !nal 
synaptic targets (Figure 1A). The growth cone, 
located at the tip of the axon, samples the 
extracellular environment for these molecular 
guidance cues. Guidance cues can be 
membrane-bound acting  on  a  short  range  or 

secreted with actions over longer distances 
(Figure 1A). Both membrane-bound and 
secreted guidance cues can act to repel or 
attract axons. Guidance cues are detected by 
receptor proteins at the surface of the growth 
cone and the interaction between guidance 
cues and receptors t r iggers a s ignal 
transduction cascade in the growth cone 
eventually infringing upon the cytoskeleton 
(Bouquet and Nothias, 2007;Chédotal and 
Richards, 2010;Chilton, 2006;Gordon-Weeks, 
2 0 0 3 ; H u b e r e t a l . , 2 0 0 3 ; M a t t i l a a n d 
Lappalainen, 2008;Sanchez-Soriano et al., 
2010;Suter and Forscher, 2000;Wen and Zheng, 
2006;Goodman, 1996). The growth cone 
contains thin !nger-like structures (!lopodia) 
and sheet-like structures (lamellipodia) 
composed of actin (Bouquet and Nothias, 
2 0 0 7 ; H u b e r e t a l . , 2 0 0 3 ; M a t t i l a a n d 
Lappalainen, 2008;Suter and Forscher, 2000). In 
lamellipodia, actin is organized as a branched 
network, while in !lopodia actin forms tight 
parallel bundles (Mattila and Lappalainen, 
2008;Suter and Forscher, 2000). Other 
prominent components of the growth cone 
cytoskeleton are microtubules, which provide 
structural    support    during    axon   elongation 
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(Gordon-Weeks, 2003). Microtubules also 
function as a substrate for fast axonal transport 
to the growth cone (Gordon-Weeks, 2003). In 
response to guidance cues in the extracellular 
environment, reorganization of actin and 
microtubule !laments occurs. When the growth 
cone responds to an attractive cue, F-actin 
assembly is triggered in the leading edge of 
!lopodia, actin retrograde "ow is inhibited and 
microtubules move in the direction of the 
leading edge of the growth cone. In response to 
a repulsive cue, F-actin assembly in the leading 
edge of !lopodia is inhibited, while F-actin 
retrograde "ow is stimulated, followed by 
microtubule movement away from the leading 
edge (Dickson, 2002;Huber et al., 2003;Suter 
and Forscher, 2000;Wen and Zheng, 2006;Kalil 
and Dent, 2005) (Figure 1B).

and Pasterkamp, 2008;Pasterkamp and Giger, 
2009). In this thesis, we focus on semaphorins 
and their receptors.
Semaphorins are de!ned by a semaphorin 
domain and a plexin-semaphorin-integrin (PSI) 
domain. In addition they can contain 
immunoglobulin-like (Ig), thrombospondin and 
basic C-terminal domains (Zhou et al., 2008). 
Semaphorins can be categorized into eight 
classes on basis of their domain organization 
and the species they are found in. Five 
semaphorins have been found in invertebrates 
(grouped in classes 1, 2 and 5). Vertebrates 
contain 20 semaphorins, which are categorized 
in classes 3-7. Finally, there are 2 virally encoded 
semaphorins (class V ) (Nakamura et al., 
2000a;Pasterkamp and Giger, 2009;Zhou et al., 
2008;Pasterkamp and Giger, 2009;Zhou et al., 
2008). Semaphorins can be membrane-bound 
(classes 1, 4, 5, 6 and 7) or secreted (classes 2, 3 
and V) and act as attractants or repellents 
(Figure 2).
Semaphorins signal through multimeric 
receptor complexes (Nak amura et al . , 
2000a;Pasterkamp and Giger, 2009;Zhou et al., 
2008). Plexins are the most prominent receptors 
in semaphorin signaling and comprise a large 
family of transmembrane proteins categorized 
into 4 classes (A-D) (Dickson, 2002). In 
invertebrate species, the ligand for the PlexA 
receptor (the invertebrate homologue of 
plexinA) is S ema1a (Nak amura et al . , 
2000a;Pasterkamp and Giger, 2009;Zhou et al., 
2008). In vertebrates, class 3 and class 6 
semaphorins interact with plexinAs. While class 
6 semaphorins bind directly to plexinAs, class 3 
semaphorins (Sema3s) require neuropilins 
(Npns) as binding sununits (Pasterkamp and 
Giger, 2009;Zhou et al., 2008). Npns do not 
appear to have a signaling function, but are 
thought to contribute to ligand speci!city. . 
Only Sema3E can directly interact with a plexin, 
plexinD1 (Pasterkamp and Giger, 2009;Zhou et 
al., 2008). Class 2 semaphorins interact with 
PlexB, while the ligands of vertebrate plexinB 
receptors are class 4 semaphorins (Pasterkamp 
and Giger, 2009).     The    receptor    for    class   5 

Figure 1 | A schematic representation of neurons sampling 
the environment for cues to guide them to their target 
area | Panel A shows the molecular mechanism of axon 
guidance. Indicated in red are repellent cues and indicated in 
green are attractant cues. Cues acting on a short range are 
indicated with either a + or a – , depending on their effect. 
Cues acting on a long distance are indicated with a gradient in 
red or green. A magni!cation of the leading edge of the axon, 
the growth cone is shown in B. This schematic overview 
shows what occurs in the growth cone when it responds to 
cues in the environment. In case of an attractant cue, !lopodia 
extend by actin !lament assembly. When the growth cone 
responds to a repellent cue, actin disassembly occurs.

1.2.1 Semaphorins and plexins; a large family 
of guidance molecules and receptors
Several conserved families of guidance 
molecules have been identi!ed. Prominent 
among these are netrins, slits, ephrins and 
semaphorins    (Dickson,  2002;  van  den  Heuvel 
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semaphorins in neurons is unknown, while 
S ema7A binds plexinC1 and integrins 
(Pasterkamp and Giger, 2009;Zhou et al., 2008). 
In addition to Npns and plexins, semaphorin 
holoreceptor complexes can contain additional 
receptor subunits such as the receptor tyrosine 
kinase Met, the catalytically inactive receptor 
tyrosine k inase off-track (OTK ) and Ig 
superfamily cell adhesion molecules (IgCAMs) 
(Pasterkamp and Giger, 2009;Zhou et al., 
2008;Dickson, 2002).
In this introductory chapter we focus on two 
main families of IgCAMs, the neuronal cell 
adhesion molecule family (N C AM-120, 
NCAM-140 and NCAM-180) and the L1 
superfamily (L1, Close homologue of L-1 (CHL1),

NrCAM andneurofascin) (Hortsch, 2000;Sandi, 
2004). The structure of different IgCAMs is 
h i g h l y s i m i l a r a n d c h a r a c t e r i z e d b y 
immunoglobulin (Ig) domains and !bronectin 
type III-like (FN-III) repeats.  IgCAMs play an 
important role in cell-cell interactions through 
homophilic (e.g. L1-L1) or heterophilic (e.g. 
NCAM-L1) interactions (Sandi, 2004). IgCAMs 
are expressed at regions of contact between 
neigbouring axons and on growth cones (Sandi, 
2004). Several studies have shown the 
functional relevance of IgCAMs, such as L1, 
CHL-1 and NCAM-1, during the formation of 
axonal tracts. For example, IgCAMs play a key 
role in the formation of different cortical 
projections (Bechara et al., 2008;Cremer et al., 

Figure 2 | The different classes of semaphorins and their receptors | The different classes of semaphorins are shown with 
their receptors for both invertebrate and vertebrate species (random examples of these species are shown in silhouettes). 
Sema1, 2 and 5C can be found in invertebrates, while classes 3-7 are present in vertebrates. Class V contains viral semaphorins/ 
The principle signaling receptor of the semaphorins are the plexins. However, some semaphorins, like Sema7A and Sema3A, 
don’t require plexins for signaling. Furthermore, whether plexins are involved in class 5 semaphorin signaling has yet to be 
resolved. Other receptors like OTK, IgCAMs and Integrins are known coreceptors in semaphorin-plexin signaling. For class 3 
semaphorins Npns serves as a ligand binding receptors. Sema3E is the only class 3 semaphorin, which can directly bind to a 
plexin (plexinD1).
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1997;Demyanenko et al., 2004 ;Demyanenko et 
al., 1999;Demyanenko et al., 2010;Demyanenko 
et al., 2011;Sakurai et al., 2001;Schlatter et al., 
2008;Schmid and Maness, 2008;Wright et al., 
2011). In semaphorin receptor complexes, 
IgCAMs function as modulatory subunits that 
together with plexins determine the axonal 
response to a semaphorin, i.e. attraction or 
repulsion (Zhou et al., 2008). Furthermore, 
recent studies have shown that although 
plexins are thought to be the main signaling 
receptor for semaphorins, Sema3A can also 
signal directly through L1 in the absence of a 
member of the plexinA family (Bechara et al., 
2008). This suggests that signaling complexes 
downstream of L1 and plexinAs may cooperate 
to mediate the guidance effects of Sema3A and 
perhaps other semaphorins (Bechara et al., 
2008).

1.3 SCULPTING NEURONAL CONNECTIONS 
WITH SEMAPHORINS AND PLEXINS
In this thesis, the functional role of Sema3s, their 
receptors and putative signaling cues is 
examined in axon guidance and/or cell 
migration in three different neuronal systems, 
the mesodiencephalic dopamine (mdDA) 
system, cerebellum and hippocampal dentate 
gyrus. This section describes the development 
of those systems with an emphasis on 1) cell 
migration (cerebellum) and axon guidance 
(mdDA system and dentate gyrus) and 2) a role 
for semaphorins and plexins in these cellular 
processes. 

1.3.1 Wiring the mesodiencephalic dopamine 
system with semaphorins
MdDA axon projections originate from neurons 
in the vental tegmental area (VTA) and the 
substantia nigra (SN), both located in the 
midbrain (Björklund and Dunnett, 2007;Smidt 
and Burbach, 2007). The SN forms the lateral 
part of the mdDA neuron pool and the VTA its 
medial part (Figure 3) (Björklund and Dunnett, 
2007;Smidt and Burbach, 2007). MdDA neurons 
in the SN have prominent projections to the 
dorsal  striatum     (Figure 3A)    (Björklund     and 

Dunnett, 2007;Smidt and Burbach, 2007). This 
pathway is referred to as the nigrostriatal 
pathway and is associated with motor control or 
movement. Degeneration of the nigrostriatal 
pathway is a hallmark of Parkinson’s disease 
(Björklund and Dunnett, 2007;Smidt and 
Burbach, 2007). Neurons in the VTA project to 
the prefrontal cortex and the ventral striatum 
(Figure 3A). These pathways are referred to as 
the mesoprefrontal and the mesolimbic 
pathways, respectively. Mesoprefrontal and 
mesolimbic connections are associated with 
cognitive behavior and are affected in patients 
suffering from drug addiction and mental 
disorders such as schizophrenia and autism 
(Björklund and Dunnett, 2007;Smidt and 
Burbach, 2007).

Figure 3 | Mesodiencephalic dopamine projections | A 
schematic representation of an adult rodent brain is shown in 
panel A. The cross section shows that the dopamine system of 
the midbrain can be anatomically divided into two regions, 
the substantia nigra (SN) (more rostral/lateral) and the ventral 
tegmental area (VTA) (more medial/caudal) (B). Cells from the 
(SN) project to the striatum as the nigro-striatal pathway (A). 
The medioprefrontal projections arise in the VTA and 
terminate in the medial prefrontal cortex, shown in panel (A).

MdDA neurons start to form neurites around 
E11.5 which !rst follow a dorsal trajectory and 
then re - or ient rostra l ly (G ates et a l . , 
2004;Nakamura et al., 2000). The axons take a 
ventrorostral course towards the telencephalon 
and run through the lateral part of the 
telencephalon where they fasciculate in two 
ipsilateral axon tracts, the medial forebrain 
bundles (MFB)  (Figure 3). By E14.5 mdDA axons 
reach the striatum and by E15.5 the prefrontal 
cortex.  In  the  following  days,  these  and other 
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target structures are innervated by mdDA axons 
and synaptic contacts are established. Several 
different axon guidance cues are required for 
the development of mdDA pathways, including 
Sema3s (Prasad and Pasterkamp, 2007; van den 
Heuvel and Pasterkamp, 2008). In vitro Sema3A, 
Sema3C and Sema3F act as attractive and 
repulsive guidance cues for mdDA axons 
(Hernández-Montiel et al., 2008) and in vivo 
analyses reveal a role for Sema3F in the rostrally 
oriented growth of mdDA axons in the midbrain 
(Yamauchi et al., 2009). However, whether 
Sema3F and other Sema3s are important for 
other aspects of mdDA pathway formation (e.g. 
axon fasciculation or target innervation) and, if 
so, which receptors are involved remains 
unknown.

1.3.2 The role of semaphorins and plexins in 
cerebellar development
A large part of the development of the 
cerebellum occurs postnatally, as outlined in 
detail in Figure 4. In brief, cells that will occupy 
the cerebellum (e.g. granule cells and Purkine 
cells) are born prenatally at either the 
neuroepithelium of the fourth ventricle or at the 
rhombic lip, and then migrate to the cerebellar 
plate (Goldowitz and Hamre, 1998;Porcionatto, 
2011). During early postnatal development, the 
cerebellum consists of the external granule cell 
layer (EGL) and the Purkinje cell layer (PCL) 
(Figure 4A) (Chédotal, 2010;Goldowitz and 
Hamre, 1998;Kagami and Furuichi, 2001;Komuro 
and Yacubova, 2003;Porcionatto, 2011). As 
development progresses, granule cells start 
migrating from the EGL to their !nal 
destination, the inner granule cell layer (IGL). 
This migration is guided by Bergmann glia 
(Chédotal, 2010;Goldowitz and Hamre, 
1998;Kagami and Furuichi, 2001;Komuro and 
Yacubova, 2003;Porcionatto, 2011). At this stage, 
Purkinje cells mature, not only by increasing 
their cell body size, but also through the 
elaboration of their dendritic trees and the 
formation of synaptic contacts (Figure 4A) 
(Chédotal, 2010;Goldowitz and Hamre, 1998; 
Kagami    and     Furuichi,    2001;    Komuro    and 

Yacubova, 2003;Porcionatto, 2011;Solecki et al.,
2004). During the process of Purkinje cell 
maturation and granule cell migration the 
molecular layer (ML) is formed (Figure 4A) 
(Chédotal, 2010;Goldowitz and Hamre, 
1998;Kagami and Furuichi, 2001;Komuro and 
Yacubova, 2003;Porcionatto, 2011). 

Figure 4 | Axon guidance cues in the development of the 
cerebellum| A schematic representation of the processes that 
occur during the postnatal development of the cerebellum is 
shown in panel A. The role of semaphorins and plexins is 
indicated in panel B. Sema6A uses plexinA2 and plexinA4 for 
somal translocation of the granule cell. This process is 
required for the migration of granule cells from the EGL to the 
GL. In the Sema6A knockout mice, this migration is affected, 
leaving some granule cell in the molecular layer during 
adulthood. In plexinB2 knockout mice, the migration of 
granule cells is also affected. Here, cells start migrating too 
early, leading to a malformation of the granule cell layer and a 
disorganization of the Purkinje cell layer. Panels are from 
Kagami and Furuichi, 2001 and Kerjan et al., 2005. External 
granule layer (EGL), granule cell (GC), glomerulus (gl), inner 
granule layer (IGL), mossy !ber (mf), molecular layer (ML), 
Purkinje cell (PC), Purkinje cell layer (PCL), parallel !ber (PF), 
radial migration (rp), synapse (sp).

The processes of cell migration, cell maturation 
and synapse formation in the developing 
cerebellum rely on a plethora of molecular cues 
including guidance cues (Goldowitz and Hamre, 
1998;  Kagami   and   Furuichi, 2001; Porcionatto, 
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2011) (Figure 4A). Several semaphorins and 
semaphorin receptors have been shown to be 
required for proper cerebellar development 
(Ding et al., 2007;Friedel et al., 2007;Kerjan et al., 
2005;Renaud et al., 2008;Solowska et al., 2002). 
For example, Sema3A is required for the 
targeting of cerebellar mossy !bers, axons of 
cells located in the inferior olive nucleus, onto 
granule cells (Solowska et al., 2002). Another 
Sema3, Sema3F, contributes to cerebellar 
development by acting as an attractant for the 
growth cones of cerebellar granule cells (Ding et 
al., 2007). In plexinA2 and plexinA4 mutant mice, 
the migration of granule cells to the IGL is 
altered. Some granule cells stall and mature in 
the ML, failing to reach the IGL (Friedel et al., 
2007;Kerjan et al., 2005;Renaud et al., 2008). 
Sema6A mutant mice display a similar 
phenotype  suggesting  that  Sema6A  functions
as a ligand for plexinA2 and plexinA4 during 
this process (Friedel et al., 2007;Kerjan et al., 
2005;Renaud et al., 2008). PlexinB2 is also 
required for the organization of the granule cell 
layer and the PCL (Friedel et al., 2007). In 
plexinB2 knockout mice, granule cells in the EGL 
start migrating prematurely and linger in the 
ML. In addition, ectopic Purkinje cells are found 
in between granule cells in plexinB2 mutant 
mice (Figure 4B) (Friedel et al., 2007). Both 
Sema4C and Sema4G interact with plexinB2 to 
orchestrate the migration and position of 
granule cells and Purkinje cells (Maier et al., 
2011). In contrast to this emerging knowledge 
on the roles of semaphorins and their receptors 
during cerebellar development, nothing is 
k n ow n a b o u t t h e d ow n s t re a m s i gn a l 
transduction mechanisms involved.

1.3.3 Mossy "ber projections from the dentate 
gyrus
The hippocampus is a structure associated with 
memory. It can be anatomically divided into the 
dentate gyrus (DG), the hillus, the cornus 
ammonis 1-3 (CA1-3), the subiculum and the 
entorhinal cortex (EC). The DG receives input 
from the EC and sends information to the CA3 
area   through    mossy    !ber   (MF)   projections 

(Figure 5A) (Blaabjerg and Zimmer, 2007). MF 
projections originate from DG granule cells and 
form the suprapyramidal bundle (SP) and the 
infrapyramidal bundle (IFP) (Figure 5A). The SP 
consists of axons from the dorsal part of the DG. 
Granule cells in the ventral part of the DG send 
their axons to both the SP and the IFP 
(Blaabjerg and Zimmer, 2007). The SP and IFP 
are both formed during the !rst 3 weeks after 
birth. The SP starts forming around P3 and 
increases in size until 3 weeks after birth 
(Blaabjerg and Zimmer, 2007). The ventral blade 
of the DG develops later, around P5, and also 
contains younger neurons as compared to the 
dorsal blade (Scobie et al., 2009) (Figure 5B). The 
IFP is pruned at around P45 in mice to its adult 
size (Bagri et al., 2003).
The SP is located in the stratum lucidum, the 
most proximal lamina of the CA3 region (Figure 
5C). Several studies have focused on molecular 
cues required for the proper positioning of the 
SP (Suto et al., 2007;Tawarayama et al., 2010). 
These studies show that plexinA2, plexinA4, 
Sema6A, Sema6B and several unknown factors 
are required for the proper positioning of the SP. 
MF axons express plexinA4, which functions as a 
receptor for both Sema6A and Sema6B 
expressed in the CA3 region (Suto et al., 
2007;Tawarayama et al., 2010). Both ligands for 
plexinA4, Sema6A and Sema6B, act as 
repellents to prevent MF axons from entering 
lamina other than the stratum lucidum (Suto et 
al., 2007;Tawarayama et al., 2010). Interestingly, 
plexinA2 is expressed in the stratum lucidum 
and competitively suppresses the Sema6A-
plexinA4 interaction to attenuate Sema6A-
induced MF repulsion. This allows MF axons to 
enter the stratum lucidum (Suto et al., 
2007;Tawarayama et al., 2010) (Figure 5C).
Semaphorins and plexinAs do not only have an 
effect on the proper position of the SP, they also 
play an important role in the pruning of the IFP 
(Bagri et al., 2003;Chen et al., 2000;Cheng et al., 
2001;Chédotal et al., 1998).  Sema3F acts as a 
repellent for MF axons through a receptor 
complex consisting of Npn2 and plexinA3 to 
prune  the  IFP  to  its  adult  size. In mice lacking
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1 . 4 S I G N A L I N G D O W N S T R E A M O F 
SEMAPHORINS AND PLEXINS
In recent years, great progress has been made in 
unveiling the intracellular signal transduction 
pathways that operate downstream of 
semaphorins and plexins (Zhou et al., 2008; 
Pasterkamp and Giger, 2009). The cytoplasmic 
region of plexins plays an important role in 
initiating signaling events downstream of 
semaphorins and plexins. This region contains a 
G T Pase -ac t ivat ing (G A P ) moti f, which 
inactivates R-Ras when semaphorins bind to the 
ectodomain of plexins (Pasterkamp and Giger, 
2009). Numerous cytosolic proteins, such as FAK 
(focal adhesion kinase), MAPK (mitogen-
activated protein kinase), FARP2 (FERM, RhoGEF  

family GTPase 1), Rac1, Fyn and CRMP (collapsin 
response mediator protein) have been 
implicated in plexin signaling (Nakamura et al., 
2000;Pasterkamp and Giger, 2009;Zhou et al., 
2008, Figure 6). Brie"y, binding of Sema3s to the 
Npn-plexinA receptor complex promotes the 
dissociation of FARP2 from the plexinA receptor, 
which in turn activates Rac1 to facilitate Rnd1-
plexinA interaction. The interaction of Rnd1 and 
plexinA stimulates plexinA RasGAP activity to 
suppress R-Ras and inactivate PI3K signaling. 
Furthermore, GSK3beta together with Cdk5 and 
Fyn phosphorylates and inactivates CRMP2 
leading to changes in the microtubule 
cytoskeleton (Huber et al., 2003;Zhou et al., 
2008).
Recently, Mical (molecule interacting with CasL) 
was identi!ed as a PlexA-interacting signal 
transduction protein required for semaphorin-
mediated axon repulsion in Drosphila (Terman 
et al., 2002). The role of MICALs in plexinA 
signaling in vertebrates is unknown and a major 
focus of this thesis. The next section brie"y 
discusses the function and molecular properties 
of MICALs. A more detailed description of how 
MICALs function and in which cellular processes 
they have been implicated so far is presented in 
chapter 3family GTPase 1), Rac1, Fyn and CRMP 
(collapsin response mediator protein) have been 
implicated in plexin signaling (Nakamura et al., 
2000;Pasterkamp and Giger, 2009;Zhou et al., 
2008, Figure 6).

Sema3F, Npn2 or plexinA3, the IFP remains 
abnormally long (Bagri et al., 2003;Chen et al., 
2000;Cheng et al., 2001).

Figure 5 | Formation of the hippocampal DG and its MF 
projections to the CA3 | The dorsal part of the DG projects to 
the CA3 region in a bundle referred to as the SP. The ventral 
blade of the DG projects to the CA3 in both the IFP and SP (A). 
Panel B shows the development of the DG. At P5, the dorsal 
blade contains older neurons as compared to the ventral 
blade. By P10 this difference is no longer detectable and only 
a difference in age is observed between cells from the 
subgranule zone to the outer part of the DG. This corresponds 
with how the newly born cells migrate in the DG. Panel C 
shows how Sema6A, Sema6B and plexinA2 are required for 
the proper positioning of MF projections. Cornu Ammonis 1-3 
(CA1-3), Dentate gyrus (DG), Infrapyramidal bundle (IFP), 
Suprapyramidal bundle (SP).

Figure 6 | Semaphorin-
plexin downstream 
s i g n a l i n g | U p o n 
b i n d i n g o f c l a s s 3 
semaphorins to the Npn-
p l e x i n A r e c e p t o r 
c o m p l e x , FA R P 2 i s 
dissociated from the 
plexinA receptor and 
activates Rac1. Rnd1-
plexinA interactions are 
facilitated and stimulate 
R a s G A P a c t i v i t y t o 
suppress R - R as and 
inactivate PI3K signaling. 
C R M P 2 c o n t r o l s 
microtubule dynamics.
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1.4.1. Molecule interacting with CasL – MICAL
MICALs form an evolutionary conserved family 
of cytoplasmic proteins that contains two 
members in Drosophila, Mical and Mical-Like, 
and !ve members in vertebrate species and !ve 
members in vertebrate species, MICAL-1, MICAL

-2, MICAL-3, MICAL-like1, and MICAL-like2 
(Terman et al., 2002) (Figure 7). All MICALs 
contain a C-terminal coiled-coiled motif, a LIM 
domain and a calponin homology (CH) domain. 
MICAL-likes lack the N-terminal region that 
contains a monooxygenase domain which is 
present in MICALs (Kolk and Pasterkamp, 
2007;Nadella et al., 2005;Rahajeng et al., 
2010;Sakane et al., 2010;Terman et al., 2002).
The different domains present in MICAL 
proteins are associated with binding to a variety 
of proteins. For example, the C-terminal region 
of MICAL is associated with binding to vimentin, 
Rabs and plexinAs  (Kolk and Pasterkamp, 
2007;Suzuki et al., 2002). The binding to 
plexinAs indicated a role in semaphorin-plexin 
signaling. Indeed, Terman and colleagues 
showed that Drosophila Mical is required for 
mediating axon repulsion induced by Sema1a-
PlexA signaling (Figure 8A). Rabs are associated 
with vesicle trafficking within the cell. Recent 
studies show that MICAL-3 interacts with Rab8A 
for vesicle docking and fusion (Grigoriev et al., 
2011). Using yeast two-hybrid screening of 
MICAL-1, MICAL-3, MICAL-like1 and MICAL-
like2, several other Rab proteins were shown to 
be capable of binding to MICALs (Fukuda et al., 
2008). The speci!c function of MICALs in Rab-
mediated processes remain largely unknown. 
MICAL-likes play a role in endocytic recycling 
and assembly and the recycling of tight and 
adherens junctions through their interaction 
with Rabs (Figure 8B) (Rahajeng et al., 2010). 
The proline-rich region present in MICAL-1 is 
required for CasL binding (Kolk and Pasterkamp, 
2007;Rahajeng et al., 2010;Suzuki et al., 2002). 
The LIM domain in MICAL-1 mediates an 
interaction with NDR kinases and is required for 
the inhibitory effect of MICAL-1 on apoptosis 
induced by the MST-NDR pathway (Zhou et al., 
2011). The N-terminal monooxygenase region 
of MICALs contributes to axon repulsion in 
Drosophila (Terman et al., 2002). MICAL 
monooxygenase activity is required for the 
phosphorylation of CRMP2 by GSK3-beta and 
c a n i n d u ce d i s a s s e m b l y o f t h e a c t i n 
cytoskeleton (Hung et al., 2010;Morinaka et al., 

Figure 7 | The MICAL protein family is conserved from 
Drosophila to mammals| The Drosophila MICAL family 
consists of 2 members, dMical and dMICAL-L (MICAL-like). The 
vertebrate MICAL family has 5 members, MICAL-1-3 and 
MICAL-L1-2. Here Human MICALs (hMICALs) are shown. 
Calponin homology domain (CH), Coiled-coil motive (CC), 
"avin-adenine dinucleotide binding domain (FAD), LIM 
domain (LIM), proline rich region (P).

Figure 8 | Known functions of MICAL proteins| Panel A 
shows MICAL in semaphorin-plexinA signaling. When 
Drosophila Sema1a binds to its receptor PlexA, Mical is 
activated and causes actin cytoskeleton reorganization, which 
leads to growth cone collapse. Panel B shows MICAL-Likes in 
endocytosis and vesicle trafficking. MICAL-Ls can interact with 
Rabs to regulate the endocytotic recycling of CAMs and 
integrin receptors. After endocytosis, vesicles containing 
receptors form early endosomes. The receptors are 
transported back to the cell membrane by either the direct or 
the indirect pathway (forming recycling endosomes). For the 
indirect pathway, the MICAL-Ls play an important role. 
MICAL-L1 interacts with Rab8 in transporting the recycling 
endocomes back to the cell surface, while MICAL-L2 either 
interacts with Rab8 or Rab13 ful!lling a similar role. Cell 
adhesion molecules (CAMs), early endosomes (EE), recycling 
endosomes (RE). 
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1.5 AIM AND OUTLINE OF THIS THESIS

Semaphorins are a family of axon guidance 
molecules regulating the establishment of 
p r o p e r n e u r o n a l c o n n e c t i v i t y d u r i n g 
development by guiding axons to their target 
structures. They also play key roles in other 
developmental processes such as neuronal 
migration. The precise role(s) of many members 
of the semaphorin family during neural 
development is st i l l largely unknown. 
Furthermore, the signal transduction pathways 
that are induced by semaphorins upon binding 
to their neuronal receptor complexes remain 
poorly understood. Therefore, the aim of this 
thesis is to further our understanding of the 
functional roles of semaphorins during neural 
circuit development (part II of this thesis) and to 
characterize the signaling pathways that 
operate downstream of semaphorins in neurons 
(part III of this thesis).

Chapter 2 (part II) focuses on a novel role for 
Sema3F and its receptor Npn2 in the formation 
of mdDA axon projections using both in vivo 
and in vitro methods. The !rst part of this 
chapter describes the development of mdDA 
axon projections in mice, followed by an 
examination of the role of Sema3F and Npn2 
during several aspects of mdDA pathway 
formation. 

Chapter 3 (part III) reviews our current 
understanding of the function and mechanism-
of-action of MICAL proteins as an introduction 
to part II of this thesis.
Previous expression studies provide no data on 
the expression of MICALs in the cerebellum. 
Therefore, Chapter 4 (part III) describes the 
expression patterns of vertebrate MICALs 
display highly unique and partially non-
overlapping patterns of expression during 
c e re b e l l a r d e ve l o p m e n t . I n a d d i t i o n , 
manipulation of MICAL expression is found to 
affect neurite growth. Overall, these data 
suggest that the cerebellum is an attractive 
neuronal system for further studies on MICALs. 
Although Mical is required for semaphorin-
induced axon repulsion in invertebrates, it is 
unknown whether MICALs also play a role in 
semaphorin signaling in vertebrate species. 
Chapter 5 (part III) describes the generation 
and analysis of mice de!cient for MICAL-1 and/
or MICAL-3 with a focus on potential 
semaphorin and plexin-related phenotypes. 
Chapter 6 focuses on the analysis of MF 
projections in the hippocampus in MICAL 
de!cient mice. This study reveals a novel role for 
MICALs in the path!nding of MF projections 
through the regulation of the cell surface 
expression of IgCAMS.
Finally, the !ndings described in this thesis are 
summarized and discussed in light of our 
current understanding of Sema-plexin signaling 
in Chapter 7. 
In all, the studies described in this thesis reveal a 
new role for Sema3F and its receptor Npn2 in 
the development of mdDA axon projections 
and show a requirement for MICALs in the 
development of hippocampal connectivity 
involving the regulation of cell surface 
expression of IgCAM proteins. These results 
form a valuable framework for future studies on 
MICALs in physiological and pathological 

2011). Both the link to CRMP2 and the actin 
cytoskeleton are thought to be important for 
the role of MICALs in axon repulsion.
In conclusion, MICALs are multi-domain 
proteins with the ability to interact with several 
d i ff e r e n t s i g n a l i n g p r o t e i n s t h e r e b y 
contributing to the regulation of a wide variety 
of cellular processes. However, the role of 
MICALs during neural development and axon 
guidance in vertebrate species remains largely 
unknown.
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"Semaphorin 3F Is a Bifunctional Guidance Cue for 
Dopaminergic Axons and Controls Their Fasciculation, 
Channeling, Rostral Growth, and Intracortical Targeting"

Sharon M. Kolk,1 Rou-Afza F. Gunput,1 Tracy S. Tran,2 Dianne M. A. van den Heuvel,1 Asheeta A. Prasad,1 Anita J. C. G. M. 
Hellemons,1 Youri Adolfs,1 David D. Ginty,2 Alex L. Kolodkin,2 J. Peter H. Burbach,1 Marten P. Smidt,1 and R. Jeroen 
Pasterkamp1

11Department of Neuroscience and Pharmacology, Rudolf Magnus Institute of Neuroscience, University Medical Center Utrecht, 3584 CG Utrecht, The Netherlands, and 
22The Solomon H. Snyder Department of Neuroscience and Howard Hughes Medical Institute, The Johns Hopkins University School of Medicine, Baltimore, Maryland 21205

ABSTRACT | Dopaminergic neurons in the mesodiencephalon(mdDAneurons)makeprecise 
synaptic connections with targets in the forebrain via the mesostriatal, mesolimbic, and 
mesoprefrontal pathways. Because of the functional importance of these remarkably complex 
ascending axon pathways and their implication in human disease, the mechanisms underlying 
the development of these connections are of considerable interest. Despite extensive in vitro 
studies, the molecular determinants that ensure the perfect formation of these pathways in vivo 
remain mostly unknown. Here, we determine the embryonic origin and ontogeny of the mouse 
mesoprefrontal pathway and use these data to reveal an unexpected requirement for 
semaphorin 3F (Sema3F) and its receptor neuropilin-2 (Npn-2) during mdDA pathway 
development using tissue culture approaches and analysis of sema3F/, npn-2/, and npn-2/;TH-
Cre mice. We show that Sema3F is a bifunctional guidance cue for mdDA axons, some of which 
have the remarkable ability to regulate their responsiveness to Sema3F as they develop. During 
early developmental stages, Sema3F chemorepulsion controls previously uncharacterized 
aspects of mdDA pathway development through both Npn-2-dependent (axon fasciculation 
and channeling) and Npn-2-independent (rostral growth) mechanisms. Later on, 
chemoattraction mediated by Sema3F and Npn-2 is required to orient mdDA axon projections 
in the cortical plate of the medial prefrontal cortex. This latter "nding demonstrates that 
regulation of axon orientation in the target "eld occurs by chemoattractive mechanisms, and 
this is likely to also apply to other neural systems. In all, this study provides a framework for 
additional dissection of the molecular basis of mdDA pathway development and disease.
INTRODUCTION | The formation of long 
ascending and descending !ber systems in the 
CNS is exquisitely complex and requires a 
myriad of extracellular signals. Although the 
wiring of ascending and descending spinal 
pathways has been studied in detail, the 
mechanisms by which long ascending and 
descending axon tracts within the forebrain are 
established are poorly understood (Bagri et al., 
2002; Lyuksyutova et al., 2003; Bourikas et al., 
2005; Liu et al., 2005; Chauvet et al., 2007). 
Among the most prominent ascending !ber 
systems in the forebrain are the axon pathways 
from mesodiencephalic dopamine (mdDA) 

neurons in the substantia nigra (SN) and ventral 
tegmental area (VTA). mdDA neurons in the 
adult SN send projections to the dorsolateral 
striatum (the mesostrial pathway) and control 
voluntary movement. mdDA neurons in the VTA 
target the ventromedial striatum and medial 
prefrontal cor tex (mPFC ), forming the 
mesolimbic and mesoprefrontal pathways, 
respectively, and mediate cognitive functions 
(Björklund  and Dunnett, 2007; Ikemoto, 2007; 
Lammel et al., 2008). Changes in mdDA 
connectivity cause drastic behavioral de!cits 
and underlie neural disorders such as 
Parkinson’s disease and schizophrenia (Winterer 
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and Weinberger, 2004; Savitt et al., 2006), 
highlighting the need to understand how these 
precise connections are established and 
maintained. The molecular events that 
orchestrate mdDA pathway development are 
just beginning to be understood (Van den 
Heuvel and Pasterkamp, 2008). In vitro studies 
reveal chemotactic activities demarcating the 
presumptive mdDA trajectory (Nakamura et al., 
2000; Gates et al., 2004) and several axon 
guidance molecules can elicit mdDA guidance 
responses in vitro (Yue et al., 1999; Lin et al., 
2005; Herna´ndez-Montiel et al., 2008; Cooper et 
al., 2009; Yamauchi et al., 2009). On the basis of 
t h e s e s t u d i e s , i t s e e m s c o n c e i v a b l e 
thatmdDApathway development relies on the 
combinatorial actions of a multitude of 
molecular cues. Thus far, however, only few in 
vivo data have been reported. Analysis of Slit 
mutant mice implicates Slit-mediated repulsion 
in medial forebrain bundle (MFB) patterning 
(Bagri et al., 2002). In addition, genetic 
manipulation of EphA5 and ephrinA5 leads to a 
functional reduction in mdDA connections, 
whereas neuropilin-2 (npn-2)-de!cient mice 
display rostrocaudal polarity defects (Halladay 
et al., 2004; Sieber et al., 2004; Cooper et al., 
2009; Yamauchi et al., 2009). Despite this recent 
progress, the molecular events that underlie 
mdDA pathway development in vivo remain 
poorly understood. For example, molecules 
co nt ro l l i n g m d D A a xo n f a s c i c u l at i o n , 
longitudinal growth or pathwayspeci!c events 
have yet to be determined. Here, we determine 
the embryonic origin and ontogeny of the 
mouse mesoprefrontal pathway and use these 
data to show an in vivo requirement for 
semaphorin 3F (Sema3F) and its receptor Npn-2 
during mesoprefrontal pathway development. 
Furthermore, our results identify Sema3F as a 
bifunctional guidance cue and show that some 
mdDA axons have the remarkable ability to 
change their Sema3F responsiveness as they 
develop. Finally, we !nd that Sema3F-Npn-2- 
mediated axon attraction is necessary for the 
correct orientation of mdDA axons within the 
mPFC. This !nding highlights a novel axonal 
wiring principle that may also apply to other 

neural systems.

EXPERIMENTAL PROCEDURE | Animals and 
tissue treatment | All animal use and care were 
in accordance  with institutional guidelines. 
C57BL/6 mice were obtained from Charles River. 
Sema3F and npn-2 mutant mice have been 
described previously (Giger et al., 2000; Sahay et 
al., 2003). Tyrosine hydroxylase (TH)-Cre mice 
were obtained from Dr. C. R. Gerfen (National 
Institutes of Health, Bethesda, MD) (Gong et al., 
2007), and npn-2 conditional mice were 
obtained from Dr. P. Mombaerts (Max Planck 
Institute of Biophysics, Frankfurt, Germany) 
(Walz et al., 2002). Timed-pregnant mice and 
pups were killed by means of cervical 
dislocation or decapitation, respectively. The 
morning on which a vaginal plug was detected 
was considered embryonic day 0.5 (E0.5), and 
the day of birth, postnatal day 0 (P0). For in situ 
hybridization experiments, E14.5 and E18.5 
brains were directly frozen and sections were 
cut on a cryostat. For immunohistochemistry, 
embryos (E10.5–E13.5) and brains (E14.5–E18.5) 
were collected in PBS and !xed by immersion 
for 0.5–3 h in 4% paraformaldehyde (PFA) in PBS 
at 4°C. Adult mice were transcardially perfused 
with ice-cold saline Followed by 4% PFA and 
post!xed for 2 h. Samples intended for 
immunohistochemistry were washed in PBS and 
cryoprotected in 30% sucrose. Brains were 
frozen in M-1 embedding matrix (Thermo Fisher 
Scienti!c) on dry ice and stored at -80°C. 
Cryostat sections were cut at 14–16µm, 
mounted on Superfrost Plus slides (Thermo 
Fisher Scienti!c), air-dried, and stored 
desiccated at -20°C. 

Immunohistochemistry | Cryosections were 
stained immunohistochemically as described 
previously (Kolk et al., 2006). Sections were 
counterstained with either "uorescent Nissl 
stain (NeuroTrace; Invitrogen; 1:500) or 
propidium iodide (PI) (Invitrogen; 1:5000), 
washed extensively in PBS, and embedded in 
90% glycerol. Staining was visualized using 
epi"uorescent illumination on a Zeiss Axioskop 
2 microscope or by confocal laser-scanning 

Part 2 | RESEARCH ARTICLE |  Functional Analysis of Secreted semaphorins |

Page |    20  J. Neurosci., October 7, 2009 • 29(40):12542–12557



microscopy (Zeiss LSM510). The primary 
antibodies used, their suppliers, and dilutions 
can be found in Table 1. The nomenclature to 
describe TH-positive cells and axons within 
different brain areas is as described previously 
by Schambra et al. (1992) and Jacobowitz and 
Abott (1998) and extended as outlined in Figure 
3. 
To assess the width of the MFB in wild-type (wt) 

mice and in sema3F-/-, npn-2-/-and npn-2-/-;TH-
Cre mutant mice and littermate controls, images 
were captured of sagittal cryosections through 
the telencephalon of E18.5 mouse embryos 
immunostained for TH or of sagittal vibratome 
sections of E18.5 embryos traced with DiI in the 
medial VTA (mVTA) system and counterstained 
with "uorescent Nissl. Subsequently, axon tract 
width was determined as described by 
Pasterkamp et al. (2003) using OpenLab 
software (Improvision). In brief, in each animal 
three sagittal sections were selected from each 
ipsilateral MFB and the MFB region was imaged 
from each section. One section always covered 
the central aspect of the MFB and was "anked 
by two other sections on either side within the 
MFB (spaced 40–100 µm apart). In each image, a 
line was drawn perpendicular to the direction of 
axon extension within the MFB at the location 
indicated in Figure 8B. The average of the six 
lines was designated as the width of the TH-
positive MFB per embryo.To determine the 
number of thick axon fascicles in the MFB, a 
similar approach was taken. First, the mean 
width of a TH positive axon fascicle in the MFB 
of wild-type mice was determined by measuring 
the width of 150 axon fascicles in the MFB in TH-
immunostained sagittal sections derived from 
three different wild-type mice. This mean width 
was established at 19.2 µm (a similar width was 
found in DiI labeled mice) (data not shown). This 
number was then used to determine how many 
axon fascicles≥19.2µm crossed the lines used to 
establish the width of the MFB as outlined 
above. Data were tested for signi!cance by one-
way ANOVA (α=5%) and expressed as means ± 
SEM. No statistical differences could be 
detected between wild-type mice and the 

different littermate controls with respect to 
MFB width and axon fascicle number.
For assessing TH axon density in the mPFC of 

wild-type mice and of sema3F-/-, npn-2-/-and 

npn-2-/-;T H- Cre mutant mice and their 
littermate controls, three to !ve embryos were 
analyzed per developmental stage and two to 
four well spaced (80µm) sections at the same 
neuroanatomical level (cingulate cortex) were 
imaged and assessed. A 0.1-mm wide rectangle 
spanning the cerebral wall was placed over the 
center of the cingulate cortex (supplemental 
Fig. S5A). Embryonic zones were identi!ed 
using "uorescent Nissl staining. The whole 
thickness of the mPFC was divided into 10 equal 
bins [bin 1 within the proliferative zone (PZ) and 
bin 10 within the marginal zone (MZ)] within 
this rectangle, and TH-positive axon density was 
assessed within each bin using ImageJ software. 
Data were normalized to total density per 
square millimeter and averaged for each 
embryo, and data from several individual 
animals were pooled. To better visualize and 
compare TH innervation of wild-type and 
mutant mPFC, line drawings based on camera 
lucida were obtained from three consecutive 
sections. 
To determine the orientation of TH-positive 
axons within the cortical plate (CP) of the mPFC 

of wild-type mice and of sema3F-/-, npn-2-/-, 

and npn-2-/-;TH-Cre mutant mice and their 
littermate controls, the angle of TH-positive 
axons relative to the pial surface was 
d e t e r m i n e d a n d q u a n t i ! e d i n e a c h 
experimental condition and grouped according 
to angle (0–20, 20–40, 40–60, and >60°) (see Fig. 
9K). To determine the angles of TH-positive 
axons in the CP, a line connecting the pial 
membrane with the ventricular zone (VZ) was 
moved from right to left within the 0.1- mm-
wide rectangle spanning the cerebral wall of the 
cingulate cortex used for the TH-positive axon 
density measurements described above. The 
angle of all TH-positive axons in the CP within 
the rectangle was subsequently determined in 
relation to this line using OpenLab software 
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(Improvision) (supplemental Fig. S5A). As 
described above, three to !ve embryos were 
analyzed per developmental stage and two to 
four well spaced (80µm) sections at the same 
neuroanatomical level were imaged and 
assessed. 0° corresponds to a trajectory 
perpendicular to the pial surface, whereas 90° 
represents a trajectory parallel to the pia. 
Furthermore, the !rst 10 TH positive axons that 
crossed the line while it was shifted from right 
to left within the rectangle were plotted in axon 
orientation plots (see Fig. 9, shown as insets). 
Data (overall axon density, axon density/bin, 

and percentage of axons/ group) were tested 
for significance by one-way ANOVA (α= 5%) 
and expressed as means ± SEM. 

DiI tracing| For DiI labeling, brains were 
dissected and !xed by immersion in 4% PFA in 
PBS, pH 7.4, containing 4% sucrose and 
microinjected with DiI (“paste” preparation; 
Invitrogen). To ensure small and reproducible 
DiI injections, small pockets of tracer (~0.2– 
0.5µl) were microinjected into the rostral-to-
caudal extent of the mVTA or mPFC of wild-type 

or sema3F-/- mice (and littermate controls) 
using a picospritzer (Harvard Apparatus). Brains 
were stored in !xative for 4–8 weeks in the dark 
at room temperature, rinsed in PBS, embedded 
in 5% low-melting-point agarose in PBS, and 
sectioned coronally at 80–100µm on a 
Vibratome (Leica VT 1000S). Free-"oating 
sections were then counterstained with either 
bisbenzamide or DAPI (4’,6’-diamidino-2- 
phenylindole) (0.1 mg/ml in PBS; Invitrogen), 

,coverslipped in 90% glycerol in PBS, and 
examined by epi"uorescence microscopy (Zeiss 
Axioskop 2) or by confocal laser-scanning 
m i c r o s c o p y ( Z e i s s L S M 5 1 0 ) . S p e c i ! c 
designations such as rostral-to-caudal portions 
of mVTA are explained in Figure 3. The 
speci!city of the DiI injections can be inferred 
from the observations that injection in the 
rostral mVTA consistently labeled projections to 
the mPFC, whereas microinjections in the mPFC 
led to labeled neurons in the rostral mVTA only. 
Furthermore, injections in other parts of the 
mVTA did not mark mesoprefrontal projections 
but did reproducibly label other mdDA 
pathways.

Explant cultures | Three-dimensional collagen 
matrix assays were performed as described 
previously (Pasterkamp et al., 2003). E12.5 or 
E14.5 embryos were collected in ice-cold L15 
medium and brains were rapidly dissected. 
Small explants (~350µm) were dissected from 
(1) the mVTA in a rostral-to-caudal direction, 
bisected along the midline; (2) the mPFC 
(prelimbic and and cingulate areas); and (3) the 
somatosensory (S1) cortex (Ctx) (see Fig. 3A) 
and collected in ice-cold L15 containing 10% 
FCS. Combinations of mVTA and mPFC or mVTA 
and S1 were embedded in close proximity 

(±300µm apart) in a collagen matrix in four-well 
tissue culture dishes (Nunclon Surface; Nunc). In 
cue culture experiments, explants were 
embedded next to aggregates of HEK293 cells 
transiently transfected with expression 
constructs for Sema3A, Sema3C, Sema3F, or 
mock-transfected cells as a control. Explants 
were cultured in DMEM/F12 with 10% FCS, 
glucose, glutamine, and antibiotics in a 
humidi!ed incubator at 37°C with 5% CO2 for 

Table 1|  Primary antibodies, their suppliers, and dilutions |
Antibody Supplier Dilution
Rabbit anti-TH Pel-Freez 1:1000
Sheep anti-TH Pel-Freez 1:200
Mouse anti-beta-III-tubulin (Tuj1) Covance 1:500
Rabbit anti-Tbr1 A kind gift from Dr. R. F. Hevner (University of 1:1000

Washington, Seattle, WA) 
Santa Cruz 1:100

Mouse anti-calbindin Swant 1:5000
Rabbit anti-Npn1 Kolodkin et al. (1997); Giger et al. (1998) 1:50
Rabbit anti-Npn-2 Kolodkin et al. (1997); Giger et al. (1998) 1:50
Rabbit anti-GIRK2 Alomone Labs 1:80
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56–58 hrs. Explants were then quickly washed in 
PBS, !xed in buffered 4% PFA for 1.5 hrs, and 
w a s h e d e x t e n s i v e l y b e f o r e 
immunocytochemistry for both TH and _III-
tubulin to visualize dopaminergic or all neurites, 
respectively. In addition, a few explant cultures 
were immunostained for both TH and calbindin 
or TH and Girk2 to con!rm the identity of the 
mVTA explants. In blocking experiments, 
explants were cultured in the presence of either 
r e c o m b i n a n t h u m a n I g G - Fc ( 4 µ g / m l ; 
Calbiochem) as a control, Npn-1-Fc (2µg/ml; 
R&D Systems), or Npn-2-Fc (2µg/ml; R&D 
Systems). Similar experiments were performed 
using rabbit Igs, anti-Npn-1, and anti- Npn-2 
function blocking antibodies (Kolodkin et al., 
1997; Giger et al., 1998). The speci!city and 
activity of these blocking tools were con!rmed 
in repulsion assays for individual Sema3s and 
can also be inferred from the results of previous 
studies (Kolodkin et al., 1997; Giger et al., 1998; 
Anderson et al., 2003). For each of the 
experimental conditions mentioned above 
(E12.5 and E14.5 cocultures and cue cultures, 
with and without blocking tools), at least three 
independent experiments were performed. For 
quanti!cation of explant assays, the length of 
the 20 longest neurites was measured in both 
the proximal and distal quadrants of the culture 
using OpenLab software (Improvision). The 
average value of each explant was used to 
determine the proximal/distal ratio (P/D ratio) 
per explant. Data were statistically analyzed by 
one-way ANOVA (α = 5%) and expressed as 
means ± SEM.

Reverse transcriptase-PCR | To study the 
expression of Sema3s in speci!c brain areas, 
reverse transcriptase (RT)-PCR was performed. 
Targeting primers were designed using Primer3 
software (Whitehead Institute for Biomedical 
Research, Cambridge, MD) (Table 2). In brief, 
total RNA from E14.5 and E17.5 whole head and 
mPFC was extracted using TRIzol reagent 
(Invitrogen) according to the manufacturer’s 
protocol. A total of 25 ng of total RNA was used 
for cDNA synthesis (50°C for 30 min, followed by 
a 15 min initial denaturation step at 95°C) and 

gene ampli!cation reactions using SuperScript 
One-Step (Invitrogen) in a total volume of 50 µl. 
PCR ampli!cation was conducted at the 
following temperatures and times: 94° for 1 min; 
56° for 1 min, 72° for 1 min for either 27 or 33 
cycles; 72° for 10 min. Controls were included to 
monitor speci!city. PCR products were size-
separated on a 1.5% agaroseethidium bromide 
gel, extracted, and veri!ed by sequencing.
Table 2 | Sense and antisense primer sequences | 
Gene Sense primer Antisense primer
Sema3A 5'-tcatcatgggcacagtcttg-3' 5'-catgtgcttccacttgttgc-3'
Sema3B 5'-aagacctttggcaccttcag-3'  5'-tcgccattccttacgtcttg-3'
Sema3C 5'- tggaggagctggaagtctt-3' 5'-ttgaagttgatcttggctatgg-3'
Sema3D 5'-ggaacagcttctgatttccttg-3'  5'-gccaaaaatcaccttttcatc-3'
Sema3E 5'-agtgcttgtgctgactgctg-3'  5'-ttccactctctggaagttgc-3'
Sema3F 5'-tggaaccgaacacacctgta-3'  5'-tctgcactgtcagggatgag-3'
Sema3G  5'-cagtgcgctggttcttacaa-3'  5'-gcaccctgctcttcatcttc-3'
beta-Actin 5'-agaagagctatgagctgcctga-3'  5'-tacttgcgctcaggaggagcaa-3'

In situ hybridization | Nonradioactive in situ 
hybridization was performed according to 
Pasterkamp et al. (2007). Digoxigenin-labeled 
cRNA probes were transcribed from mouse 
npn-1 (a 303 bp fragment corresponding to 
nucleotides 271–574 of the coding region), 
mouse npn-2 (a 297 bp fragment corresponding 
to nucleotides 946–1139 of the coding region), 
or rat TH (nucleotides 915–1137 of the coding 
region) (Pasterkamp et al., 2007) cDNAs. Probes 
transcribed from the entire coding region of rat 
sema3A cDNA, rat sema3C cDNA, and rat 
sema3F cDNA were alkali-hydrolyzed [a kind gift 
from Dr. J. Verhaagen (Netherlands Institute for 
Neuroscience, Amsterdam, The Netherlands) 
and Dr. A. W. Püschel (Westfalische Wilhelms-
Universität Münster, Münster, Germany), 
respectively]. Sections subjected to the entire in 
situ hybridization procedure, but with no probe 
or sense probe added, did not exhibit speci!c 
hybridization signals. The speci!city of the in 
situ hybridization procedure was also inferred 
from the clearly distinct sema3 and npn 
distribution patterns.

RESULTS | Development of mesoprefrontal 
mdDA axon projections in the mouse | mdDA 
neurons give rise to three major axonal 
pathways. In this study, we focused on one of 
these pathways (the mesoprefrontal pathway) 
to further determine the molecular program 
that controls mdDA pathway development in 
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E16.5 onward, the MFB became more robust 
and individual TH-positive axons within the 
MFB were fasciculated into thick axon bundles 
(Fig. 1F). To reach the mPFC, TH-positive axons 
followed two distinct trajectories. A large subset 
of TH-labeled axons redirected dorsally just 
caudal of the olfactory bulb (OB) to extend 
toward the mPFC (Fig. 1G, arrow). Another, 
smaller, subset of TH-labeled axons traversed 
the striatum, crossed the developing external 
capsule (EC), and then innervated the 
overlaying mPFC (see Fig. 8R) (data not shown). 
Around E15, the !rst TH-positive axons were 
observed within the subplate (SP) and the MZ 
(arrowheads) of the mPFC (Fig. 2A,B). Although 
the innervation of the SP and MZ had increased 
at E16.5, the CP remained devoid of TH-positive 
axons (Fig. 2C). Previous reports demonstrated a 
waiting period for mesoprefrontal mdDAaxons 
in the SP of rat and human PFC (Kalsbeek et al., 
1988; Verney, 1999). Consistent with these 
results, the mouseCP became permissive for TH-
positive axons after a waiting period of ±2 d 
within the SP (E15–E17.5). At E18.5, TH-positive 
axons invaded the CP from the underlying SP 
following a characteristic radial trajectory (Fig. 
2D, arrows). 

Mesoprefrontal mdDA projections originate in 
the rostral VTA during early development | TH 
labels both dopaminergic and noradrenergic 
nuclei and fails to discriminate between 
different mdDA pathways. In the adult mouse, 
mesoprefrontal mdDA projections originate in 
the medial VTA (Fallon, 1981; Swanson, 1982; 
Margolis et al., 2006; Lammel et al., 2008). To 
more speci!cally determine the embryonic 
origin  and ontogeny of mesoprefrontal mdDA 
projections, microinjections of DiI were placed  
along the rostrocaudal axis of the medial VTA 
along the rostrocaudal axis of the medial VTA 
(designated mVTA) (Fig. 3A) in !xed embryonic 
brains (E15.5–E18.5). After injections in the 
rostral mVTA, but  not in more lateral, middle, or 
caudal aspects of the developing mVTA, DiI-
labeled axons were found in the mPFC (Fig. 2E,F; 
supplemental Fig. S1A–E). Interestingly, in the 
adult mouse mdDA mesoprefrontal neurons are 

ward the developing striatum, a small subset of axons continued
to project toward more rostral regions such as the mPFC (Fig. 1E,
arrow). From E16.5 onward, the MFB became more robust and
individual TH-positive axons within the MFB were fasciculated
into thick axon bundles (Fig. 1F). To reach the mPFC, TH-
positive axons followed two distinct trajectories. A large subset of
TH-labeled axons redirected dorsally just caudal of the olfactory
bulb (OB) to extend toward the mPFC (Fig. 1G, arrow). Another,
smaller, subset of TH-labeled axons traversed the striatum,

crossed the developing external capsule (EC), and then inner-
vated the overlaying mPFC (see Fig. 8R) (data not shown).

Around E15, the first TH-positive axons were observed within
the subplate (SP) and the MZ (arrowheads) of the mPFC (Fig.
2A,B). Although the innervation of the SP and MZ had increased
at E16.5, the CP remained devoid of TH-positive axons (Fig. 2C).
Previous reports demonstrated a waiting period for mesopre-
frontal mdDA axons in the SP of rat and human PFC (Kalsbeek et
al., 1988; Verney, 1999). Consistent with these results, the mouse

Figure 1. Ontogeny of mdDA axon projections in the mouse forebrain. Sagittal sections are immunostained for TH (green) to visualize dopaminergic axons and counterstained with either PI (red)
or fluorescent Nissl (blue). A, B, At E11.5, TH-positive neurons emerge within the ventral midbrain lining the mesencephalic flexure (mf) and project neurites dorsally (arrowheads). C, By E13.5, the
MFB has formed and takes a ventrolateral course in the diencephalon. The dotted line indicates rostral (diencephalic) boundary of mdDA system. D, At E14.5, the MFB curves dorsally (bent arrow)
and reaches the striatum. E represents a higher magnification of the boxed region in D. E, A subset of TH-positive axons diverges from the main MFB trajectory and extends rostrally. F, At E16.5, axons
in the MFB are fasciculated into thick axon bundles. G, TH-positive axons curve dorsally just caudal of the OB to enter the cortical SP (arrow). C, Caudal; Ctx, cortex; D, dorsal; Di, diencephalon; DT,
dorsal thalamus; LGE, lateral ganglionic eminence; Mes, mesencephalon; MGE, medial ganglionic eminence; MZ, marginal zone; Ol, olfactory epithelium; R, rostral; RP, Rathke’s pouch; SC, superior
colliculus; Str, striatum; Tel, telencephalon; V, ventral; VT, ventral thalamus.
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Figure 1 | Ontogeny of mdDA axon projections in the 
mouse forebrain | Sagittal sections are immunostained for 
TH (green) to visualize dopaminergic axons and 
counterstained with either PI (red) or "uorescent Nissl (blue). 
A, B, At E11.5, TH-positive neurons emerge within the ventral 
midbrain lining the mesencephalic "exure (mf) and project 
neurites dorsally (arrowheads). C, By E13.5, the MFB has 
formed and takes a ventrolateral course in the diencephalon. 
The dotted line indicates rostral (diencephalic) boundary of 
mdDA system. D, At E14.5, the MFB curves dorsally (bent 
arrow) and reaches the striatum. E represents a higher 
magni!cation of the boxed region in D. E, A subset of TH-
positive axons diverges from the main MFB trajectory and 
extends rostrally. F, At E16.5, axons in the MFB are 
fasciculated into thick axon bundles. G, TH-positive axons 
curve dorsally just caudal of the OB to enter the cortical SP 
(arrow). C, Caudal; Ctx, cortex; D, dorsal; Di, diencephalon; DT, 
dorsal thalamus; LGE, lateral ganglionic eminence; Mes, 
mesencephalon; MGE, medial ganglionic eminence; MZ, 
marginal zone; Ol, olfactory epithelium; R, rostral; RP, Rathke’s 
pouch; SC, superior coll iculus; Str, str iatum; Tel, 
telencephalon; V, ventral; VT, ventral thalamus.

vivo. The embryonic origin and ontogeny of 
mouse mesoprefrontal mdDA projections is 
mostly unknown. Therefore, we !rst generated a 
detailed map of mesoprefrontal mdDA 
projections during mouse development using 
immunocytochemistry for TH, the rate-limiting 
enzyme in dopamine synthesis, and lipophilic 
dye tracing. At E11.5, TH-positive neurons lining 
the mesencephalic "exure (mf ) started to 
extend neurites dorsally (Fig. 1A,B, arrowheads). 
At E13.5, a TH-positive axon tract had formed, 
the MFB, projecting into the forebrain (Fig. 1C). 
As early as E14.5, TH positive axons reached a 
region ventral to the medial and lateral 
gangl ionic eminences ( M G E and LG E, 
respectively) (Fig. 1D). Whereas most axons 
extended dorsally at this choice point toward 
the developing striatum, a small subset of axons 
continued to project toward more rostral 
regions such as the mPFC (Fig. 1E, arrow). From 
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traced back to small, rounded cells in the rostral 
a n d m i d d l e a r t s o f t h e m V TA ( n = 7 ) 
(supplemental Fig. S1M ,N , available at 
www.jneurosci.org as supplemental material). 
The appearance and size of these cells was 
reminiscent of mdDA VTA neurons (Margolis et 
al., 2006). Collectively, our data show that, 
during embryonic development, mdDA neurons 
in the rostral part of the mVTA project their 
axons along a highly stereotypic trajectory to 
the mPFC.
The mPFC releases diffusible molecules that 
exert directional effects on mVTA axon 
outgrowth | To establish precise connections, 
axons rely on heterogeneously distributed 
molecular cues in their environment (Tessier- 
Lavigne and Goodman, 1996; Dickson, 2002; 
Huber et al., 2003; Petros et al., 2008). The 
molecules that help to establish mesoprefrontal 
mdDA connections have yet to be determined. 
As a !rst step toward identi!cation of these 
molecular cues, coculture assays were 
developed combining explants of the rostral, 
middle, or caudal part of the embryonic mVTA 
and the mPFC (Fig. 3A). To unequivocally 
demonstrate that TH-positive axons in these 
cultures derive from the VTA and not from the 
adjacent SN, a series of cultures were double-
stained for TH and calbindin, a marker for VTA 
mdDA neurons, or for TH and Girk2, a marker for 
SN mdDA neurons (supplemental Fig. S2) (Lin et 
al., 2005; Thompson et al., 2005). Indeed, TH-
positive mVTA explants coexpressed the VTA 
marker calbindin but not Girk2 (supplemental 
Fig. S2). Axons extending from explants 
dissected from the rostral and to a lesser extent 
middle part of the mVTA were attracted by the 
mPFC (Fig. 3B–E,J ) (P/D ratio, 1.53 and 1.17, 
respectively; n = 8 and 10; both  p = 0.001 
compared with caudal mVTA). In contrast, axons 
from caudal mVTA explants were robustly 
repelled (Fig. 3F–I,J ) (P/D ratio, 0.53; n = 9; p = 
0.001). A strong repulsive effect was also 
observed when mVTA explants were cocultured 
with the somatosensory cortex (S1), an area 
only sparsely innervated by mVTA axons in vivo 
(Fig. 3J ) (P/D ratio, 0.68; n = 8). These data show 
that the mPFC releases diffusible cues that 

CP became permissive for TH-positive axons after a waiting pe-
riod of !2 d within the SP (E15–E17.5). At E18.5, TH-positive
axons invaded the CP from the underlying SP following a char-
acteristic radial trajectory (Fig. 2D, arrows). In postnatal and
adult mPFC, TH-positive axons were present in all layers but
most abundantly in layers I, V, and VI (data not shown).

Mesoprefrontal mdDA projections originate in the rostral
VTA during early development
TH labels both dopaminergic and noradrenergic nuclei and fails
to discriminate between different mdDA pathways. In the adult
mouse, mesoprefrontal mdDA projections originate in the me-
dial VTA (Fallon, 1981; Swanson, 1982; Margolis et al., 2006;
Lammel et al., 2008). To more specifically determine the embry-
onic origin and ontogeny of mesoprefrontal mdDA projections,
microinjections of DiI were placed along the rostrocaudal axis of
the medial VTA (designated mVTA) (Fig. 3A) in fixed embryonic
brains (E15.5–E18.5). After injections in the rostral mVTA, but
not in more lateral, middle, or caudal aspects of the developing
mVTA, DiI-labeled axons were found in the mPFC (Fig. 2E,F;
supplemental Fig. S1A–E, available at www.jneurosci.org as sup-
plemental material). Interestingly, in the adult mouse mdDA me-
soprefrontal neurons are located in a middle subdivision of the
mVTA (Lammel et al., 2008) (data not shown). This suggests that
these neurons eventually become confined to a more caudal as-
pect of the VTA as a result of ongoing developmental processes
(e.g., cell migration) (Smidt and Burbach, 2007). Innervation of
the SP by DiI-labeled axons was clearly observed around E16 (n "
5) (Fig. 2E). In line with the waiting period noted for TH-positive
axons (Fig. 2B–D), DiI-labeled rostral mVTA axons only began

to innervate the CP of the mPFC around E18.5 (n " 6) (Fig. 2F,
arrow). DiI-labeled axons innervating the mPFC expressed TH,
confirming their dopaminergic nature (data not shown). Inter-
estingly, no DiI-positive axons were observed in the MZ of the
mPFC after mVTA injections, suggesting that TH-positive axons
in the MZ (Fig. 2B–D) do not derive from the mVTA (Fig. 2E,F).
The trajectory of DiI-labeled rostral mVTA axons in the forebrain
was consistent with observations for TH-positive axons (Fig.
1D–G; supplemental Fig. S1F–H, available at www.jneurosci.org
as supplemental material). To further study neuronal connec-
tions between the VTA and mPFC, DiI injections were placed in
the developing mPFC (supplemental Fig. S1 J–L, available at
www.jneurosci.org as supplemental material). DiI injections in
E16.5 and P0 mPFC traced back to small, rounded cells in the
rostral and middle parts of the mVTA (n " 7) (supplemental Fig.
S1M,N, available at www.jneurosci.org as supplemental mate-
rial). The appearance and size of these cells was reminiscent of
mdDA VTA neurons (Margolis et al., 2006). Collectively, our
data show that, during embryonic development, mdDA neurons
in the rostral part of the mVTA project their axons along a highly
stereotypic trajectory to the mPFC.

The mPFC releases diffusible molecules that exert directional
effects on mVTA axon outgrowth
To establish precise connections, axons rely on heterogeneously
distributed molecular cues in their environment (Tessier-
Lavigne and Goodman, 1996; Dickson, 2002; Huber et al., 2003;
Petros et al., 2008). The molecules that help to establish mesopre-
frontal mdDA connections have yet to be determined. As a first
step toward identification of these molecular cues, coculture as-

Figure 2. mdDA neurons in the rostral mVTA project axons to the mPFC during development. A, Schematic showing in gray the derivation of the mPFC sections shown in B–F. B–D, Sagittal
sections are immunostained for TH (green) to visualize mdDA axons and counterstained with fluorescent Nissl (blue). B, TH-positive axons start to enter the embryonic cortex around E15.5 and travel
tangentially within the SP. In addition, some TH-positive puncta can be observed within the MZ (arrowheads). C, At E16.5, fibers appear within the SP. However, the CP is still mostly devoid of
TH-positive axons. D, By E18.5, axons extend from the SP to the CP following a radial trajectory (arrows). E, F, To identify the origin of mesoprefrontal mdDA projections during development, DiI tracer
was microinjected in the medial aspect of the VTA at different developmental time points (for an overview of all injection sites, see supplemental Fig. S1, available at www.jneurosci.org as
supplemental material). Coronal sections are counterstained with Hoechst (blue) and show DiI in red. E, F, After injections in the rostral mVTA, but not in more lateral, middle, or caudal aspects of
the mVTA, DiI-labeled axons were found in the mPFC. At E16.5, DiI-positive axons derived from rostral mVTA enter the mPFC through the SP (E) and start to innervate the CP around E18.5 (F, arrow).
IZ, Intermediate zone; VZ, ventricular zone. Scale bar: B–F, 100 !m.
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Figure 2 | mdDA neurons in the rostral mVTA project axons 
to the mPFC during development | A, Schematic showing in 
gray the derivation of the mPFC sections shown in B–F. B–D, 
Sagittal sections are immunostained for TH (green) to visualize 
mdDA axons and counterstained with "uorescent Nissl (blue). 
B, TH-positive axons start to enter the embryonic cortex 
around E15.5 and travel tangentially within the SP. In addition, 
some TH-positive puncta can be observed within the MZ 
(arrowheads). C, At E16.5, !bers appear within the SP. However, 
the CP is still mostly devoid of TH-positive axons. D, By E18.5, 
axons extend from the SP to the CP following a radial 
trajectory (arrows). E, F, To identify the origin of mesoprefrontal 
mdDA projections during development, DiI tracer was 
microinjected in the medial aspect of the VTA at different 
developmental time points (for an overview of all injection 
sites, see supplemental Fig. S1, available at www.jneurosci.org 
as supplemental material). Coronal sections are counterstained 
with Hoechst (blue) and show DiI in red. E, F, After injections in 
the rostral mVTA, but not in more lateral, middle, or caudal 
aspects of the mVTA, DiI-labeled axons were found in the 
mPFC. At E16.5, DiI-positive axons derived from rostral mVTA 
enter the mPFC through the SP (E) and start to innervate the 
CP around E18.5 (F, arrow). IZ, Intermediate zone; VZ, 
ventricular zone. Scale bar: B–F, 100 µm.

located in a middle subdivision of the mVTA
(Lammel et al., 2008) (data not shown). This 
suggests that these neurons eventually become 
con!ned to a more caudal aspect of the VTA as a 
result of ongoing developmental processes 
(e.g., cell migration) (Smidt and Burbach, 2007). 
Innervation of the SP by DiI-labeled axons was 
clearly observed around E16 (n=5) (Fig. 2E). In 
line with the waiting period noted for TH-
positive axons (Fig. 2B–D), DiI-labeled rostral 
mVTA axons only began to innervate the CP of 
the mPFC around E18.5 (n = 6) (Fig. 2F, arrow). 
DiI-labeled axons innervating the mPFC 
expressed TH, con!rming their dopaminergic 
nature (data not shown). Interestingly, no DiI-
positive axons were observed in the MZ of the 
mPFC after mVTA injections, suggesting that 
TH-positive axons in the MZ(Fig. 2B–D) do not 
derive from the mVTA(Fig. 2E,F). The trajectory 
of DiI-labeled rostral mVTAaxons in the 
forebrain was consistent with observations for 
TH-positive axons (Fig. 1D–G; supplemental Fig. 
S1F–H ). To further study neuronal connections 
between the VTA and mPFC, DiI injections were 
placed in  the developing mPFC (supplemental 
Fig. S1J–L). DiI injections in E16.5 and P0 mPFC 
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differentially affect the directional outgrowth of 
axons derived from distinct parts of the mVTA. 
mdDA axons from rostral mVTA that normally 
t a r g e t t h e m P F C , a s s h o w n b y o u r 
immunohistochemical and DiI data, are 
attracted by the mPFC.
Neuropilin-2 mediates the directionalgrowth 
of rostral mVTA axons induced by the mPFC  | 
The data from our coculture experiments 
suggest that the mPFC releases molecular cues 
that speci!cally attract mdDA axons from rostral 
mVTA neurons. In an attempt to identify these 
molecular signals, we focused on class 3 
semaphorins (Sema3s). Sema3s display highly 
dynamic patterns of expression in the 
developing cerebral cortex (Giger et al., 1996; 
Bagnard et al., 1998; Skaliora et al., 1998; Pascual 
et al., 2005) and exert chemotropic effects on 
mdDA axons in vitro (Herna´ndez-Montiel et al.,
2008; Yamauchi et al., 2009). Furthermore, 
elegant recent work by Yamauchi et al. (2009) 
suggests that expression of Sema3F at the 
midbrain– hindbrain boundar y ( M H B ) 
determines the polarity of early (E11– E12) 
embryonic mdDA projections within the 
midbrain. I f Sema3s are involved  in 
mesoprefrontal mdDA axon growth and 
guidance, then Sema3 receptors should be 
expressed in mVTA neurons.To test this 
hypothesis, we studied the expression of the 
Sema3 ligand binding receptors, Npn-1 and 
Npn-2, in the mVTA at the time of axon 
path!nding using in situ hybridization (Fig. 4A–
C’). At E14.5, npn-1 weakly labeled the mdDA 
region (Fig. 4B,B’), whereas npn-2 was highly 
expressed in the rostral mVTA (Fig. 4C,C’). To 
examine whether rostral mVTA neurons and 
axons express Npn proteins, we performed 
double immunohistochemistry forth and Npn-1 
or Npn-2. At the protein level, Npn-1 displayed a 
general and diffuse pattern of expression in the 
mVTA (data not shown), whereas Npn-2 labeled 
a subset of TH-positive neurons in the rostral 
and middle portion of the mVTA (Fig.4 D, 
D',arrow-heads). Furthermore, Npn-2, but not 
Npn-1, was expressed on TH- positive axons in 
the MFB as well as in the SP of the mPFC (Fig. 4 
E–H, arrowheads).  Thus, mdDA neurons in the 

rostral mVTA that give rise to mesoprefrontal axon 
projections express Npn-2.
Given its expression in the rostral mVTA, Npn-2 is a 
candi- date receptor for mediating the effects of the 
mPFC on rostral mVTA axons. To test this possibility, 
we used soluble Npn-2 and Npn-1 (as a control) 
ectodomains fused to the human Fc domain and 
antibodies to functionally block Npns (Kolodkin et al., 
1997;  Giger et al., 1998; Anderson et al., 2003; Falk et 
al., 2005; Osborne et al., 2005; Herna ́ndez-Montiel et 
al., 2008) in cocultures of mPFC and rostral mVTA (Fig. 
4 I, J ). When mPFC and rostral mVTA were cocultured 
in the presence of either IgG-Fc, Npn-1-Fc, or Npn-2-
Fc, Npn-2-Fc but not IgG-Fc or Npn-1-Fc  dramatically 
blocked the positive effect of the mPFC on rostral 
mVTApositive effect of the mPFC on rostral mVTA 
axons (Fig. 4I, J ) (IgG-Fc, n = 13; Npn-1-Fc, n = 12; 
Npn-2-Fc, n = 9; p = 0.05). Similar results were 
obtained in cocultures in which Npn function was 
blocked using function-blocking anti- Npn-1 and 
Npn-2 antibodies (Kolodkin et al., 1997; Giger et al., 
1998) (data not shown). I nterest ingly, the 
chemorepulsive effect of S1 on mVTA axons could not 
be blocked using Npn-2-Fc [IgG-Fc, P/D ratio, 0.70 (n = 
10); Npn-2-Fc, P/D ratio, 0.67 (n = 10), p=0.77], 
whereas Npn-2-Fc converted the axon-repulsive effect 
observed in caudal mVTA–mPFC cocultures into 

says were developed combining explants of the rostral, middle, or
caudal part of the embryonic mVTA and the mPFC (Fig. 3A). To
unequivocally demonstrate that TH-positive axons in these cul-
tures derive from the VTA and not from the adjacent SN, a series
of cultures were double-stained for TH and calbindin, a marker
for VTA mdDA neurons, or for TH and Girk2, a marker for SN
mdDA neurons (supplemental Fig. S2, available at www.
jneurosci.org as supplemental material) (Lin et al., 2005; Thomp-
son et al., 2005). Indeed, TH-positive mVTA explants
coexpressed the VTA marker calbindin but not Girk2 (supple-
mental Fig. S2, available at www.jneurosci.org as supplemental
material). Axons extending from explants dissected from the ros-
tral and to a lesser extent middle part of the mVTA were attracted
by the mPFC (Fig. 3B–E,J) (P/D ratio, 1.53 and 1.17, respectively;
n ! 8 and 10; both p " 0.001 compared with caudal mVTA). In

contrast, axons from caudal mVTA ex-
plants were robustly repelled (Fig. 3F–I,J)
(P/D ratio, 0.53; n ! 9; p " 0.001). A
strong repulsive effect was also observed
when mVTA explants were cocultured
with the somatosensory cortex (S1), an
area only sparsely innervated by mVTA
axons in vivo (Fig. 3J) (P/D ratio, 0.68;
n ! 8). These data show that the mPFC
releases diffusible cues that differentially
affect the directional outgrowth of axons
derived from distinct parts of the mVTA.
mdDA axons from rostral mVTA that
normally target the mPFC, as shown by
our immunohistochemical and DiI data,
are attracted by the mPFC.

Neuropilin-2 mediates the directional
growth of rostral mVTA axons induced
by the mPFC
The data from our coculture experiments
suggest that the mPFC releases molecular
cues that specifically attract mdDA axons
from rostral mVTA neurons. In an at-
tempt to identify these molecular signals,
we focused on class 3 semaphorins
(Sema3s). Sema3s display highly dynamic
patterns of expression in the developing
cerebral cortex (Giger et al., 1996; Bag-
nard et al., 1998; Skaliora et al., 1998; Pas-
cual et al., 2005) and exert chemotropic
effects on mdDA axons in vitro
(Hernández-Montiel et al., 2008; Yamau-
chi et al., 2009). Furthermore, elegant re-
cent work by Yamauchi et al. (2009)
suggests that expression of Sema3F at the
midbrain– hindbrain boundary (MHB)
determines the polarity of early (E11–
E12) embryonic mdDA projections
within the midbrain. If Sema3s are in-
volved in mesoprefrontal mdDA axon
growth and guidance, then Sema3 recep-
tors should be expressed in mVTA neu-
rons. To test this hypothesis, we studied
the expression of the Sema3 ligand-
binding receptors, Npn-1 and Npn-2, in
the mVTA at the time of axon pathfinding
using in situ hybridization (Fig. 4A–C#).

At E14.5, npn-1 weakly labeled the mdDA region (Fig. 4B,B#),
whereas npn-2 was highly expressed in the rostral mVTA (Fig.
4C,C#). To examine whether rostral mVTA neurons and axons ex-
press Npn proteins, we performed double immunohistochemistry
for TH and Npn-1 or Npn-2. At the protein level, Npn-1 displayed a
general and diffuse pattern of expression in the mVTA (data not
shown), whereas Npn-2 labeled a subset of TH-positive neurons in
the rostral and middle portion of the mVTA (Fig. 4D,D#, arrow-
heads). Furthermore, Npn-2, but not Npn-1, was expressed on TH-
positive axons in the MFB as well as in the SP of the mPFC (Fig.
4E–H, arrowheads). Thus, mdDA neurons in the rostral mVTA that
give rise to mesoprefrontal axon projections express Npn-2.

Given its expression in the rostral mVTA, Npn-2 is a candi-
date receptor for mediating the effects of the mPFC on rostral
mVTA axons. To test this possibility, we used soluble Npn-2 and

Figure 3. The mPFC releases diffusible molecules that exert neuronal subset-specific directional effects on mVTA axon out-
growth. A, Schematic representation of the coculture system used to identify axon guidance activities between cortex and mVTA.
Explants of E14.5 embryos were taken from the ventral midbrain along the rostrocaudal axis (mVTA), the mPFC, and somatosensory
(S1)cortex.Explantswereanalyzedafter56 –58hincultureusingimmunohistochemistryforTHand!III-tubulintovisualizedopaminergic
(green) and all (red) neurites, respectively. Rostral (R), middle (M), or caudal (C) parts of mVTA explants were cocultured with mPFC (n !
8, 10, and 9, respectively) and S1 (n ! 8). B–E, J, Cocultures of rostral mVTA and mPFC show attraction of TH-positive axons. F–J, In
contrast, TH-positive axons extending from the caudal mVTA are strongly repelled. The boxed areas in C and G are shown in D, E, H, and I.
J, Quantification of the length of TH-positive neurites in the proximal and distal quadrants of the coculture assays as shown in B–I. Graph
shows average P/D ratio$SEM. TH-positive axon outgrowth from the mVTA in the presence of mPFC is shown separately for the R, M, and
C parts of the mVTA. For S1 P/D ratios for R, M, and C explants are pooled. For each experimental condition, at least three independent
experiments were performed. **p"0.01; ***p"0.001, one-way ANOVA. Ctx, Cortex; dist, distal; D, dorsal; IF, interfascicular nucleus; L,
lateral; prox, proximal; SN, substantia nigra; Str, striatum. Scale bar, 250 "m.
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Figure 3 | The mPFC releases diffusible molecules that exert neuronal subset-
speci$c directional effects on mVTA axon out- growth | A, Schematic representation 
of the coculture system used to identify axon guidance activities between cortex and 
mVTA. Explants of E14.5 embryos were taken from the ventral midbrain along the 
rostrocaudal axis (mVTA), the mPFC, and somatosensory (S1) cortex. Explants were 
analyzed after 56 –58 h in culture using immunohistochemistry for TH and beta-III-
tubulin to visualize dopaminergic (green) and all (red) neurites, respectively. Rostral (R), 
middle (M), or caudal (C) parts of mVTA explants were cocultured with mPFC (n=8, 10, 
and 9, respectively) and S1 (n=8). B–E, J, Cocultures of rostral mVTA and mPFC show 
attraction of TH-positive axons. F–J, In contrast, TH-positive axons extending from the 
caudal mVTA are strongly repelled. The boxed areas in C and G are shown in D, E, H, 
and I. J, Quanti!cation of the length of TH-positive neurites in the proximal and distal 
quadrants of the coculture assays as shown in B–I. Graph shows average P/D ratio +/-
SEM. TH-positive axon outgrowth from the mVTA in the presence of mPFC is shown 
separately for the R, M, and C parts of the mVTA. For S1 P/D ratios for R, M, and C 
explants are pooled. For each experimental condition, at least three independent 
experiments were performed. **p<0.01; ***p<0.001, one-way ANOVA. Ctx, Cortex; dist, 
distal; D, dorsal; IF, interfascicular nucleus; L, lateral; prox, proximal; SN, substantia 
nigra; Str, striatum. Scale bar, 250 µm.
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attraction[IgG-Fc, P/D ratio, 0.71 (n=7); Npn-2-
Fc, P/D ratio, 1.36 (n=9), p=0.05]. Together, these 
results indicate that Npn-2 mediates the 
attractive effect of the mPFC on rostral mVTA  
axons.

Sema3s are expressed in the developing mPFC 
| The presence of Npn-2 on mdDA rostral mVTA 
axon projections, together with the ability of 
Npn-2 blocking tools to neutralize the positive 
effect of mPFC on rostral mVTA axons suggests 
that Npn-2 ligands such as Sema3s mediate the 
directed axonal outgrowth from the rostral 
mVTA in the presence of mPFC. To test this idea, 
we !rst determined the expression of Sema3s in 
the mPFC during embryonic development 
using RTPCR. Of all seven Sema3s that have 
been identi!ed, only Sema3A, 3C, and 3F were 
detected in the embryonic mPFC at E14.5 and 
E18.5 (Fig. 5A) (data not shown). Of these three 
Sema3s, only Sema3C and Sema3F have been 
shown to signal through Npn-2 (Chen et al., 
1997; Kolodkin et al., 1997; Giger et al., 1998). 
Therefore, we studied the expression of sema3C 
and sema3F in more detail using in situ 
hybridization. In situ hybridization revealed 
expression of sema3C and sema3F within the 

embryonic mPFC (Fig. 5B–G). At E14.5, sema3C 
was expressed at the subventricular zone (SVZ)/
intermediate zone (IZ) boundary. In contrast, 
sema3F displayed high expression in the upper 
CP (Fig. 5B,E). At E18.5, sema3C was present in 
the SVZ and IZ and was weakly expressed in the 
upper CP of the mPFC (Fig. 5C,D). Sema3F was 
expressed within the CP (Fig. 5F,G). Together, 
these results establish that sema3C and sema3F 
are expressed in the mPFC at the time of 
mesoprefrontal axon innervation.

Sema3F is a bifunctional axon guidance cue 
for rostral mVTA axons | To determine whether 
Sema3C and Sema3F in"uence mVTA axon 
outgrowth, E14.5 mVTA explants were cultured 
next to 293HEK cell aggregates secreting either 
control, Sema3C, or Sema3F proteins (Fig. 6A). 
When explants from rostral mVTA were 
combined with control or Sema3C-expressing 
cells, no chemotropic axon responses were 
detected (Fig. 6A,B) (P/D ratios, 1.09, n = 9, and 
1.01, n = 10, respectively). In striking contrast, 
TH-positive axons from rostral mVTA were 
signi!cantly longer in the proximal compared 
with the distal quadrant in the presence of 

Npn-1 (as a control) ectodomains fused to the human Fc domain
and antibodies to functionally block Npns (Kolodkin et al., 1997;
Giger et al., 1998; Anderson et al., 2003; Falk et al., 2005; Osborne
et al., 2005; Hernández-Montiel et al., 2008) in cocultures of

mPFC and rostral mVTA (Fig. 4 I, J). When mPFC and rostral
mVTA were cocultured in the presence of either IgG-Fc, Npn-1-
Fc, or Npn-2-Fc, Npn-2-Fc but not IgG-Fc or Npn-1-Fc dramat-
ically blocked the positive effect of the mPFC on rostral mVTA

Figure 4. Neuropilin-2 mediates the attractive effect of mPFC on mdDA rostral mVTA axons. A–C!, In situ hybridization shows expression of npn-1 (B) and npn-2 (C) within the TH-positive (A)
mdDA system (A!–C!). The boxes in A–C are enlarged in A!–C!. Note the expression of npn-2 (C!) in specific neuronal subsets. D, E, Immunostaining of coronal sections for TH (green) and Npn-2
(red) counterstained with fluorescent Nissl (blue) shows Npn-2-positive cells (D, arrowheads) within the TH-positive rostral mVTA. D!, Enlargement of the area indicated by top arrowhead in
D shows colocalization of a subset of TH-positive cells with Npn-2 (arrowheads). E, Npn-2 (red) is present in the TH-positive MFB. F, Npn-1 (red) is present in cells of the IZ and CP. G, Axons within
the SP of the mPFC are Npn-2-positive (boxed area enlarged on the right, arrowheads) and colocalize with TH (H, arrowheads). I, Representative examples of cocultures of rostral mVTA and mPFC
explants in the presence of IgG-Fc, Npn-1-Fc, or Npn-2-Fc immunostained for TH (green). The arrowheads indicate the growth cones (leading edge) of some of the longest TH-positive neurites.
J, Quantification of the length of TH-positive neurites in the proximal and distal quadrants of rostral mVTA/mPFC cocultures in the presence of IgG-Fc (n ! 13), Npn-1-Fc (n ! 12), or Npn-2-Fc (n !
9). Graph shows average P/D ratio " SEM. Three independent blocking experiments were performed. *p # 0.05; **p # 0.01, one-way ANOVA (compared with control IgG-Fc). Note the ability of
Npn-2-Fc to block the positive effect of mPFC on rostral mVTA axons. aca, Anterior commissure; CP, cortical plate; CPu, caudate–putamen; D, dorsal; fr, fasciculus retroflexus; IZ, intermediate zone;
ls, lateral septum; mf, mesencephalic flexure; MZ, marginal zone; PZ, proliferative zone; V, ventral.
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Figure 4 | N e u r o p i l i n - 2 m e d i a t e s t h e 
attractive effect of mPFC on mdDA rostral 
mVTA axons|  A–C', In situ hybridization shows 
expression of npn-1 (B) and npn-2 (C) within the 
TH-positive (A) mdDA system (A'–C'). The boxes 
in A–C are enlarged in A'–C'. Note the expression 
of npn-2 (C) in speci!c neuronal subsets. D, E, 
Immunostaining of coronal sections for TH 
(green) and Npn-2 (red) counterstained with 
"uorescent Nissl (blue) shows Npn-2-positive 
cells (D, arrowheads) within the TH-positive 
rostral mVTA. D', Enlargement of the area 
indicated by top arrowhead in D shows 
colocalization of a subset of TH-positive cells 
with Npn-2 (arrowheads). E, Npn-2 (red) is 
present in the TH-positive MFB. F, Npn-1 (red) is 
present in cells of the IZ and CP. G, Axons within 
the SP of the mPFC are Npn-2-positive (boxed 
area enlarged on the right, arrowheads) and 
colocalize with TH (H, arrowheads). I , 
Representative examples of cocultures of rostral 
mVTA and mPFC explants in the presence of 
IgG-Fc, Npn-1-Fc, or Npn-2-Fc immunostained 
for TH (green). The arrowheads indicate the 
growth cones (leading edge) of some of the 
longest TH-positive neurites. J, Quanti!cation of 
the length of TH-positive neurites in the 
proximal and distal quadrants of rostral mVTA/
mPFC cocultures in the presence of IgG-Fc 
(n=13), Npn-1-Fc (n=12), or Npn-2-Fc (n=9). 
Graph shows average P/D ratio +/- SEM. Three 
independent blocking experiments were 
performed. *p<0.05; **p<0.01, one-way ANOVA 
(compared with control IgG-Fc). Note the ability 
of Npn-2-Fc to block the positive effect of mPFC 
on rostral m V TA axons. aca, Anter ior 
commissure; CP, cortical plate; CPu, caudate–
putamen; D, dorsal; fr, fasciculus retro"exus; IZ, 
intermediate zone; ls, lateral septum; mf, 
mesencephalic "exure; MZ, marginal zone; PZ, 
proliferative zone; V, ventral
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Sema3F, suggesting an axon-attractive effect 
(Fig. 6A,B) (P/D ratio, 1.33; n =11; p = 0.05). This 
effect was neutralized by Npn-2 function-
blocking tools (Fig. 6B) (P/D ratio, 1.07; n = 9; p = 
0.05) (data not shown). To provide additional 
evidence for a role for Sema3F in the formation 
of mesoprefrontal projections, the ability of 
alkaline phosphatase tagged Sema3F ligand 
(Sema3F-AP) to bind the distinct portions of the 
mesoprefrontal system was examined using 
section binding (supplemental Fig. S3). In line 
with the expression and tissue culture data 
(Figs. 4–6), prominent Sema3F-AP binding was 
observed in the mVTA region and MFB (1) as 
well as in the mPFC (2) (supplemental Fig. S3). 
Together, these data suggest that Sema3F, 
through binding with Npn-2, acts as an axon 
attractant for mesoprefrontal mdDA axons. 
Remarkably, when explants from E14.5 caudal 
mVTA were confronted with Sema3F, TH-
positive axons were strongly repelled (Fig. 6B) 
(P/D ratio, 0.56; n = 12; p = 0.001). Previous 
studies show that, similar to caudal mVTA 
axons, early embryonic rat mdDA axons are 
repelled by Sema3F (E13.5, analogous to ~E12 
in mice) (Hernandez-Montiel et al., 2008; 
Yamauchi et al., 2009). A possible model to 
explain why early rat mdDA axons are repelled 
by Sema3F whereas E14.5 rostral mVTA axons 
are attracted, is that rostralmVTAaxons change 
their responsiveness to Sema3F as they develop. 
To test this intriguing hypothesis, we cultured 
early embryonic (E12.5) mouse rostral mVTA 
explants next to cell aggregates secreting 
control or Sema3F proteins. In terestingly, 
Sema3F strongly repelled THpositive axons 
emerging from E12.5 rostral mVTA explants (Fig. 
6C) (P/D ratio, 0.52; n = 11; p = 0.001). 

experiments identify Sema3F as a bifunctional 
guidance cue and show that rostral mVTA axons 
change their responsiveness to Sema3F from 
repulsion to attraction as development 
progresses.

Abnormal mdDA axon channeling and 
fasciculation in sema3F and npn-2 mutant 
mice | The ability of Sema3F to repel early 
mesoprefrontal mdDA projections in vitro (Fig. 
6C) together with the expression of sema3F in 
several brain regions surrounding the 
(presumptive) trajectory of the mesoprefrontal 
mdDA pathway during early development (Fig. 
5E; supplemental Fig. S6) (data not shown) 
(Chen et al., 1997; Giger et al., 1998; Funato et 
al., 2000; Marín et al., 2001; Tamamaki et al., 
2003; Hernandez-Montiel et al., 2008; Ito et al., 
2008; Yamauchi et al., 2009) suggests that 
S e m a 3 F m i g h t f u n c t i o n t o g u i d e 
mesoprefrontal and other mdDA axons en route 
to their forebrain targets. To test this hypothesis, 
we studied the fate of mdDA axon projections 
in mice harboring a null mutation in sema3F 
(Sahay et al., 2003). Sagittal sections of E13.5 

sema3F-/- mice and wild-type littermate 
controls were immunostained for TH to visualize 
mdDA axon projections. In E13.5 wild-type 
embryos (n = 3), THpositive axons were 
organized into two compact MFBs that 

projected rostrally (Fig. 7A,B). In sema3F-/- mice 
(n = 2), however, the MFB was defasciculated 
and occupied a wider area along the dorso-
ventral axis (Fig. 7C). These defects were even 
more apparent at E18.5. At this stage, 

axons (Fig. 4 I, J) (IgG-Fc, n ! 13; Npn-1-Fc, n ! 12; Npn-2-Fc,
n ! 9; p " 0.05). Similar results were obtained in cocultures in
which Npn function was blocked using function-blocking anti-
Npn-1 and Npn-2 antibodies (Kolodkin et al., 1997; Giger et al.,
1998) (data not shown). Interestingly, the chemorepulsive effect
of S1 on mVTA axons could not be blocked using Npn-2-Fc
[IgG-Fc, P/D ratio, 0.70 (n ! 10); Npn-2-Fc, P/D ratio, 0.67 (n !
10), p ! 0.77], whereas Npn-2-Fc converted the axon-repulsive
effect observed in caudal mVTA–mPFC cocultures into attrac-
tion [IgG-Fc, P/D ratio, 0.71 (n ! 7); Npn-2-Fc, P/D ratio, 1.36
(n ! 9), p " 0.05]. Together, these results indicate that Npn-2
mediates the attractive effect of the mPFC on rostral mVTA
axons.

Sema3s are expressed in the developing mPFC
The presence of Npn-2 on mdDA rostral mVTA axon projec-
tions, together with the ability of Npn-2 blocking tools to neu-
tralize the positive effect of mPFC on rostral mVTA axons
suggests that Npn-2 ligands such as Sema3s mediate the directed
axonal outgrowth from the rostral mVTA in the presence of
mPFC. To test this idea, we first determined the expression of
Sema3s in the mPFC during embryonic development using RT-
PCR. Of all seven Sema3s that have been identified, only Sema3A,
3C, and 3F were detected in the embryonic mPFC at E14.5 and
E18.5 (Fig. 5A) (data not shown). Of these three Sema3s, only
Sema3C and Sema3F have been shown to signal through Npn-2
(Chen et al., 1997; Kolodkin et al., 1997; Giger et al., 1998). There-
fore, we studied the expression of sema3C and sema3F in more
detail using in situ hybridization. In situ hybridization revealed
expression of sema3C and sema3F within the embryonic mPFC
(Fig. 5B–G). At E14.5, sema3C was expressed at the subventricu-
lar zone (SVZ)/intermediate zone (IZ) boundary. In contrast,
sema3F displayed high expression in the upper CP (Fig. 5B,E). At
E18.5, sema3C was present in the SVZ and IZ and was weakly
expressed in the upper CP of the mPFC (Fig. 5C,D). Sema3F was
expressed within the CP (Fig. 5F,G). Together, these results es-
tablish that sema3C and sema3F are expressed in the mPFC at the
time of mesoprefrontal axon innervation.

Sema3F is a bifunctional axon guidance cue for rostral
mVTA axons
To determine whether Sema3C and Sema3F influence mVTA
axon outgrowth, E14.5 mVTA explants were cultured next to
293HEK cell aggregates secreting either control, Sema3C, or
Sema3F proteins (Fig. 6A). When explants from rostral mVTA
were combined with control or Sema3C-expressing cells, no che-
motropic axon responses were detected (Fig. 6A,B) (P/D ratios,
1.09, n ! 9, and 1.01, n ! 10, respectively). In striking contrast,
TH-positive axons from rostral mVTA were significantly longer
in the proximal compared with the distal quadrant in the pres-
ence of Sema3F, suggesting an axon-attractive effect (Fig.
6 A, B) (P/D ratio, 1.33; n ! 11; p " 0.05). This effect was
neutralized by Npn-2 function-blocking tools (Fig. 6 B) (P/D
ratio, 1.07; n ! 9; p " 0.05) (data not shown). To provide
additional evidence for a role for Sema3F in the formation of
mesoprefrontal projections, the ability of alkaline phosphatase-
tagged Sema3F ligand (Sema3F-AP) to bind the distinct por-
tions of the mesoprefrontal system was examined using
section binding (supplemental Fig. S3, available at www.
jneurosci.org as supplemental material). In line with the expres-
sion and tissue culture data (Figs. 4 – 6), prominent Sema3F-AP
binding was observed in the mVTA region and MFB (1) as well as
in the mPFC (2) (supplemental Fig. S3, available at www.
jneurosci.org as supplemental material). Together, these data
suggest that Sema3F, through binding with Npn-2, acts as an
axon attractant for mesoprefrontal mdDA axons.

Remarkably, when explants from E14.5 caudal mVTA were
confronted with Sema3F, TH-positive axons were strongly re-
pelled (Fig. 6B) (P/D ratio, 0.56; n ! 12; p " 0.001). Previous
studies show that, similar to caudal mVTA axons, early embry-
onic rat mdDA axons are repelled by Sema3F (E13.5, analogous
to #E12 in mice) (Hernández-Montiel et al., 2008; Yamauchi et
al., 2009). A possible model to explain why early rat mdDA axons
are repelled by Sema3F whereas E14.5 rostral mVTA axons are
attracted, is that rostral mVTA axons change their responsiveness
to Sema3F as they develop. To test this intriguing hypothesis, we
cultured early embryonic (E12.5) mouse rostral mVTA explants
next to cell aggregates secreting control or Sema3F proteins. In-

Figure 5. Expression of Sema3s in the mPFC. A, RT-PCR showing the expression of sema3A, 3B, 3C, 3D, 3E, 3F, and 3G in mouse head and mPFC at E14.5. Only sema3A, 3C, and 3F can be found in
the mPFC (arrows). Splice forms of sema3F are indicated by arrowheads (Kusy et al., 2003). Actin serves as a control. B–G, In situ hybridization on coronal sections shows sema3C and sema3F expression in
the E14.5 (B, E) and E18.5 (C–F ) mPFC. Sema3C is expressed within the SVZ and IZ and weakly within the upper layers of the CP, whereas sema3F is almost exclusively expressed in the CP.
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Figure 5 | Expression of Sema3s in 
the mPFC | A, RT-PCR showing the 
expression of sema3A, 3B, 3C, 3D, 
3E, 3F, and 3G in mouse head and 
mPFC at E14.5. Only sema3A, 3C, 
and 3F can be found in the mPFC 
(arrows). Splice forms of sema3F are 
indicated by arrowheads (Kusy et al., 
2003). Actin serves as a control. B–G, 
In situ hybridization on coronal 
sections shows sema3C and sema3F 
expression in the E14.5 (B, E) and 
E18.5 (C–F ) mPFC. Sema3C is 
expressed within the SVZ and IZ and 
weakly within the upper layers of 
the CP, whereas sema3F is almost 
exclusively expressed in the CP.
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TH-positive axons in the MFB of wild-type 
embryos (n = 5) were organized in multiple 
tightly fasciculated axon bundles (Fig. 8B,F,N). In 
dramatic contrast, axon bundles in the MFB of 

sema3 F-/- mice (n = 5) were severely 
defasciculated and the MFB had spread out over 
a larger area, thereby aberrantly projecting into 
surrounding regions normally expressing 
s e m a 3 F ( F i g . 8 C , G , O ) . D e s p i t e t h e s e 
abnormalities, however, the overall caudo-
rostral orientation of the MFB was preserved 
(Fig. 8A,C,O). To further assess these defects, DiI 
tracer was microinjected into the mVTA of E18.5 

sema3F-/- embryos (n=5) and littermate controls 
(n=4) after which axons in  the MFB were 
visualized and quanti!ed using confocal 
microscopy. In line with the results described 
above for TH immunohistochemistry, DiI-
labeled axon bundles within the MFB were  
severely defasciculated and MFB width 
increased (supplemental Fig. S4). To determine 
the contribution of Npn-2 to Sema3F signaling 
in mdDA axon fasciculation and channeling in 
vivo, mdDA axon projections were analyzed in 

a g e - m a t c h e d n p n - 2 - / - m i c e u s i n g T H 
immunohistochemistry (Giger et al., 2000). 

Inspection  of E18.5 npn-2-/-brains (n = 4; wild-
type littermates, n = 3) revealed that, although a 
few residual smaller axon fascicles were  present 
in the MFB, the majority of TH-positive axons 
were defasciculated and the MFB was covering 
a larger dorsal-to-ventral area, as seen in 

sema3F-/- mice (Fig. 8D,H,P). Quanti!cation of 
the width of the MFB and of the number of thick 
axon fascicles within the MFB con!rmed that 

the MFB in sema3F-/- and npn-2-/- mice is 
signi!cantly broader and contains fewer thick 
axon fascicles compared with control (MFB 

width: wt, 256.8±4.1µm; sema3F-/-, 362.3 ± 12.8 

µm, p = 0.0001; npn-2-/-, 363.1 ± 3.4 µm, p = 
0.0001; axon fascicles: wt, 4.9 ± 0.09 fascicles; 

sema3F-/-, 0.04±0,04 fascicles, p=0.0001; 

npn-2-/- , 0.18±0.07 fascicles, p=0.0001). 
Together, these observations demonstrate a 

terestingly, Sema3F strongly repelled TH-
positive axons emerging from E12.5
rostral mVTA explants (Fig. 6C) (P/D ra-
tio, 0.52; n ! 11; p " 0.001). Collectively,
these experiments identify Sema3F as a bi-
functional guidance cue and show that
rostral mVTA axons change their respon-
siveness to Sema3F from repulsion to at-
traction as development progresses.

Abnormal mdDA axon channeling and
fasciculation in sema3F and npn-2
mutant mice
The ability of Sema3F to repel early meso-
prefrontal mdDA projections in vitro (Fig.
6C) together with the expression of sema3F
in several brain regions surrounding the
(presumptive) trajectory of the mesopre-
frontal mdDA pathway during early devel-
opment (Fig. 5E; supplemental Fig. S6,
available at www.jneurosci.org as supple-
mental material) (data not shown) (Chen
et al., 1997; Giger et al., 1998; Funato et al.,
2000; Marín et al., 2001; Tamamaki et al.,
2003; Hernández-Montiel et al., 2008; Ito
et al., 2008; Yamauchi et al., 2009) sug-
gests that Sema3F might function to guide
mesoprefrontal and other mdDA axons
en route to their forebrain targets. To test
this hypothesis, we studied the fate of
mdDA axon projections in mice harbor-
ing a null mutation in sema3F (Sahay
et al., 2003). Sagittal sections of E13.5
sema3F# / # mice and wild-type littermate
controls were immunostained for TH to
visualize mdDA axon projections. In
E13.5 wild-type embryos (n ! 3), TH-
positive axons were organized into two
compact MFBs that projected rostrally
(Fig. 7A,B). In sema3F# / # mice (n ! 2),
however, the MFB was defasciculated and
occupied a wider area along the dorsoven-
tral axis (Fig. 7C). These defects were even
more apparent at E18.5. At this stage, TH-
positive axons in the MFB of wild-type
embryos (n ! 5) were organized in mul-
tiple tightly fasciculated axon bundles
(Fig. 8B,F,N). In dramatic contrast, axon
bundles in the MFB of sema3F# / # mice
(n ! 5) were severely defasciculated and
the MFB had spread out over a larger area,
thereby aberrantly projecting into sur-
rounding regions normally expressing
sema3F (Fig. 8C,G,O). Despite these ab-
normalities, however, the overall caudor-
ostral orientation of the MFB was
preserved (Fig. 8A,C,O). To further assess
these defects, DiI tracer was microinjected
into the mVTA of E18.5 sema3F# / # em-
bryos (n ! 5) and littermate controls (n ! 4) after which axons in
the MFB were visualized and quantified using confocal micros-
copy. In line with the results described above for TH immuno-
histochemistry, DiI-labeled axon bundles within the MFB were

severely defasciculated and MFB width increased (supplemental
Fig. S4, available at www.jneurosci.org as supplemental mate-
rial). To determine the contribution of Npn-2 to Sema3F signal-
ing in mdDA axon fasciculation and channeling in vivo, mdDA

Figure 6. Sema3F is a bifunctional axon guidance cue for rostral mVTA axons. A, TH immunostaining (green) of E14.5 rostral
mVTA explants (proximal quadrants are shown; arrowheads indicate the leading edge of a set of axons) cultured adjacent to
HEK293 cells (dotted line) secreting either control protein (n ! 8), Sema3C (n ! 10), or Sema3F (n ! 11). B, Quantification of the
length of TH-positive neurites in the proximal and distal quadrants of the culture assays shown in A. Graph shows average P/D
ratio $ SEM. Note that TH-positive rostral mVTA axons are attracted by Sema3F (P/D ratio, 1.33; p " 0.05) but not by Sema3C (P/D
ratio, 1.01) compared with control. This attraction is blocked by Npn-2-Fc (n ! 9; P/D ratio, 1.07; p " 0.05). Interestingly,
TH-positive axons extending from caudal mVTA explants are repelled by Sema3F (n ! 12; P/D ratio, 0.56; p " 0.001). C, TH
immunostaining (green) of E12.5 rostral mVTA explants cultured adjacent to HEK293 cells (dotted line) secreting either control
protein (n ! 12) or Sema3F (n ! 11). Axons extending from E12.5 rostral mVTA explants are repelled by Sema3F (P/D ratio, 0.52;
p " 0.001). For each experimental condition, at least three independent experiments were performed. *p " 0.05; ***p " 0.001,
one-way ANOVA. div, Days in vitro.

Figure 7. sema3F #/# mice display defects in the rostral growth of mdDA axons in the forebrain. A, Schematic showing the
derivation of the sections shown in B and C in gray. The developing MFB is shown in red. B, C, Sagittal sections of E13.5 wt (n ! 3)
(B) and sema3F # / # (n ! 2) (C) mice are immunostained for TH (green) to visualize mdDA axons and counterstained with
fluorescent Nissl (blue). The rostral extent of the mdDA neuron pool is indicated by a dotted line. B, At E13.5, TH-positive axons
project into the diencephalon and grow beyond the LH (arrowhead). C, In sema3F # / # mice, the MFB is defasciculated and
spreads out over a larger area along the dorsoventral axis. In addition, in sema3F # / # mice, TH-positive axons accumulate at the
level of the LH and fail to extend further rostrally.
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terestingly, Sema3F strongly repelled TH-
positive axons emerging from E12.5
rostral mVTA explants (Fig. 6C) (P/D ra-
tio, 0.52; n ! 11; p " 0.001). Collectively,
these experiments identify Sema3F as a bi-
functional guidance cue and show that
rostral mVTA axons change their respon-
siveness to Sema3F from repulsion to at-
traction as development progresses.

Abnormal mdDA axon channeling and
fasciculation in sema3F and npn-2
mutant mice
The ability of Sema3F to repel early meso-
prefrontal mdDA projections in vitro (Fig.
6C) together with the expression of sema3F
in several brain regions surrounding the
(presumptive) trajectory of the mesopre-
frontal mdDA pathway during early devel-
opment (Fig. 5E; supplemental Fig. S6,
available at www.jneurosci.org as supple-
mental material) (data not shown) (Chen
et al., 1997; Giger et al., 1998; Funato et al.,
2000; Marín et al., 2001; Tamamaki et al.,
2003; Hernández-Montiel et al., 2008; Ito
et al., 2008; Yamauchi et al., 2009) sug-
gests that Sema3F might function to guide
mesoprefrontal and other mdDA axons
en route to their forebrain targets. To test
this hypothesis, we studied the fate of
mdDA axon projections in mice harbor-
ing a null mutation in sema3F (Sahay
et al., 2003). Sagittal sections of E13.5
sema3F# / # mice and wild-type littermate
controls were immunostained for TH to
visualize mdDA axon projections. In
E13.5 wild-type embryos (n ! 3), TH-
positive axons were organized into two
compact MFBs that projected rostrally
(Fig. 7A,B). In sema3F# / # mice (n ! 2),
however, the MFB was defasciculated and
occupied a wider area along the dorsoven-
tral axis (Fig. 7C). These defects were even
more apparent at E18.5. At this stage, TH-
positive axons in the MFB of wild-type
embryos (n ! 5) were organized in mul-
tiple tightly fasciculated axon bundles
(Fig. 8B,F,N). In dramatic contrast, axon
bundles in the MFB of sema3F# / # mice
(n ! 5) were severely defasciculated and
the MFB had spread out over a larger area,
thereby aberrantly projecting into sur-
rounding regions normally expressing
sema3F (Fig. 8C,G,O). Despite these ab-
normalities, however, the overall caudor-
ostral orientation of the MFB was
preserved (Fig. 8A,C,O). To further assess
these defects, DiI tracer was microinjected
into the mVTA of E18.5 sema3F# / # em-
bryos (n ! 5) and littermate controls (n ! 4) after which axons in
the MFB were visualized and quantified using confocal micros-
copy. In line with the results described above for TH immuno-
histochemistry, DiI-labeled axon bundles within the MFB were

severely defasciculated and MFB width increased (supplemental
Fig. S4, available at www.jneurosci.org as supplemental mate-
rial). To determine the contribution of Npn-2 to Sema3F signal-
ing in mdDA axon fasciculation and channeling in vivo, mdDA

Figure 6. Sema3F is a bifunctional axon guidance cue for rostral mVTA axons. A, TH immunostaining (green) of E14.5 rostral
mVTA explants (proximal quadrants are shown; arrowheads indicate the leading edge of a set of axons) cultured adjacent to
HEK293 cells (dotted line) secreting either control protein (n ! 8), Sema3C (n ! 10), or Sema3F (n ! 11). B, Quantification of the
length of TH-positive neurites in the proximal and distal quadrants of the culture assays shown in A. Graph shows average P/D
ratio $ SEM. Note that TH-positive rostral mVTA axons are attracted by Sema3F (P/D ratio, 1.33; p " 0.05) but not by Sema3C (P/D
ratio, 1.01) compared with control. This attraction is blocked by Npn-2-Fc (n ! 9; P/D ratio, 1.07; p " 0.05). Interestingly,
TH-positive axons extending from caudal mVTA explants are repelled by Sema3F (n ! 12; P/D ratio, 0.56; p " 0.001). C, TH
immunostaining (green) of E12.5 rostral mVTA explants cultured adjacent to HEK293 cells (dotted line) secreting either control
protein (n ! 12) or Sema3F (n ! 11). Axons extending from E12.5 rostral mVTA explants are repelled by Sema3F (P/D ratio, 0.52;
p " 0.001). For each experimental condition, at least three independent experiments were performed. *p " 0.05; ***p " 0.001,
one-way ANOVA. div, Days in vitro.

Figure 7. sema3F #/# mice display defects in the rostral growth of mdDA axons in the forebrain. A, Schematic showing the
derivation of the sections shown in B and C in gray. The developing MFB is shown in red. B, C, Sagittal sections of E13.5 wt (n ! 3)
(B) and sema3F # / # (n ! 2) (C) mice are immunostained for TH (green) to visualize mdDA axons and counterstained with
fluorescent Nissl (blue). The rostral extent of the mdDA neuron pool is indicated by a dotted line. B, At E13.5, TH-positive axons
project into the diencephalon and grow beyond the LH (arrowhead). C, In sema3F # / # mice, the MFB is defasciculated and
spreads out over a larger area along the dorsoventral axis. In addition, in sema3F # / # mice, TH-positive axons accumulate at the
level of the LH and fail to extend further rostrally.

12550 • J. Neurosci., October 7, 2009 • 29(40):12542–12557 Kolk et al. • Sema3F Mediates Mesoprefrontal Pathway Development

Figure 6 | Sema3F is a bifunctional axon guidance cue for rostral 
mVTA axons | A, TH immunostaining (green) of E14.5 rostral mVTA 
explants (proximal quadrants are shown; arrowheads indicate the 
leading edge of a set of axons) cultured adjacent to HEK293 cells 
(dotted line) secreting either control protein (n=8), Sema3C (n=10), or 
Sema3F (n =11). B, Quanti!cation of the length of TH-positive neurites 
in the proximal and distal quadrants of the culture assays shown in A. 
Graph shows average P/D ratio +/- SEM. Note that TH-positive rostral 
mVTA axons are attracted by Sema3F (P/D ratio, 1.33; p<0.05) but not 
by Sema3C (P/D ratio, 1.01) compared with control. This attraction is 
blocked by Npn-2-Fc (n=9; P/D ratio, 1.07; p<0.05). Interestingly, TH-
positive axons extending from caudal mVTA explants are repelled by 
Sema3F (n=12; P/D ratio, 0.56; p<0.001). C, TH immunostaining (green) 
of E12.5 rostral mVTA explants cultured adjacent to HEK293 cells 
(dotted line) secreting either control protein (n=12) or Sema3F (n=11). 
Axons extending from E12.5 rostral mVTA explants are repelled by 
Sema3F (P/D ratio, 0.52; p<0.001). For each experimental condition, at 
least three independent experiments were performed. *p<0.05; ***p< 
0.001, one-way ANOVA. div, Days in vitro.

Figure 7 | Sema3F-/- mice display defects in the rostral growth of 
mdDA axons in the forebrain | A, Schematic showing the derivation of 
the sections shown in B and C in gray. The developing MFB is shown in 
red. B, C, Sagittal sections of E13.5 wt (n=3) (B) and sema3F-/- (n=2) (C) 
mice are immunostained for TH (green) to visualize mdDA axons and 
counterstained with "uorescent Nissl (blue). The rostral extent of the 
mdDA neuron pool is indicated by a dotted line. B, At E13.5, TH-positive 
axons project into the diencephalon and grow beyond the LH 
(arrowhead). C, In sema3F -/- mice, the MFB is defasciculated and 
spreads out over a larger area along the dorsoventral axis. In addition, in 
sema3F-/- mice, TH-positive axons accumulate at the level of the LH and 
fail to extend further rostrally

novel and indispensable role for Sema3F–Npn-2 
signaling in the fasciculation and channeling of 
mdDA axons en route to their synaptic targets 
in the forebrain.

Sema3F-null mice exhibit defects in the rostral 
growth of mdDA axons in the diencephalon | 
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Another defect observed in E13.5 sema3F-/- 
mice was the accumulation of TH-positive axons 
in the ventral diencephalon. Whereas many TH-
positive axons had extended beyond the lateral 
hypothalamic (LH) region at E13.5 in wild-type 

mice, most TH-positive axons in E13.5 sema3F-/- 
mice accumulated in the LH failing to further 
project rostrally (Fig. 7A–C, black arrowhead). 
Although many TH-positive axons had managed 

to extend beyond the LH in sema3F-/- mice by 
E18.5, numerous ectopic TH-positive axons 
remained detectable in the LH (n=4) (Fig. 8K,O). 
None of the wild-type littermate controls (n = 4) 
showed ectopic axons within the ventral 
forebrain nor did E13.5 (n=3) (data not shown) 

and E18.5 npn-2-/- mice (n=3) (Fig. 8J,L,N,P). 
Thus, Sema3F regulates the rostral growth of 
mdDA  axons in the diencephalon in vivo 
through Npn-2-independent mechanisms. 
Interestingly, preliminary analysis of the 

innervation of mPFC and striatum by TH-

positive axons in adult sema3F-/- mice shows 
that the majority of mdDA axons ultimately 
reaches their targets despite initial mistargeting 
in the ventral forebrain (data not shown).

Sema3F- and npn-2-null mice show aberrant 
intracorticaltargeting of mesoprefrontal 
axons | Mesoprefrontal mdDA axons follow two 
distinct trajectories to reach and innervate the 
mPFC. Although the majority of axons innervate 
the mPFC by coursing dorsally just caudal of the 
OB, a smaller subset of axons traverses the 
developing striatum and enters the mPFC by 
crossing the EC (Figs. 1, 8R). Interestingly, in 

npn-2-/- but not sema3F-/- mice, mdDA axons 
excessively crossed the EC and innervated the 
mPFC (Fig. 8R–T, arrowheads). Thus, Npn-2 
controls the innervation of the mPFC by mdDA 
axons via the EC but does not rely on Sema3F 
for mediating this effect.  Mesoprefrontal mdDA 

Figure 8. Abnormal channeling, fasciculation, rostral growth, and EC crossing of mdDA projections in sema3F- and npn-2-deficient mice. A, Schematic showing in gray the derivation of the
sections in B–M and R–U. The developing mesoprefrontal projection is shown in red. B–M, R–U, Sagittal sections at the level of the MFB (B–I ), diencephalon (J–M ), and EC (R–U ) of E18.5 wt (n !
5) (B, F, J, R), sema3F " / " (n !4) (C, G, K, S), npn-2 " / " (n !4) (D, H, L, T ), and npn-2 " / ";TH-Cre (n !3) (E, I, M, U ) mice. Sections are immunostained for TH (green) to visualize mdDA axons
and counterstained with fluorescent Nissl (blue). The boxed areas in B–E are enlarged in F–I. N–Q, Schematic representations of the development of the mesoprefrontal projection (in red) of
wild-type (N ), sema3F " / " (O), npn-2 " / " (P), and npn-2 " / ";TH-Cre (Q) mice with an enlargement at the level of the MFB (dark red within circle). B, F, In wild-type mice, the compact MFB
(boundaries indicated by dotted lines) projects into the diencephalon with individual TH axons fasciculated into thick bundles. The double-arrowed line in B indicates location of line used to quantify
MFB width and axon fascicle number. C, G, In sema3F " / " mutants, the MFB occupies a larger dorsoventral area and individual TH-positive axons are severely defasciculated. In npn-2 " / " (D, H )
and npn-2 " / ";TH-Cre mice (E, I ), the MFB is broader and TH-positive axons are defasciculated. In sema3F " / " mutants (K ), but not in wild-type (J ), npn-2 " / " (Figure legend continues.)
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F i g u r e 8 | A b n o r m a l c h a n n e l i n g, 
fasciculation, rostral growth, and EC 
crossing of mdDA projections in sema3F- 
and npn-2-de$cient mice | A, Schematic 
showing in gray the derivation of the 
sections in B–M and R–U. The developing 
mesoprefrontal projection is shown in red. 
B–M, R–U, Sagittal sections at the level of 
the MFB (B–I ), diencephalon (J–M ), and EC 
(R–U ) of E18.5 wt (n=5)(B,F,J,R),sema3F-/ - 
( n = 4 ) ( C , G , K , S ) , n p n - 2 - / - ( n = 4 )
(D,H,L,T),andnpn-2-/-;TH-Cre(n=3)(E,I,M,U)
mice.SectionsareimmunostainedforTH
( g r e e n ) t o v i s u a l i z e m d D A a x o n s a n d 
counterstained with "uorescent Nissl (blue). 
The boxed areas in B–E are enlarged in F–I. 
N–Q, Schematic representations of the 
development of the mesoprefrontal 
projection (in red) of wild-type (N ), 
sema3 F - / - (O) , npn-2-/ - ( P ) , and 
npn-2 - /- ;TH-Cre (Q) mice with an 
enlargement at the level of the MFB (dark 
red within circle). B, F, In wild-type mice, the 
compact MFB (boundaries indicated by 
dotted lines) projects into the diencephalon 
with individual TH axons fasciculated into 
thick bundles. The double-arrowed line in B 
indicates location of line used to quantify 
MFB width and axon fascicle number. C, G, 
In sema3F-/- mutants, the MFB occupies a 
larger dorsoventral area and individual TH-
positive axons are severely defasciculated. 
In npn-2-/- (D, H ) and npn-2-/- ;TH-Cre 
mice (E, I ), the MFB is broader and TH-
positive axons are defasciculated. In 
sema3F-/ - mutants (K ), but not in wild-
type (J ), npn-2-/-. L), and npn-2-/- ;TH-Cre 
mice (M), many axons in the diencephalon 
are displaced ventrally and appear to stall in 
the LH region. R–U, A subset of axons 
innervates the mPFC by crossing the EC (R). 
Although this innervation appears normal 
in sema3F-/-mice (S), TH-positive axons 
excessively cross the EC in npn-2-/- and 
npn-2- /- ;TH-Cremice(arrowheads). Str, 
Striatum.
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axons reach the mPFC around E15 and 
accumulate within the SP before penetrating 
the overlaying CP ~2 d later (Fig. 2). During this 
period, Npn-2 is expressed in mesoprefrontal 
(rostral mVTA) neurons and their axons, and 
sema3F is present in the CP of the mPFC. 
Furthermore, Npn-2 blocking tools neutralize 
the attractive effect of E14.5 mPFC on 
mesoprefrontal axons in vitro. Similarly, Sema3F 
can elicit rostral mVTA axon attraction through 
Npn-2. To evaluate the requirement for Sema3F 
and Npn-2 in the guidance of mesoprefrontal 
mdDA projections toward or within the 
developing mPFC in vivo, mdDA innervation of 

the mPFC was studied in E18.5 sema3F-/- and 

npn-2-/- mice using TH immunostaining. 
Despite the pronounced defects in mdDA axon 
fasciculation, channeling, rostral growth, and EC 

crossing observed in sema3F-/- and npn-2-/-

mice (Fig. 8), numerous TH-positive axons 
reached and innervated the mPFC in these mice 
at E18.5 (Fig. 9A–C,E–G). The targeting of TH-
positive axons within the mPFC was, however, 

severely disrupted in both sema3F-/- (n= 5) and 

npn-2-/- (n = 4) mice. Several distinct targeting 
defects were observed. First, the overall 
innervation of the mPFC was signi!cantly 

reduced in sema3F-/- mice compared with wild 
type littermates (Fig. 9I, p = 0.001, J ), whereas 

npn-2-/- mice showed an increase in overall TH-
positive axon density (Fig. 9I, p = 0.01 compared 
with littermate control, J ). Second, TH-positive 
axons that normally coursed parallel to the pial 
surface within the compact structure of the SP, 
occupied a wider area that included the SP but 
expanded toward the ventricular zone in E18.5 

sema3F-/- but not npn-2-/- mice (9A–C,E–G,J ). 

Third, in npn-2-/- mice but not sema3F-/- mice, a 
large subset of TH-positive axons in the SP 
region displayed “club-like” endings (Fig. 9C, 
arrowheads). Fourth, the majority of TH-positive 

axons within the CP in sema3F-/- and npn-2-/-

mice did not project perpendicular to the pial 
surface, as observed in wild-type mice, but 

instead followed an aberrant trajectory diagonal 
or parallel to the pial membrane (Fig. 9A–C,E–G). 
To further assess this defect, the orientation of 
individual mdDA axons within the CP was 
visualized and quanti!ed. In E18.5 wild-type 
mice, the majority of axons in the CP followed a 
trajectory perpendicular to the pial surface (0 –

20°), whereas axons in the CP of sema3F-/- and 

npn-2-/- displayed a more random orientation 
(Fig. 9E–G, insets, K). These results suggest that 
Sema3F and Npn-2 are necessary to orient 
mesoprefrontal axons in the CP and identify a 
novel role for chemo attractive mechanisms in 
orienting afferent axonal projections in their 
target !elds.

tant mouse (Walz et al., 2002) to generate
mice that lack npn-2 exclusively in TH-
positive neurons. In mice that were het-
erozygous for the TH-Cre allele and either
homozygous or heterozygous for the
npn-2 conditional allele (npn-2! /!;TH-
Cre or npn-2"/ !;TH-Cre), Cre reco-
mbination was limited to TH-positive
neurons and their projections (data not
shown). Furthermore, Nissl and Tbr1 im-
munostaining did not reveal cortical neu-
ron migration defects in E18.5 npn-2! / !;
TH-Cre mice (n # 3) (supplemental Fig.
S5E, available at www.jneurosci.org as
supplemental material). Analysis of npn-
2! / !;TH-Cre mice (n # 3) using TH
immunostaining revealed phenotypes
similar to those seen in sema3F! / ! mice
and/or npn-2! / ! mice. First, E18.5 npn-
2! / !;TH-Cre mice displayed aberrant
channeling and fasciculation of mdDA ax-
ons in the MFB (MFB width: npn-2! /!;TH-
Cre, 362.3 $ 7.4 !m, p % 0.0001; axon
fascicles: npn-2! /!;TH-Cre, 0.22 $ 0.05 fas-
cicles, p % 0.0001) (Fig. 8E,I,Q). Second, as
seen in npn-2! /! mice, mdDA axons exces-
sively crossed the EC in E18.5 npn-2! /!;TH-
Cre mice (Fig. 8U, arrowheads). Third, overall
innervation of the mPFC was increased in
npn-2! /!;TH-Cre mice (Fig. 9I). Fourth, the
area of mdDA innervation in the mPFC was
expanded toward the ventricular zone in npn-
2! /!;TH-Cre mice, as seen in sema3F! /!

mice (Fig. 9D,H,J). Fifth, mdDA axons tra-
versing the CP of the mPFC in npn-2! /!;
TH-Cre mice followed random trajectories
instead of a normal radial path, as seen in
age-matched sema3F! /! and npn-2! /!

mice (Fig. 9D, arrows; H, K). Finally,
npn-2! /!;TH-Cre (and sema3F! /! and
npn-2! /! mice) displayed caudally ori-
ented mdDA axons at the MHB, as reported
previously in another npn-2! /! mouse
strain (Yamauchi et al., 2009) (data not
shown). None of these phenotypes were
found in littermate controls [npn-2"/!;TH-

Figure 9. sema3F- and npn-2-deficient mice display defects in intracortical targeting of mesoprefrontal axons. A–D, Sagittal
sections of E18.5 mPFC in wild-type (A), sema3F ! / ! (B), npn-2 ! / ! (C), and npn-2 ! / !;TH-Cre mice (D) immunostained for
TH. The arrows indicate direction of growth of TH-positive axons in the CP. B–H, Camera lucida drawings of three consecutive
sections within the mPFC of wild-type (E), sema3F ! / ! (F), npn-2 ! / ! (G), and npn-2 ! / !;TH-Cre mice (H). The insets show
axon orientation plots of randomly selected axons within the CP [dotted line indicates trajectory perpendicular to the pial surface
(0°)]. B, F, Inset, Overall innervation of the mPFC in sema3F ! / ! mice is reduced and axons ectopically innervate deeper cortical
areas. Furthermore, axons within the CP display a random orientation. C, G, Inset, In npn-2 ! / ! mutants, overall mPFC innerva-
tion is increased, mdDA axon growth in the CP is randomized, and many axons form club-like structures (arrowheads). D, H, Inset,
In npn-2 ! / !;TH-Cre mice, overall TH-positive innervation is increased and ectopic innervation of deeper cortical areas is prom-
inent. TH-positive axon growth in the CP is randomized. I, Quantification of total TH axon density at E18.5 in the mPFC in arbitrary
units (a.u.) confirms the qualitative observations shown in A–H. Graph shows average density $ SEM. There is a significant
decrease of TH-positive wiring in the mPFC of sema3F ! / ! animals ( p % 0.001) and an increase in npn-2 ! / ! and
npn-2 ! / !;TH-Cre animals ( p % 0.01 and p % 0.05, respectively) compared with wild type. J, Quantification of the distribution of

4

TH-positive axon density in 10 bins dividing the mPFC as
indicated in A. Graph shows average density per bin $
SEM. Note that innervation of the mPFC in sema3F ! / ! and
npn-2 ! / !;TH-Cre mice is shifted toward the lower bins.
K, Axon orientation histogram. Quantification of the orienta-
tion of mesoprefrontal axons in the CP. 0° represents a trajec-
tory perpendicular to the pial surface. Note that
mesoprefrontal axon growth in the CP of the mPFC in all mu-
tant mouse lines is random, whereas in wild-type mice most
axons are biased toward a radial trajectory. White, Wild type;
dark gray, sema3F ! / !; light gray, npn-2 ! / !; intermediate
gray, npn-2 ! / !;TH-Cre. *p % 0.05; **p % 0.01; ***p %
0.001, one-way ANOVA. CP, Cortical plate; IZ, intermediate
zone; MZ, marginal zone; SP, subplate; SVZ, subventricular
zone; VZ, ventricular zone.
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Figure 9 | Sema3F- and npn-2-de$cient mice display defects in intracortical 
targeting of mesoprefrontal axons | A–D, Sagittal sections of E18.5 mPFC in wild-
type (A), sema3F-/- (B), npn-2-/- (C), and npn-2-/ - ;TH-Cre mice (D) immunostained for 
TH. The arrows indicate direction of growth of TH-positive axons in the CP. B–H, 
Camera lucida drawings of three consecutive sections within the mPFC of wild-type (E), 
sema3F-/- (F), npn-2-/- (G), and npn-2-/- ;TH-Cre mice (H). The insets show axon 
orientation plots of randomly selected axons within the CP [dotted line indicates 
trajectory perpendicular to the pial surface (0°)]. B, F, Inset, Overall innervation of the 
mPFC in sema3F-/- mice is reduced and axons ectopically innervate deeper cortical 
areas. Furthermore, axons within the CP display a random orientation. C, G, Inset, In 
npn-2-/- mutants, overall mPFC innerva- tion is increased, mdDA axon growth in the 
CP is randomized, and many axons form club-like structures (arrowheads). D, H, Inset, 
In npn-2-/- ;TH-Cre mice, overall TH-positive innervation is increased and ectopic 
innervation of deeper cortical areas is prominent. (Legend continued ->)
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Selective genetic ablation of npn-2 in TH-
positive neurons reveals a cell-autonomous 
requirement for Npn-2 in mdDA axon guidance 
| Close inspection of Nissl-stained sections of 

the mPFC of sema3F-/- and npn-2-/- mice 
revealed the absence of a clear IZ/SP zone (data 
not shown) hinting at putative cortical neuron 
migration abnormalities. To assess this further, 
immunohistochemistry was performed for the 
presumptive cortical layer V/VI marker Tbr1 
(Hevner et al., 2001). Intriguingly, in E18.5 

sema3F-/- and npn-2-/- mice, Tbr1-positive 
neurons were no longer con!ned to the CP but 
were also detected in more super!cial and 
deeper cortical layers (supplemental Fig. S5B–
D). Thus, Sema3F and Npn-2 are required for the 
migration of cortical neurons. This raised the 
question whether the mistargeting of mdDA 

axons in the mPFC in sema3F-/- and npn-2-/- 
mice is attributable to defects in axonal 
guidance or abnormal cortical neuron 
migration, or both. To discriminate between 
these two possible scenarios, we used a TH-Cre 
BAC transgenic mouse line (Gong et al., 2007) in 
combination with a npn-2 conditional mu-tant 
mouse (Walz et al., 2002) to generate mice that 
lack npn-2 exclusively in TH positive neurons. In 
mice that were heterozygous for the TH-Cre 
allele and either homozygous or heterozygous 

for the npn-2 conditional allele (npn-2-/-;THCre 

or npn-2-/-;TH-Cre), Cre recombination was 
limited to TH-positive neurons and their 
projections (data not shown). Furthermore, Nissl 
and Tbr1 Immunostaining did not reveal cortical 

neuron migration defects in E18.5 npn-2-/-; TH-
Cre mice (n =3) (supplemental Fig. S5E). Analysis 

of npn- 2-/-;TH-Cre mice (n=3) using TH 
immunostaining revealed phenotypes similar to 

those seen in sema3F-/- mice and/or npn-2-/- 

mice. First, E18.5 npn- 2-/-;TH-Cre mice displayed 
aberrant channeling and fasciculation of mdDA 

axons in the MFB (MFB width: npn-2-/-;THCre, 
362.3 ± 7.4 µm, p = 0.0001; axon fascicles: 

npn-2-/-;TH-Cre, 0.22±0.05 fascicles, p = 0.0001) 

(Fig. 8E,I,Q). Second, as seen in npn-2-/- mice, 
mdDA axons excessively crossed the EC in E18.5 

npn-2-/-;TH-Cre mice (Fig. 8U, arrowheads). 
Third, overall innervation of the mPFC was 

increased in npn-2-/-;TH-Cre mice (Fig. 9I). 
Fourth, the area of mdDA innervation in the 
mPFC was expanded toward the ventricular 

zone in npn- 2-/-;TH-Cre mice, as seen in 

sema3F-/- mice (Fig. 9D,H,J). Fifth, mdDA axons 

traversing the CP of the mPFC in npn-2-/-; TH-
Cre mice followed random trajectories instead of 
a normal radial path, as seen in age-matched 

sema3F-/- and npn-2-/-mice (Fig. 9D, arrows; H, 

K). Finally, npn-2-/-;TH-Cre (and sema3F-/- and 

npn-2-/- mice) displayed caudally oriented 
mdDA axons at the MHB as reported previously 

in another npn-2-/- mouse strain (Yamauchi et 
al., 2009) (data not shown). None of these 
phenotypes were found in littermate controls 

[npn-2-/-;TH-Cre mice (n = 3), npn-2-/-;TH-Cre 

mice (n=3), and npn-2-/-;+mice (n=3)]. In all, 
these results indicate that Npn-2 is required cell 
autonomously in mdDA neurons to control 
mdDA axon channeling, fasciculation, EC 
crossing, and axon orientation in the CP of the 
mPFC. 

DISCUSSION | Dopaminergic pathways 
mediate complex physiological functions and 
are a known therapeutic target, underscoring 
the need to de!ne how these connections are 
established. The development of mdDA 
projections is remarkably complex and is 
contingent on the completion of several highly 
stereotypic events such as axon fasciculation, 
caudorostral extension, and targeting. The 
molecular programs regulating these disparate 

TH-positive axon growth in the CP is randomized. I, Quanti!cation of total TH axon 
density at E18.5 in the mPFC in arbitrary units (a.u.) con!rms the qualitative 
observations shown in A–H. Graph shows average density +/- SEM. There is a 
signi!cant decrease of TH-positive wiring in the mPFC of sema3F-/- animals ( p<0.001) 
and an increase in npn-2-/- and npn-2-/- ;TH-Cre animals ( p<0.01 and p<0.05, 
respectively) compared with wild type. J, Quanti!cation of the distribution of TH-
positive axon density in 10 bins dividing the mPFC as indicated in A. Graph shows 
average density per bin +/- SEM. Note that innervation of the mPFC in sema3F-/- and 
npn-2-/- ;TH-Cre mice is shifted toward the lower bins. K, Axon orientation histogram. 
Quanti!cation of the orienta- tion of mesoprefrontal axons in the CP. 0° represents a 
trajec- tory perpendicular to the pial surface. Note that mesoprefrontal axon growth in 
the CP of the mPFC in all mu- tant mouse lines is random, whereas in wild-type mice 
most axons are biased toward a radial trajectory. White, Wild type; dark gray, 
sema3F-/- ; light gray, npn-2-/- ; intermediate gray, npn-2-/- ;TH-Cre. *p<0.05; **p<0.01; 
***p<0.001, one-way ANOVA. CP, Cortical plate; IZ, intermediate zone; MZ, marginal 
zone; SP, subplate; SVZ, subventricular zone; VZ, ventricular zone.
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developmental processes in vivo remain mostly 
unknown. Here, we determine the embryonic 
o r i g i n a n d o n t o g e n y o f t h e m o u s e 
mesoprefrontal pathway and exploit these data 
to identify Sema3F as a bifunctional guidance 
cue and to demonstrate an unexpected 
requirement for Sema3F and its receptor Npn-2 
in several fundamental and previously 
uncharacterized aspects of mdDA pathway 
development in vivo.

Sema3F repulsion regulates fasciculation and 
channeling of mdDA axons | Our results show 

that, in sema3F-/-, npn- 2-/-, and npn-2-/-;TH-Cre 
mice, axon bundles within the MFB are 
defasciculated and MFB width is increased. 
These results, coupled with sema3F expression 
surrounding the MFB (supplemental Fig. S6) 
and the ability of Sema3F to repel early mdDA 
axons in vitro (Hernandez-Montiel et al., 2008; 
Yamauchi et al., 2009; present study), indicate 
that Sema3F-Npn-2-mediated surround 
repulsion is required in vivo for channeling and 
fasciculation of mdDA axons (Fig. 10). This is 
consistent with the role of Sema3s in other 
neuronal systems (Sahay et al., 2003; Walz et al., 
2002; Falk et al., 2005). The only other guidance 
molecules implicated in MFB patterning to date 
are Slit proteins. Slits repel mdDA axons in vitro 

(Lin et al., 2005), and in Slit1-/-;Slit2-/-mice, the 
MFB is split and displaced ventromedially (Bagri 
et al., 2002). Thus, whereas Slits control 
dorsolateral positioning of the MFB, Sema3F 
regulates its channeling and fasciculation.

Sema3F enforces rostral growth of mdDA axons 
independent from Npn-2 | A characteristic 
feature of mdDA pathways is their extended 
longitudinal trajectory in the forebrain. The 
mechanisms that dictate axon growth along the 
rostrocaudal axis of the forebrain remain 
elusive. In sema3F-/- mice,mdDAaxons 
aberrantly accumulate in the LH. It is unlikely 
that this accumulation occurs simply because of 
abnormal channeling and fasciculation of 
mdDA axons, since it is not seen in npn-2-/-  
mice. Instead, this axonal buildup, together with 
the repulsive effects of Sema3F and the 
presence of a, temporally expanding, high-
caudal-to-low-rostral sema3F gradient in the 

mesodiencephalon (supplemental Fig. S6l) 
supports the idea that graded Sema3F 
expression dictates the rostral growth of mdDA 
projections within the forebrain (Fig. 10). Similar 
“push” mechanisms have been attributed to 
SHH (sonic hedgehog) and Wnt-5a in the 
growth of spinal pathways (Bourikas et al., 2005; 

Liu et al., 2005). mdDA axons in E13.5 sema3F-/- 
mice do not simply display delayed rostral 
growth, but rather speci!cally accumulate in the 
LH. A possible explanation for this observation 
supported by the reported chemoattractive 
properties of cultured rat MFB (Gates et al., 
2004) is that the loss of Sema3F unmasks a 
chemoattractive activity in the LH. Netrin-1 is 
enriched in the LH (supplemental Fig. S6) 
(Deiner and Sretavan, 1999) and positively 
in"uences mdDA guidance in vitro (Lin et al., 
2005). Together, these observations hint at a 
model in which the LH expresses netrin-1, or 
another chemoattractant, to !rst attract mdDA 
axons rostrally, after which Sema3F dominates 
this attractive force and repels mdDA axons 
passed the LH. Future  experiments will address 
these and other possibilities.

Axon attraction by Sema3F controls the 
intracortical targeting of mdDA axons | After a 
waiting period in the SP, mdDA axons innervate 
the overlaying CP following a trajectory 
perpendicular to the pial surface (Fig. 10). This 
directed growth suggests that mdDA axons in 
the CP might be guided by extracellular signals. 
Our experiments identify Sema3F as such an 
axon orientation signal. We !nd Npn-2 
expression in mesoprefrontal neurons/axons 
and showthat blocking Npn-2 neutralizes the 
attractive effect of mPFC on mesoprefrontal 
axons in vitro. Sema3F mediates this attractive 
signal since it is expressed in the CP and, by 
analogy to the mPFC, can elicit rostral mVTA 
axon attraction through Npn-2 in vitro. Finally, 
mdDA axons enter the CP of the mPFC in 
sema3F-/-, npn-2-/-, and npn-2-/-;TH-Cre mice 
but are randomly oriented Thus, axon attraction 
by Sema3F through Npn-2 appears to be 
necessary for correct orientation of mdDA axons 
in the CP in vivo (Fig. 10). In all, our !ndings 
demonstrate that regulation of axon orientation 
in the target !eld occurs by chemoattractive 
mechanisms.
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Although sema3F is expressed in the E14.5 CP 
and attracts mesoprefrontal axons as early as 
~E15.5, these axons do not enter the CP until 
~E17.5. One model to explain this behavior is 
that the CP contains nonpermissive molecules 
such as semaphorins, Slits, and ephrins (Skaliora 
et al., 1998; Mackarehtschian et al., 1999; 
Marillat et al., 2002) that dominate Sema3F 
attraction until ~E17.5. Alternatively, the SP may 
be much more permissive for mesoprefrontal 
axons than the CP before E17.5, as has been 
shown for migrating GABAergic interneurons 
(Lopez- Bendito et al., 2008). This latter model is 
supported by the ability of early mPFC to attract 
early rostral mV TA axons in an Npn-2- 
independent manner (supplemental Fig. S7). 
Additional studies will determine the precise 
mechanisms that regulate the intracortical 
waiting period of mesoprefrontal axons. 
Furthermore, since the intracortical behavior of 
mdDA axons resembles that of other Npn-
p o s i t i v e c o r t i c a l a ff e r e n t s / m i g r a t i n g 
interneurons (López- Bendito and Molnár, 2003; 
López-Bendito et al., 2008), it will be interesting 
to explore whether the intracortical targeting 

principles determined here also apply to those 
systems.

Npn-2 controls mPFC innervation through 
theexternal capsule | Sema3F- and npn-2-
de!cient mice exhibit identical defects in CP 
mdDA axon or ientat ion. O ther cor t ical 
phenotypes are, however, not shared among all 
three genetic models. The interpretation of 

these phenotypes is, at least in sema3F-/- and 

npn-2-/- mice, complicated by concurrent 
c o r t i c a l n e u r o n m i g r a t i o n d e f e c t s 
(supplemental Fig. S5). Nevertheless analysis of 

npn-2-/-;TH-Cre mice reveals a Npn-2-
dependent effect that may not rely on Sema3F. 
During development, mdDA axons reach the 
mPFC following two different routes, one of 
which is through the striatum and EC (Fig. 8R). 

Interestingly, npn-2-/-;TH-Cre mice (and 

npn-2-/- mice) display an increase in the 

Cre mice (n ! 3), npn-2"/";TH-Cre mice
(n!3),and npn-2"/ #;" mice (n ! 3)]. In
all, these results indicate that Npn-2 is re-
quired cell autonomously in mdDA neu-
rons to control mdDA axon channeling,
fasciculation, EC crossing, and axon ori-
entation in the CP of the mPFC.

Discussion
Dopaminergic pathways mediate complex
physiological functions and are a known
therapeutic target, underscoring the need to
define how these connections are estab-
lished. The development of mdDA projec-
tionsisremarkablycomplexandiscontingent
on the completion of several highly stereo-
typic events such as axon fasciculation, cau-
dorostral extension, and targeting. The
molecular programs regulating these dis-
parate developmental processes in vivo re-
main mostly unknown. Here, we determine
the embryonic origin and ontogeny of the
mouse mesoprefrontal pathway and exploit
these data to identify Sema3F as a bifunc-
tional guidance cue and to demonstrate an
unexpected requirement for Sema3F and its
receptor Npn-2 in several fundamental and
previously uncharacterized aspects of
mdDA pathway development in vivo.

Sema3F repulsion regulates
fasciculation and channeling of
mdDA axons
Our results show that, in sema3F# /#, npn-
2# /#, and npn-2# /#;TH-Cre mice, axon
bundles within the MFB are defasciculated and MFB width is
increased. These results, coupled with sema3F expression sur-
rounding the MFB (supplemental Fig. S6, available at www.
jneurosci.org as supplemental material) and the ability of Sema3F
to repel early mdDA axons in vitro (Hernández-Montiel et al.,
2008; Yamauchi et al., 2009; present study), indicate that
Sema3F-Npn-2-mediated surround repulsion is required in vivo
for channeling and fasciculation of mdDA axons (Fig. 10). This is
consistent with the role of Sema3s in other neuronal systems
(Sahay et al., 2003; Walz et al., 2002; Falk et al., 2005). The only
other guidance molecules implicated in MFB patterning to date
are Slit proteins. Slits repel mdDA axons in vitro (Lin et al., 2005),
and in Slit1# / #;Slit2# / # mice, the MFB is split and displaced
ventromedially (Bagri et al., 2002). Thus, whereas Slits control
dorsolateral positioning of the MFB, Sema3F regulates its chan-
neling and fasciculation.

Sema3F enforces rostral growth of mdDA axons independent
from Npn-2
A characteristic feature of mdDA pathways is their extended lon-
gitudinal trajectory in the forebrain. The mechanisms that dictate
axon growth along the rostrocaudal axis of the forebrain remain
elusive. In sema3F# / # mice, mdDA axons aberrantly accumulate
in the LH. It is unlikely that this accumulation occurs simply
because of abnormal channeling and fasciculation of mdDA ax-
ons, since it is not seen in npn-2# / # mice. Instead, this axonal
buildup, together with the repulsive effects of Sema3F and the
presence of a, temporally expanding, high-caudal-to-low-rostral

sema3F gradient in the mesodiencephalon (supplemental Fig. S6,
available at www.jneurosci.org as supplemental material) sup-
ports the idea that graded Sema3F expression dictates the rostral
growth of mdDA projections within the forebrain (Fig. 10). Sim-
ilar “push” mechanisms have been attributed to SHH (sonic
hedgehog) and Wnt-5a in the growth of spinal pathways (Bouri-
kas et al., 2005; Liu et al., 2005). mdDA axons in E13.5
sema3F# / # mice do not simply display delayed rostral growth,
but rather specifically accumulate in the LH. A possible explana-
tion for this observation supported by the reported chemoattrac-
tive properties of cultured rat MFB (Gates et al., 2004) is that the
loss of Sema3F unmasks a chemoattractive activity in the LH.
Netrin-1 is enriched in the LH (supplemental Fig. S6, available at
www.jneurosci.org as supplemental material) (Deiner and Sreta-
van, 1999) and positively influences mdDA guidance in vitro (Lin
et al., 2005). Together, these observations hint at a model in
which the LH expresses netrin-1, or another chemoattractant, to
first attract mdDA axons rostrally, after which Sema3F dominates
this attractive force and repels mdDA axons passed the LH. Fu-
ture experiments will address these and other possibilities.

Axon attraction by Sema3F controls the intracortical
targeting of mdDA axons
After a waiting period in the SP, mdDA axons innervate the over-
laying CP following a trajectory perpendicular to the pial surface
(Fig. 10). This directed growth suggests that mdDA axons in the
CP might be guided by extracellular signals. Our experiments
identify Sema3F as such an axon orientation signal. We find

Figure 10. Proposed model for the role of Sema3F and Npn-2 during mesoprefrontal pathway development. (1) Surround
repulsion by Sema3F expressed around the (presumptive) MFB trajectory (blue) induces channeling and fasciculation of mesopre-
frontal axons (in red) in the MFB through Npn-2. (2) A temporally expanding high-caudal to low-rostral repulsive Sema3F gradient
(blue) is required to push mesoprefrontal axons into a rostral direction in the forebrain. This effect does not require Npn-2. (3)
Mesoprefrontal axons arrive in the SP around E15, and after a waiting period of $2 d innervate the overlaying CP. As they develop,
mesoprefrontal axons change their responsiveness to Sema3F from repulsion to attraction. Attraction by Sema3F-Npn-2 is neces-
sary to orient mesoprefrontal axons in the CP toward the pial surface. (4) A small subset of TH-labeled axons traverses the striatum
and crosses the developing EC to innervate the overlaying mPFC. Access of axons to the mPFC via the EC is controlled by Npn-2 in
combination with a repulsive ligand other than Sema3F, presumably Sema3C (green gradient), which is expressed in deeper
cortical layers of the mPFC. IZ, Intermediate zone; MZ, marginal zone; PZ, proliferative zone.
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Figure 10 | Proposed model for the role of Sema3F and Npn-2 during mesoprefrontal pathway development | (1) Surround repulsion by 
Sema3F expressed around the (presumptive) MFB trajectory (blue) induces channeling and fasciculation of mesopre- frontal axons (in red) in the 
MFB through Npn-2. (2) A temporally expanding high-caudal to low-rostral repulsive Sema3F gradient (blue) is required to push mesoprefrontal 
axons into a rostral direction in the forebrain. This effect does not require Npn-2. (3) Mesoprefrontal axons arrive in the SP around E15, and after a 
waiting period of ~2 d innervate the overlaying CP. As they develop, mesoprefrontal axons change their responsiveness to Sema3F from repulsion to 
attraction. Attraction by Sema3F-Npn-2 is neces- sary to orient mesoprefrontal axons in the CP toward the pial surface. (4) A small subset of TH-
labeled axons traverses the striatum and crosses the developing EC to innervate the overlaying mPFC. Access of axons to the mPFC via the EC is 
controlled by Npn-2 in combination with a repulsive ligand other than Sema3F, presumably Sema3C (green gradient), which is expressed in deeper 
cortical layers of the mPFC. IZ, Intermediate zone; MZ, marginal zone; PZ, proliferative zone.
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number of mdDA axons that enter the mPFC via 

the EC. This defect is not seen in sema3F-/- mice, 
and sema3C but not sema3F is highly expressed 
in cortical layers lining the EC (Bagnard et al., 
1998; present study). Although Sema3C is an 
attractant for early rat mdDA axons (Hernandez-
Montiel et al., 2008), its effect on mesostriatal 
axons during later stages is most likely repulsive 
in nature (Yamauchi et al., 2009). This suggests 
that Sema3C may regulate the innervation of 
the mPFC by mdDA axons through the EC (Fig. 
10).

Sema3F is a bifunctional guidance cue for 
mdDA axons | Our results identify Sema3F as a 
bifunctional guidance cue that, by analogy to 
other Sema3s (Falk et al., 2005; Chauvet et al., 
2007), can exert both axon-repulsive and -
attractive effects. Remarkably, rostral, but not 
caudal, mdDA axons change their response to 
Sema3F as they develop (from repulsion to 
attraction). Previous work demonstrates that 
retinal and commissural axons acquire repulsive 
s e m a p h o r i n r e s p o n s i v e n e s s i n a n 
agedependent manner (Zou et al., 2000; 
Campbell et al., 2001). Our !ndings reveal an 
a d d i t i o n a l r e g u l a t o r y m e c h a n i s m o f 
semaphorin responsiveness (i.e., a stage-
dependent switch from one chemotropic 
response to another). How is this change 
regulated? A plausible mechanism, supported 
by observations in other neural systems (for 
review, see Chao et al., 2009), is that signals 
along the mesoprefrontal trajectory trigger 
changes in axon responsiveness to Sema3F. 
Interestingly, the change in Sema3F responses 
of mesoprefrontal axons coincides with their 
arrival in the SP, a well known intermediate 
target (Allendoerfer and Shatz, 1994; López- 
Bendito and Molnár, 2003). It is therefore 
tempting to speculate that the SP releases 
unidenti!ed molecular cues that regulate the 
response of mesoprefrontal axons to Sema3F. 
Although additional experiments are required 
to identify these cues, they might include 
extracellular matrix (ECM) components. The SP 
is rich in ECM components (Henke-Fahle et al., 
1996; Voss et al., 2008), which can modulate 

axonal responses to guidance cues (Höpker et 
al., 1999; Nguyen-Ba-Charvet et al., 2001; Kantor 
et al., 2004). The mechanisms underlying axon 
attraction mediated by Sema3s are poorly 
understood (Zhou et al., 2008). Our work shows 
a requirement for Npn-2 in both Sema3F axon 
attraction and repulsion. In addition to Npns, 
plexins, IgCAMs (Ig superfamily cell adhesion 
molecules), cyclic nucleotides, and cytosolic 
kinases have been implicated in Sema3 axon 
attraction (Song et al., 1998; Castellani et al., 
2000; Falk et al., 2005; Chauvet et al., 2007; Ding 
et al., 2007). The combination of extrinsic and 
intrinsic factors that is required to confer mdDA 
neuron responsiveness to the attractive 
p ro p e r t i e s o f S e m a 3 F re m a i n s to b e 
determined.

CONCLUSING REMARKS | Here, we show that 
Sema3F is a bifunctional guidance cue for 
mdDA axons, some of which uniquely regulate 
their responsiveness to Sema3F as they develop. 
S ema3 F repuls ion controls previously 
uncharacterized aspects of mdDA pathway 
development through both Npn-2-dependent 
(fasciculation, channeling) and Npn-2-
independent (rostral growth) mechanisms. 
Unexpectedly, axon attraction by Sema3F and 
Npn-2 is required to orient mdDA axons in the 
CP, de!ning a novel role for chemoattraction in 
determining axon orientation in the target !eld.
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Supplemental Figure S1. MdDA neurons in the rostral mVTA project axons to the mPFC during development. Coronal sections are counterstained with Hoechst (blue) and 
show DiI in red. (A) Position of DiI microinjections (red dots) in the rostral, middle and caudal aspects of the ventral midbrain at E16.5-E18.5 is schematically depicted (ventral 
view). Dotted line indicates the level of the coronal section shown in B. (B) Schematic showing DiI injection sites within rostral (red dots), medial (purple dots) and caudal (blue 
dots) aspects of the mVTA. (C-E) Examples of injection sites in the rostral, middle and caudal mVTA at E16.5 and E18.5 (arrowheads). In the left lower corner the percentage of 
injected brains that show DiI labeling in the mPFC is indicated. (F) At E16.5, the medial forebrain bundle (MFB) is DiI-positive and individual !bers are fasciculated into thick axon 
bundles (inset). (G, H) Bundles of DiI labeled axons traverse the ventrolateral aspects of the diencephalon towards the rostral forebrain. (J) Schematic showing DiI injections sites 
(blue dots) in the mPFC of E16.5-P0 brains (dorsal view). Dotted line indicates the level of the coronal section shown in K. (K) DiI (blue dots) was microinjected in the cingulate, 
pre- and infralimbic area of the mPFC. (L) Example of an injection site in the mPFC at E18.5 in a coronal section counterstained with Hoechst (blue) and DiI in red. (M) Small VTA 
cells traced back from the mPFC at E16.5 and are (N) interconnected with varicose !bers at P0. C, caudal; R, rostral; SN, substantia nigra; lVTA, lateral ventral tegmental area.

Supplemental Figure S2. mVTA explants express Calbindin but not Girk2. (A, B) mVTA explants 
immunostained for TH (either red when combined with Girk2 or greenwhen combined with 
calbindin (Calb)) and either Girk2 (green) or Calb (red). (A) Girk2 marks the substantia nigra (SN) and 
is virtually absent from explants from the mVTA. (B) Calbindin marks the mdDA area of the mVTA 
and is expressed by explants from the mVTA

Supplemental Figure S3. Sema3F binds the mesoprefrontal pathway. 
Sagittal E16.5 section shows binding of Sema3F-AP within the mdDA system 
(1) and the mPFC (2). Boxed areas are enlarged in 1 and 2. Dotted lines in (1) 
indicate boundaries of the mdDA system. CP, cortical plate; IZ, intermediate 
zone; mf, mesencephalic "exure; PZ, proliferative zone.
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Supplemental Figure S4. Sema3F and Npn-2 regulate MFB fasciculation and channeling in 
vivo. (A-D) To further assess the fasciculation and channeling defects observed in sema3F-/- mice 
using tyrosine hydroxylase (TH) immunohistochemistry (Fig. 8B, C, F, G) the lipophilic dye tracer DiI 
was microinjected in the medial ventral tegmental area (mVTA) of E18.5 sema3F-/- embryos (n = 5) 
or littermate controls (wt, n = 4). Following several weeks of incubation, embryos were sectioned 
sagitally at 80-100 μm, counterstained with "uorescent Nissl, and imaged by confocal laser 
scanning microscopy (see Materials and Methods for more details). (A, B) Confocal images of the 
medial forebrain bundle (MFB) in wild-type and sema3F-/- embryos (anatomical location of the 
images is similar to that shown in Fig. 8F, G). (A) In wild-type controls, DiI- labeled axons (in red) 
within the MFB are fasciculated into thick bundles (indicated by white asterisks). (B) In contrast, DiI-
labeled axons in the MFB of sema3F-/- embryos aredefasciculated and no thick axon fascicles can 
be detected. (C, D) Quanti!cation of the width of the MFB (in μm) and the number of axon fascicles 
≥ 19.2 μm in the MFB in wild-type and sema3F-/- embryos (for details see Materials and Methods). 
Graphs show average ± SEM. (C) Confocal images were used to measure the width of the MFB. As 
observed for TH immunohistochemistry, the width of the MFB is signi!cantly increased in 
sema3F-/- embryos as compared to control. (D) The thick axon bundles commonly found in the 
MFB of control mice are absent from sema3F-/- embryos. (**), P<0.01; (***) P<0.001.

Supplemental Figure S7. E12.5 mPFC attracts E12.5 rostral mVTA axons 
in a Npn- 2-independent manner. (A-C) Co-culture assays combining E12.5 
mPFC explants (indicated by white dotted lines in A and B) and E12.5 rostral 
mVTA explants in the presence of Npn-2-Fc (n = 11) or IgG-Fc, as a control (n 
= 10). Explants were analyzed after 56-58 h in culture using 
immunohistochemistry for TH to visualize dopaminergic axons emanating 
from rostral mVTA expants on the left-hand side. (A, B) Proximal quadrants of 
mPFC-mVTA co-cultures. Co-cultures of E12.5 mPFC and E12.5 rostral mVTA 
show attraction of TH-positive axons towards the mPFC in the presence of 
IgG-Fc or Npn-2-Fc. (C) Quanti!cation of the length of TH-positive neurites in 
the proximal and distal quadrants of the co-culture assays as shown in A and 
B. Graph shows average P/D ratio ± SEM. Dotted line indicates radial growth. 
Attraction of rostral mVTA axons by E12.5 mPFC is similar in the presence of 
IgG-Fc and Npn-2-Fc (P/D ratio = 1.72 and 1.77, respectively, P = 0.76). Three 
independent co-culture experiments were performed. Overall, these data 
show that early embryonic mPFC generates a chemoattractive cue for rostral 
mVTA which is not Sema3F (or another Npn-2 ligand). This chemoattractive 
cue may be responsible for keeping early mesoprefrontal axons out of the CP 
which expresses another attractant, Sema3F (see Discussion).

Supplemental Figure S6. Sema3F regulates rostral mdDA axon 
growth in the diencephalon. (A-D) Schematic showing mdDA axon 
path!nding (in red) at E11.5 (A), E12.5 (B), E13.5 (C) and in E13.5 
sema3F-/- mutant mouse (D). Sema3F expression is indicated by a blue 
gradient and netrin-1 expression is depicted in green. Some of the early 
sema3F expression has been described earlier by Funato et al., 2000 
(rat); Giger et al., 2000 (mouse); Hernandez et al., 2008 (rat) and 
Yamauchi et al., 2009 (rat). Note that a high-caudal to low-rostral 
gradient of sema3F temporally expands in a rostral direction as mdDA 
axons extend towards their targets in the forebrain. (C, lower panels) 
E13.5 coronal adjacent sections hybridized with either TH (left panels) or 
sema3F (right panels) show sema3F expression within the mdDA area in 
a high-caudal to low-rostral gradient. Adjacent E13.5 sagittal sections 
hybridized with TH (left) or netrin-1 (right) show strong netrin-1 
expression in the lateral hypothalamus (LH, arrowhead). Remarkably, in 
sema3F-/- mutants TH-positive axons are stalling within the area of 
netrin-1 expression (D; Fig. 8K). C, caudal; dienc., diencephalon; mesenc., 
mesencephalon; R, rostral.

Supplemental Figure S5. Sema3F and Npn-2 control 
cortical neuron migration. (A) The trajectories of 
individual TH-positive axons (green) were determined to 
asses how many degrees they deviate from their normal 
course perpendicular to the pial surface (0°) (see Figure 
9E-H, inserts, K). To do this a rectangle was placed over 
the centre of the cingulate cortex of E18.5 mutant or 
control mice. Within this rectangle a line perpendicular 
to the pial surface was then moved from right to left. The 
trajectories of all axons were quanti!ed (Fig. 9K) and the 
!rst ten axons were plotted (inserts in 9E-H). (B- E) 
Sagittal sections immunostained for Tbr1 (green) and 
counterstained with "uorescent Nissl (blue) show that 
expression of Tbr1 (layer V/VI) spans a larger area in the 
E18.5 mPFC of sema3F-/- (C) and npn-2-/- (D) mice as 
compared to wild-type control. In npn-2- /-;TH-Cre 
mutants (E) the migration of Tbr1-positive neurons in 
the mPFC appears largely intact. CP, cortical plate; IZ, 
intermediate zone; MZ, marginal zone; PZ, proliferative 
zone; SP, subplate.
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ABSTRACT | MICALs form an evolutionary conserved family of multidomain signal 
transduction proteins characterized by a !avoprotein monooxygenase domain. MICALs are 
being implicated in the regulation of an increasing number of molecular and cellular processes 
including cytoskeletal dynamics and intracellular trafficking. Intriguingly, some of these effects 
are dependent on the MICAL monooxygenase enzyme and redox signaling, while other 
functions rely on other parts of the MICAL protein. Recent breakthroughs in our understanding 
of MICAL signaling identify the ability of MICALs to bind and directly modify the actin 
cytoskeleton, link MICALs to the docking and fusion of exocytotic vesicles, and uncover MICALs 
as anti-apoptotic proteins. These discoveries could lead to therapeutic advances in neural 
regeneration, cancer, and other diseases.

INTRODUCTION | In 2002, the founding 
members of the MICAL family, human MICAL-1 
and Drosophila Mical, were identi!ed [Kolk and 
Pasterkamp, 2007; Suzuki et al., 2002; Terman et 
al., 2002]. MICAL-1 was found in a screen for 
CasL-interacting proteins (hence the name 
MICAL for molecule interacting with CasL) 
[Suzuki et al., 2002], while a search for proteins 
binding to the cytoplasmic domain of plexin 
receptors led to the discovery of Mical [Terman 
et al., 2002]. Since the original identi!cation of 
M I C A L- 1 , t w o m o r e M I C A L p r o t e i n s 
(MICAL-2and MICAL-3) have been identi!ed in 
human and rodents on the basis of amino acid 
sequence and structural similarities(Fig. 1a) 
[Suzuki et al., 2002; Terman et al., 2002; Fischer 
et al., 2005; Pasterkamp et al., 2006; Weide et al., 
2003]. Eight MICAL homologues have been 
reported in zebra!sh [Xue et al., 2010]. In 
addition to MICALs, a group of MICAL-like 
(MICAL-L) proteins has been described. MICAL-
Ls have an overall domain organization similar 
to MICALs but they lack the conserved N-
terminal region (Fig. 1b). Drosophila has one 
Mical-L protein, while mice and human have 
two, MICAL-L1 and JRAB/ MICAL-L2 [Terman et 
al., 2002; Terai et al., 2006]. The focus of the 
present review will be on MICAL proteins. The 
function and mechanism-ofaction of MICAL-L 
proteins have been described in detail in 
several recent reviews [Nishimura and Sasaki,
2008; Nishimura and Sasaki, 2009; Sharma et al., 
2010; Rahajeng et al., 2010]. 

MICALs are unusual multidomain proteins as 
they contain an N-terminal "avoprotein 
monooxygenase (MO) domain in addition to a 
calponin homology (CH) domain, an LIM 
domain, and coiled-coil (CC) motifs linked by 
nonconserved variable regions (Fig. 1a). The 
combination of an MO domain with several 
different protein–protein interaction domains 
in one protein is unique and invites the 
speculation that MICALs may interact with 
multiple different proteins and control their 
activity through redox modi!cations [Terman 
et al., 2002]. MICALs function in several 
different physiological and pathological 
processes. In Drosophila, Mical is required for 
motor axon path!nding, synaptic bouton 
distribution, and dendritic pruning during 
neural development [Terman et al., 2002; 
Beuchle et al., 2007; Kirilly et al., 2009]. 
Furthermore, Drosophila Mical in"uences 
myo!lament patterning in muscles and bristle 
formation [Beuchle et al., 2007; Hung et al., 
2010]. Vertebrate MICALs have been implicated 
in axon guidance, positioning of motor neuron 
cell bodies, and axon outgrowth in the 
developing nervous system, in exocytosis, 
apoptosis, and central nervous system (CNS) 
regeneration [Suzuki et al., 2002; Fischer et al., 
2005; Fischer et al., 2005; Weide et al., 2003, 
Ashida et al., 2006; Bron et al., 2007; Grigoriev 
et al., 2011; Morinaka et al., 2011; Schmidt et al., 
2008; Zhou et al., 2011].
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STRUCTURE AND DOMAIN ORGANIZATION 
OF MICALs | MICAL proteins have a unique 
structure as they combine an N-terminal 
enzymatic region with several protein–protein 
interaction modules that are known to interact 
with cytoskeletal and signaling cues when 
present in other proteins. Here we discuss the 
different protein domains that have been 
identi!ed in MICALs (see also [Sharma et al., 
2010]).

Flavoprotein monooxygenase domain | 
Flavoprotein monooxygenases are enzymes 
that catalyze chemical reactions, e.g., the 
addition of a single oxygenatom from 
molecular oxygen into a substrate, via the 
cofactor "avin. The MICAL MO domain is 
located at the most N-terminal part of MICAL 
proteins and covers about 500 amino acids (Fig. 
1a). It is conserved among family members, but 
is clearly distinct from previously described 
"avoprotein monooxygenases. Within the 
MICAL MO domain, three separate conserved 
motifs can be discerned that de!ne the "avin 
adenine dinucleotide (FAD) binding domain 
(FBD) present in "avoprotein monooxygenases. 
The amino acid sequence and spacing of these 
three motifs resembles those found in other 
monooxygenases [Terman et al., 2002; Nadella 
et al., 2005; Siebold et al., 2005]. Together with 
studies on the tertiary structure of the MICAL-1 
MO domain and enzymatic experiments 
[Schmidt et al., 2008; Zhou et al., 2011; Nadella 
et al., 2005; Siebold et al., 2005], these features 
support the idea that MICALs are enzymatically 
active "avoprotein monooxygenases. 
The overall topology of the MICAL MO domain 
c l o s e l y r e s e m b l e s t h a t o f P H B H ( p -
hydroxybenzoate hydroxylase), a NADPH-
dependent monooxygenase [Nadella et al., 
2005; Siebold et al., 2005; Cole et al., 2005; 
Entsch et al., 2005]. Not surprisingly, the activity 
of the MICAL-1 MO domain is also NADPH-
dependent [Hung et al., 2010; Schmidt et al., 
2008; Nadella et al., 2005]. PHBH catalyzes the 
oxidization of small molecules such as p-
hydroxybenzoate hydroxylase), a NADPH-
dependent monooxygenase [Nadella et al., 
2005; Siebold et al., 2005; Cole et al., 2005; 
Entsch et al., 2005]. Not surprisingly, the activity 

of the MICAL-1 MO domain is also NADPH-
dependent [Hung et al., 2010; Schmidt et al., 
2008; Nadella et al., 2005]. PHBH catalyzes the 
oxidization of small molecules such as p-
Hydroxybenzoate and steroids. In contrast, 
because of the large active-site cavity in the 
MICAL-1 MO domain, it has been suggested 
that the MO domain of MICALs may have larger 
substrates, such as proteins [Nadella et al., 
2005; Siebold et al. , 2005]. Enzymatic 
experiments suggest that CRMPs (collapsin 
response mediator proteins) and actin 
!laments may be substrates for the MICAL MO 
domain. Interestingly, F-actin binds the MO 
domain directly while CRMPs interact with 
other parts of the protein (see also ‘‘Cytoskeletal 
regulation’’) [Hung et al, 2010; Schmidt et al., 
2008]. The MICAL MO domain is required for 
several of the reported functions of MICAL 
proteins. For example, sitedirected mutagenesis 
of the !rst FAD !ngerprint in the Mical MO 
domain leads to a loss of axon repulsion 
induced by semaphorins in Drosophila in vivo 
[Terman et al., 2002]. Similarly, transfection of a 
dominant negative MICAL-1 mutant lacking the 
N-terminal MO domain or addition of EGCG 
(epigallocatechin gallate), a green tea extract 
known to inhibit "avoprotein monooxygenases 
[Terman et al., 2002; Abe et al., 2000a, Abe et al., 
2000b], to neuron cultures can reduce axon 
outgrowth inhibition and repulsion induced by 
the axon guidance protein Sema3A [Terman et 
al., 2002; Fischer	   et	   al.,	   2005;	   Schmidt	   et	   al.,	  
2008].	   Finally,	   during	   the	  docking	   and	   fusion	  of	  
secretory	   vesicles,	   MICAL-‐3	   redox	   acGvity	   has	  
been	   proposed	   to	   promote	   vesicle	   fusion	   by	  
inducing	  MICAL-‐3	  protein	  turnover	  and	  thereby	  
remodeling	   of	   the	   vesicle-‐docking	   protein	  
complex	   in	  which	   it	   is	  engaged	  [Grigoriev	  et	  al.,	  
2011].

Calponin	   homology	   domain	   |	   The	  MO	  domain	  
of	  MICALs	  is	  followed	  by	  a	  CH	  domain	  (Fig.	  1a).	  
The	   CH	  domain	  was	  first	   described	   in	   calponin,	  
an	  acGn-‐binding	  protein	  with	  a	  regulatory	  role	  in	  
muscle	  contracGlity	  and	  non-‐muscle	  cell	  moGlity	  
[Rozenblum	   et	   al.,	   2008].	   Three	   main	   types	   of	  
CH	   domains	   have	   been	   descr ibed .	   A	  
combinaGon	  of	  type	  1	  and	  2	  CH	  domains	  forms	  
the	  acGn-‐binding	  domain	  of	  a	  large	  number	  of	  F-‐
acGn	  interacGng	  proteins.
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LIM domain | The LIM (Lin11, Isl-1, and Mec-3) 
domain is another domain shared by all MICAL 
proteins. It is connected to the CH domain by a 
variable region, which is not conserved among 
family members and variable in length (Fig. 1a). 
LIM domains are cytoskeletal interaction 
elements and have been implicated in 
mediating speci!c protein–protein interactions 
[Bach et al., 2000; Dawied et al., 1998]. The 
M I C A L L I M d o m a i n b e l o n g s t o t h e 
monooxygenase or kinase catalytic group of 
LIM domains [Kadrmas et al., 2004; Zheng and 
Zhao, 2007] and seems to be a docking site for 
other protein(s). For example, the LIM domain 
of MICAL-1 mediates binding to CRMP-1 and 
NDR (nuclear Dbf2-related) kinases [Schmidt et 
al., 2008; Zhou et al., 2011]. Interestingly, the 
MICAL-1 LIM domain also mediates an 
intramolecular interaction with the C-terminal 
region that leads to an autoinhibited protein 
conformation [Schmidt et al., 2008].
Proline-rich regions | Proline-rich regions are 
not only important for proper protein folding 
but also have the potential to interact with 
other proteins [Williamson, 1994; Kay et al., 
2000]. MICAL-1 contains a proline-rich region 
close to its C-terminal coiled-coil motifs. Within 
this region, a PPKPP (Pro-Pro-Lys-Pro-Pro) motif 
has been identi!ed that mediates the 
interaction with the SH3 domain of the Cas 
family members Cas and CasL (Fig. 1a) [Suzuki 
et al., 2002]. The PPKPP motif is conserved 
between mouse and human MICAL-1, but is 
not present in MICAL-2 and 3 [Pasterkamp et 
al., 2006]. However, in all vertebrate and 
invertebrate MICALs, proline-rich regions can 
be found scattered throughout the protein 
sequence. It is therefore possible that other 
MICALs utilize proline-rich regions for 
interacting with other proteins.

Glutamic acid-repeat | Human and mouse 
MICAL-1, but not other MICAL proteins, contain 
a glutamic acid-repeat region in the vicinity of 
the C-terminal coiled-coil motifs (Fig. 1a) 
[Pasterkamp et al., 2006; Weide et al., 2003]. The 
function of this stretch is unknown, but several 
proteins have been shown to interact with 
histones through their glutamic acid-rich 
regions [Rayala et al., 2006; Woodcock et al., 
2001; Vadlamudi et al., 2001].

Type 1 CH domains have the intrinsic ability to 
bind to F-actin, whereas type 2 domains lack 
this binding ability but are required to facilitate 
high-affinity binding [Gimona et al., 2002]. Type 
2 CH domains are present in proteins such as 
MA P R E (microtubule -associated R P/E B 
p r o t e i n s ) a n d c o n t a i n a P I P 2 
(phosphatidylinositol 4, 5-biphosphate) 
binding site implicated in the regulation of F-
actin [Fraley et al., 2005; Fukami et al., 1992]. 
Type 3 CH domains can be found as single CH 
domains in several cytoskeletal and signaling 
proteins [Gimona et al., 2002; Korenbaum and 
Rivero 2002]. Structural work has shown that 
MICALs contain a type 2 CH domain [Sun et al., 
2006]. Puri!ed human MICAL-1 CH domain 
does not bind F-actin [Sun et al., 2006] and the 
CH domain of Drosophila Mical is not required 
for F-actin interactions [Hung et al., 2010]. Thus, 
the MICAL CH domain may be necessary to 
facilitate F-actin binding to the MO domain but 
most likely does not bind actin directly [Hung 
et al., 2010]. Alternatively, however, the MICAL 
CH domain may function as a protein–protein 
interaction module for proteins other than 
actin [Gimona et al., 2002; Korenbaum and 
Rivero 2002]. The tertiary structure of the 
MICAL-1 CH domain reveals the presence of 
hydrophobic residues on its surface, which may 
facilitate intra- or intermolecular interactions 
[Sun et al., 2006]. However, it remains to be 
determined if MICAL proteins can recruit 
interactors via their CH domain.

Figure 1 | MICALs form an evolutionary conserved family 
of signaling proteins | (A) Domain organization of 
Drosophila Mical and human MICAL-1, MICAL-2, and 
MICAL-3 (hMC-1, -2, and -3). MICALs contain an N-terminal 
"avoprotein monooxygenase domain (MO; yellow), followed 
by a calponin homology (CH; blue) domain, LIM domain (red) 
and coiled-coil motifs (CC; green). These domains are linked 
by poorly conserved variable regions (white regions). In the 
hMC-1 protein, a PPKPP motif (*P) and a glutamic acid-rich 
motif (*E) are present. These motifs are not found in other 
MICALs. Numbers indicate amino acid positions. (B) 
Comparison of hMC-1, MICAL-Like1 and 2 [hMC-L1 and -L2 
(JRAB)]. MICAL-Ls show a similar domain organization as 
MICALs but lack the N-terminal MO domain
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Table 1  | MICAL interacting proteins | 

MICAL Species Interacting Protein (Proposed) Function Reference

Mical Drosophila PlexA Axon guidance [Terman et al., 2002]
F-actin Cytoskeleton [Hung et al., 2010]

MICAL-1 Human Rab1,8a, 10, 13, 15, Vesicle trafficking [Fischer et al., 2005; Weide et al., 2003;
 35,36 Grigoriev et al., 2011; Fukuda et al., 2008; 

Yamamur et al., 2008]
Human CasL Cytoskeleton [Suzuki et al., 2002]

Vimentin Cytoskeleton [Suzuki et al., 2002]
Mouse CRMP-1 Axon guidance [Morinaka et al., 2011; 

CRMP-2 Schmidt et al., 2008]
Mouse plexinA1 Axon guidance [Schmidt et al., 2008]

plexinA3
Mouse NDR1 Apoptosis [Zhou et al., 2011]

NDR2
Mouse RanBPM Axon guidance [Togashi et al., 2006]

MICAL-2 Human Rab1 Vesicle trafficking [Fischer et al., 2005]
MICAL-3 Human Rab1, 8a, 35 Vesicle trafficking, fusion, [Fischer et al., 2005;Grigoriev et al.,2011;

ELKS and docking Fukuda et al., 2008; Yamamur et al., 2008]

Coiled-coil motifs | The coiled-coil motif is a 
ubiquitous protein-folding and assembly motif. 
Predictions based on the analysis of primary 
sequences suggest that approximately 2–3% of 
all proteins form coiled coils [Wolf et al., 1997; 
Burkhard et al., 2001]. All MICAL proteins 
possess several coiled-coil motifs (Fig. 1). In 
MICAL-1, coiled-coil motifs are present in the C-
terminal region (Fig. 1a). This region is involved 
in interactions with plexinA, vimentin, Rab1, 
and NDRs [Suzuki et al., 2002; Terman et al., 
2002; Weide et al., 2003; Schmidt et al., 2008; 
Zhou et al., 2011]. Furthermore, in MICAL-1, this 
region binds to the LIM domain-containing 
part of the protein, thereby inducing an 
intramolecular interaction that autoinhibits MO 
domain activity [Schmidt et al., 2008]. It 
remains to be shown, however, whether the 
coiled-coil motifs or other sequences in the C-
terminal region are required for mediating 
these inter- and intramolecular interactions.
In conclusion, MICAL proteins contain a 
number of wellknown protein–protein 
interaction modules with the potential to 
recruit other structural or signaling proteins. 
Although several proteins have been identi!ed 
as interactors of the C-terminal region of 
MICALs (Table 1), binding partners for other 
protein domains remain largely unknown.

REGULATION OF MICAL-1 | Deletion of the C-
terminal region (the last 290 amino acids) of 
mouse MICAL-1 leads to a large increase in the 

enzymatic activity of the MICAL-1 MO domain 
(as monitored by hydrogen peroxide (H2O2) 
production) and in cell contraction [Schmidt et 
al., 2008, Zhou et al., 2011]. These effects can be 
inhibited by the addition of puri!ed C-terminal 
region to cell lysates (for H2O2 production) or 
by expression of the C-terminal part of MICAL-1 
in cells (for cell contraction). Furthermore, the 
C-terminal region of MICAL-1 can physically 
interact with the N-terminal part of MICAL-1 
containing the LIM domain. Together, these 
results support a model in which a physical 
interaction between the N- and C- terminal 
regions of MICAL-1 induces an autoinhibitory 
conformation of MICAL-1 that restricts MO 
activity [Schmidt et al., 2008]. How this 
autoinhibitory mechanism is regulated is 
unknown, but it has been suggested that 
proteins interacting with the C-terminal region 
of MICALs may release the autoinhibitory state 
and induce enzymatic activity. For example, 
binding of plexinAs or Rabs to MICALs may 
release the autoinhibition and activate the 
protein. A possible mechanism through which 
MICALs may be activated is phosphorylation. 
Biochemical studies show that MICAL-1 is 
phosphorylated, both in cells in culture and in 
brain tissue in vivo [Zhou et al., 2011]. Although 
MICAL-1 cooperates with NDR1/2 and MST1 in 
the control of apoptosis, it does not serve as a 
substrate for these kinases [Zhou et al., 2011]. 
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In addition to MICAL-1, human MICAL-2 is 
phosphorylated on Y653 in non-small lung 
cancer cell lines and tumors and MICAL-3 on 
residues S649 and T684 [Rikova et al., 2007; 
Dephoure et al., 2006]. Therefore, an important 
future goal is to identify the kinases that 
phosphorylate MICALs and to establish the 
functional relevance of these phosphorylation 
events.

EXPRESSION AND DISTRIBUTION OF 
MICALs | In cell lines and neurons (our own 
unpublished observations), endogenous or 
exogenous MICAL-1 mainly localizes to the 
cytosol and occasionally to !lopodia or 
lamellipodia, but is absent from the nuclear 
compartment [Suzuki et al., 2002; Schmidt et 
al., 2008]. This is supported by cell fractionation 
studies showing that endogenous MICAL-1 is 
present in the cytoplasmic fraction and 
marginally in membrane fractions [Weide et al., 
2003]. MICAL-3 has also been found in the 
cytosol [ Fischer et al., 2005]. The cellular 
distribution of the MICAL-2 protein is currently 
unknown.
MICAL proteins are expressed in a large 
number of different tissues. For example, in 
human and mice, MICAL-1 and MICAL-3 
proteins are detected in tissues such as brain, 
lung, spleen, and kidney [Suzuki et al., 2002;  
Fischer et al., 2005]. The speci!c distribution of 
MICALs in the zebra!sh and in the rodent brain 
have been studied in detail using Northern-blot 
analysis and in situ hybridization [Pasterkamp et 
al., 2006; Xue et al., 2010]. In the rat brain, 
MICAL-1 and MICAL-3 transcripts are expressed 
at comparable levels from E15 (embryonic day 
15) to adulthood [Pasterkamp et al., 2006]. 
MICAL-2 transcripts can only be detected 
starting from E18 and levels increase towards 
adulthood [Pasterkamp et al., 2006]. The 
spatiotemporal distribution patterns of the 
different MICALs in brain tissue are highly 
similar with a few exceptions. For example, 
MICAL-2 expression is delayed and is absent 
from the striatum and hypothalamus where 
MICAL-1 and MICAL-3 are found [Pasterkamp et 
al., 2006]. These expression patterns indicate 
overlapping and distinct functions for the three 
vertebrate MICALs during brain development 
and homeostasis [Pasterkamp et al., 2006].

C E L L U L A R F U N C T I O N S O F M I C A L 
PROTEINS | MICALs exert different cellular 
effects via interactions with membrane-
associated or cytoplasmic proteins. The 
proteins currently known to interact with 
MICALs are discussed in light of their reported 
cellular functions. The role of MICALs during 
neural development is discussed in a separate 
section.

Cytoskeletal regulation | Several lines of 
experimental evidence implicate MICALs in F-
actin regulation. Mical is required for bristle 
development, which is an actin-dependent 
process [ T i lney and D e R osier, 2005] , 
downstream of Sema-1a and plexinA (PlexA) in 
Drosophila [Hung et al., 2010]. Decreasing or 
increasing Mical levels in bristles causes 
abnormal bristle branching and accompanying 
defects in actin !laments [Hung et al., 2010]. In 
a d d i t i o n , M i c a l d e ! c i e n t l a r v a s h o w 
disorganized and accumulated actin and 
myosin in somatic muscles [Beuchle et al., 2007] 
and defects in dendritic pruning, another actin-
dependent process [Kirilly et al., 2009]. The 
Mical MO domain can bind F-actin and 
activated Mical (lacking the C-terminal region 
of the protein) induces actin depolymerization 
and a reduction in actin !lament length in vitro 
[Hung et al., 2010]. These results de!ne an 
exciting novel role for the Mical MO domain 
and redox signaling in the control of actin 
dynamics. Oxidation of actin leads to the 
disassembly of actin !laments, reduced ability 
of actin to interact with actin-cross-linking 
proteins, and a decrease in actin polymerization 
[Dalle-Donne et al., 2001a; Dalle-Donne et al., 
2001b; Milzani et al, 1997]. An important point 
to address in future studies is whether the Mical 
MO domain directly modi!es F-actin or uses an 
intermediate such as H2O2 to do so, as has 
been suggested for CRMPs [Morinaka et al., 
2011].
In addition to F-actin, MICALs physically 
interact with vimentin ([Suzuki et al., 2002]; Y.Z. 
and R.J.P., unpubl. obs.). Interestingly, vimentin 
can be oxidized by H2O2 leading to 
cytoskeletal rearrangements [Rogers et al, 
1995], raising the possibility that MICALs 
regulate vimentin intermediate !laments 
through oxidation. Tubulin can also be oxidized 
and its oxidation abolishes polymerization 
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activity [Landino et al., 2004]. MICAL-1 and 
MICAL-3 show a !lamentous distribution in HeLa 
cells and this speci!c distribution is disrupted by 
nocodazole treatment suggesting a link to 
microtubules [ Fischer et al., 2005]. However, these 
dataare not supported by studies in Drosophila 
showing that Mical does not associate directly 
with microtubules and that activated Mical fails to 
affect tubulin polymerization in vitro [Hung et al., 
2010].
MICALs may also affect the cytoskeleton 
indirectlythrough their interacting proteins. For 
example, MICAL-1 binds Cas and CasL [Suzuki et 
al., 2002], members of the p130 Cas family, which 
have been implicated in the regulation of actin 
dynamics [Bouton et al., 2001]. MICAL-1 also binds 
and negatively regulates NDR2 kinase, which can 
associate with actin in vitro [Zhou et al., 2011; 
Stork et al, 2004]. 
Finally, another binding partner of MICAL-1 that 
provides an indirect link to the cytoskeleton is 
CRMP-2. CRMP-2 can associate with tubulin	  

heterodimers and promotes microtubule 
assembly [Fukata et al, 2002; Schmidt and 
Strittmatter, 2007]. MICAL-1 binds CRMP-2, and 
other CRMP family members [Schmidt et al., 2008], 
and is required for the oxidation-dependent 
phosphorylation of CRMP-2 by GSK-3b (glycogen 
synthase kinase-3b) (Fig. 2a). In brief, following 
stimulation of neurons with Sema3A, Cdk5 (cyclin 
dependent kinase 5) phosphorylates CRMP-2 at 
Ser522, which acts as a priming event for GSK-3b-
mediated CRMP-2 phosphorylation at Thr509, 
Thr514, and Ser518 leading to microtubule 
disassembly and growth cone collapse [Schmidt 
and Strittmatter, 2007; Ahmed and Eickholt, 2007; 
Zhou et al, 2008]. Interestingly, recent work 
supports a model in which Sema3A stimulation 
also leads to the oxidation of CRMP-2 by H2O2 
generated by activated MICAL (Fig. 2a). Oxidized 
CRMP-2 forms disul!de-linked homodimers which 
induces the formation of a transient complex 
between CRMP-2 and thioredoxin (TRX). The 
interaction between CRMP-2 and TRX is required 

Figure 2 | Novel functions of MICAL proteins | A) Role of MICAL-1 in CRMP-2 (collapsin response mediator protein 2) 
phosphorylation during axon guidance. Stimulation of axons with Sema3A induces H2O2 production by MICAL-1. H2O2 
oxidizes CRMP-2 to form a disul!de-linked homodimer. Oxidized CRMP-2 is then reduced by thioredoxin (TRX) and TRX forms 
a disul!de link with one molecule of CRMP-2. Formation of a complex between CRMP-2 and TRX promotes phosphorylation of 
CRMP-2 by GSK-3b resulting in growth cone collapse [Morinaka]. Npn neuropilin. B) Role of MICAL-3 in vesicle docking and 
fusion. During vesicle docking, Rab8 interacts with LL5b/ELKS-positive sites in the plasma membrane through MICAL-3, which 
binds Rab8 and ELKS. Redox activity of MICAL-3 promotes MICAL-3 turnover and remodeling of the docking complex leading 
to vesicle fusion [Grigoriev et al., 2011]. C) Role of MICAL-1 in NDR kinase- mediated pro-apoptotic signaling. Pro-apoptotic 
signals such as TNF- a induce activation of NDR1 and NDR2 kinases through the RASSF1A-MST1 pathway. MST1 
phosphorylates the C-terminal hydrophobic motif of NDR kinases leading to their activation and apoptosis. MICAL-1 competes 
with MST1 for binding to the C-terminal part of NDRs and thereby negatively regulates pro- apoptotic signaling through the 
MST1-NDR pathway. The signals that regulate MICAL-1 in this pathway are unknown [Zhou et al., 2011].
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for CRMP-2 phosphorylation by GSK-3b, 
leading to microtubule disassembly and 
growth cone collapse [Morinaka et al., 2011].
Thus, MICALs may both directly and indirectly 
regulate the cytoskeleton.

MICAL-3 contributes to exocytosis through 
Rab proteins | All three MICAL proteins 
(MICAL-1, MICAL-2, andMICAL-3) can interact 
with small GTPases of the Rab family 
[Grosshans et al, 2006]. MICAL-1, MICAL-2, and 
MICAL-3 bind Rab1A/B, involved in vesicle 
trafficking between the endoplasmic reticulum 
and the Golgi complex [ Fischer et al., 2005; 
Weide et al., 2003]. An interaction with Rab8A/B 
and Rab35 has been reported for Function and 
regulation of MICALs MICAL-1 and MICAL-3, 
while MICAL-1 associates with Rab10, Rab13, 
Rab15, and Rab36 [Grigoriev et al., 2011; 
Fukuda et al, 2008; Yamamura et al, 2008]. 
MICAL-Ls (MICAL-L1 and MICAL-L2) interact 
with a strikingly similar set of Rab proteins and 
cooperate with Rabs in endocytic trafficking 
(for a recent review, see [Nishimura and Sasaki, 
2009; Sharma et al., 2010; Rahajeg et al 2010]). 
A functional link between MICALs and Rabs has 
recently been shown for MICAL-3 and Rab8 
(Fig. 2b). Rab8A associates with exocytotic 
vesicles in a Rab6-dependent manner and is 
required for vesicle docking and fusion. 
MICAL-3 serves as a physical link between 
Rab8A and ELKS, a Rab6-interacting protein 
expressed at the plasma membrane required 
for vesicle docking and fusion [Grigoriev et al., 
2011]. A functional role for MICAL-3 in the 
membrane fusion of Rab8-positive vesicles 
through ELKS is supported by the observation 
that expression of dominant-negative forms of 
MICAL-3 does not affect vesicle docking but 
induces a strong accumulation of secretory 
vesicles at the cell cortex [Grigoriev et al., 2011]. 
The effect of MICAL-3 in vesicle fusion is 
dependent on an intact MO domain and a 
model has been proposed in which MICAL-3 
redox function controls MICAL-3 protein 

turnover. Rapid turnover of MICAL-3 may 
promote vesicle fusion by destabilizing the 
vesicle-docking protein complexes in which it is 
engaged [Grigoriev et al., 2011] (Fig. 2b).

MICAL-1 regulates apoptosis through NDR 
kinases | Recently, a novel function for MICAL-1 
in the regulation of apoptosis was described. In 
an unbiased protein–protein interaction screen, 
NDR1 and NDR2 kinases were identi!ed as 
MICAL-1 interacting proteins [Zhou et al., 2011]. 
NDR kinases belong to the serine/threonine 
AGC (protein kinase A (PKA)/PKG/PKC-like) 
kinase family and have important roles in 
cellular processes such as mitotic exit and 
apoptosis [Hergovich et al, 2006]. Ablation of 
NDR1 in mice predisposes to the development 
of cancer, presumably due to compromised 
apoptosis [Cornils et al., 2010]. Like other AGC 
protein kinases, NDRs have a regulatory C-
terminal hydrophobic motif that is targeted by 
upstream MST kinases and required for kinase 
activity [Stegert et al., 2005; Vichalkovski et al., 
2008]. A series of expression, biochemical, and 
functional experiments showed that MICAL-1 
binds the C-terminal hydrophobic motif of 
NDR1 and NDR2 and functions as an 
endogenous inhibitor of the MST (mammalian 
Ste20-related)-NDR pathway (Fig. 2c). MICAL-1 
competes with MST1 for NDR binding and 
knockdown or overexpression of MICAL-1 in 
cells enhances or reduces NDR activity, 
respectively [Zhou et al., 2011]. MST1-induced 
NDR1/2 activation plays a crucial role 
downstream of RASSF1A (Ras association 
domain family member 1A) in the apoptotic 
response to death receptor stimulation 
[Vichalkovski et al., 2008]. 
Interestingly, knockdown or overexpression of 
MICAL-1 in cells enhances or inhibits the 
response to pro-apoptotic stimuli such as 
etoposide and TNF-a [Zhou et al., 2011], both 
capable of signaling through the MST-NDR 
pathway [Cornils et al., 2010; Vichalkovski et al., 
2008]. Thus, MICAL-1 can negatively regulate 
the MST-NDR pathway thereby controlling pro-
apoptotic signaling (Fig. 2c). Both genetically 
engineered mice and Drosophila models 
implicate NDR and MST kinases in apoptosis 
regulation in vivo [Choi et al, 2009; Harvey et al., 
2003; Jia et al., 2003; Katagiri et al., 2009; Lu et 
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et al., 2010; Oh et al., 2009; Pantalacci et al., 
2003; Song et al., 2010; Udan et al.,2003; Zhou 
et al., 2009; Zhou et al., 2008]. Therefore, 
important future goals are to examine whether 
the MICAL/NDR/MST pathway also functions in 
invertebrate species and whether MICAL 
de!cient mice or "ies show altered apoptotic 
responses in vivo. This would require analysis of 
previously reported Mical-de!cient "ies and 
the generation and analysis of MICAL knockout 
mice.
It is possible that this MICAL-1-dependent 
regulatory mechanism also functions in MST- 
and/or NDR-dependent cellular processes 
other than apoptosis. For example, striking 
similarities exist between the effects of 
manipulating MST, MICAL, and NDR on 
neuronal morphology. Knockdown of MST3b or 
overexpression of constitutively active MICAL-1 
in cultured mammalian neurons inhibits neurite 
growth [Schmidt et al., 2008; Irwin et al., 2006], 
while exogenous NDR2 expression enhances 
neurite growth [Stork et al, 2004]. Loss of 
Tricornered (NDR) or Hippo (MST) in Drosophila 
and of SAX-1 (NDR) in C. elegans leads to 
altered dendritic arborization and tiling defects 
(i.e., ectopic overlap between individual 
dendritic trees) [Emoto et al., 2004; Emoto et al., 
2006; Gallegos and Bargmann, 2004]. 
Interestingly, loss of Drosophila Mical also 
results in enlarged dendritic !elds due to 
de!cits in dendritic pruning [Kirilly et al., 2009]. 
It is also interesting to note thatknockdown of 
MST3b leads to a reduction in CRMP-1 [Irwin et 
al., 2006], a putative substrate for the MICAL-1 
MO domain. Thus, MICAL-1 may not only 
negatively regulate MST kinases, MSTs might 
also in"uence MICAL-1 function by controlling 
its substrate levels.

MICALs CONTROL SEVERAL ASPECTS OF 
NEURAL DEVELOPMENT | Thus far, MICAL 
proteins have been best characterized for their 
role during neural circuit development. As 
discussed in this section, MICALs contribute to 
the control of axon guidance, synaptic 
structure, dendritic pruning, and cell body 
positioning.
Axon guidance | One of the !rst MICAL 
proteins to be identi!ed, Mical, is required for 
the guidance of embryonic axons in Drosophila 

by semaphorin proteins [Terman et al., 2002]. 
During the development of the nervous 
system, chemotactic molecules in the 
extracellular environment, known as axon 
guidance cues, instruct axons to follow 
molecularly prede!ned routes to their targets 
(Fig. 3). These guidance cues can either be 
diffusible or membrane-bound. Furthermore, 
they can prevent axons from growing into 
speci!c territories (i.e., function as axon 
repellents) or stimulate axon growth into a 
speci!c direction (i.e., axon attractants) [Tessier-
Lavigne and Goodman, 1996]. Axon guidance 
cues are detected by cell surface receptors on 
the growth cone, a sensory structure at the tip 
of a growing axon. Binding of axon guidance 
cues to growth conereceptors triggers 
intracellular signaling events that ultimately 
control cytoskeletal dynamics [Zhou et al, 

Figure 3 |  Axon guidance | During development, neurons send out 
axons along molecularly prede!ned routes towards their synaptic 
targets. The growth cone at the tip of each axon senses environmental 
signals (guidance cues) that determine the direction of axon extension.
Diffusible or membrane-bound axon guidance cues can either prevent 
axons from growing into speci!c territories (i.e., act as axon repellents) 
or attract them into speci!c directions (axon attractants).

Although in vivo evidence for a role of MICALs 
in vertebrate axon guidance and plexinA 
s ignal ing i s lack ing, severa l in v i t ro 
observations support a role for MICAL-1 in 
semaphorin/plexin signaling in axons (Fig. 4). 
First, MICAL-1 physically interacts with plexinA1 
and plexin-A3, and this interaction is enhanced 
by Sema3A stimulation [Schmidt et al., 2008]. 
Second, co-transfection of MICAL-1 and 
plexinA1 in COS-7 cells induces cell contraction 
resembling the contraction responses observed 
following Sema3A treatment of COS-7 cells 
exogenously expressing neuropilin1 and 
plexinA1 [Schmidt et al., 2008; Takahashi et al., 
1999]. Third, MICAL-1 and MICAL-3 knockdown 
reduces growth cone collapse responses 
induced by Sema3A [Morinaka et al., 2011]. 
Fourth,  over expression of MICAL-1 mutants 
lacking the MO domain in neurons abolishes 
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the growth inhibitory effect of Sema3A on 
sensory axons [Schmidt et al., 2008]. Fifth, EGCG, 
a compound with the abil ity to block 
monooxygenases, neutralizes the axon repulsive 
effects of Sema3A and Sema3F [Terman et al., 
2002; Pasterkamp et al., 2006]. Sixth, MICAL-1 can 
bind several effectors of the Sema3A pathway 
including CRMPs and RanBPM (Ran small GTPase 
binding protein) [Schmidt and Strittmatter, 2007; 
Togashi et al., 2006]. CRMPs can associate with 
tubulin heterodimers and promote microtubule 
assembly [Fukata et al, 2002; Schmidt and 
Strittmatter, 2007]. MICAL-1 binds CRMP-2, and 
other CRMP family members [Schmidt et al., 
2008], and is required for the oxidation-
dependent phosphorylation and inactivation of 
C R M P-2 by G S K-3b (glycogen synthase 
kinase-3b) leading to microtubule disassembly 
(Fig. 2a) [Morinaka et al., 2011]. 

Synaptic structure and dendritic pruning  | In a 
postembryonic screen designed to identify 
proteins that control the maintenance and 
remodeling of neuromuscular synapses in 
Drosophila, Mical was identi!ed as a critical 
regulator of synaptic structure [Beuchle et al., 
2007]. Mical is essential for both synaptic bouton 
distribution along muscle !bers and for the 
organization of the postsynaptic domain. In 
Mical mutant "ies, synaptic boutons cluster 
around initial nerve-muscle contact sites and 
along synaptic branches and fail to properly 
spread along the muscle !ber. In addition, 
deranged actin and myosin !laments accumulate 
in muscle cells in Mical mutants and interfere 
with the organization of the postsynaptic region 
[Beuchle et al., 2007]. As a result, postsynaptic 
structures are deeply embedded in the muscle 
!ber. The presence of MICAL proteins in adult 
mouse synaptosomes [Dahlhaus et al., 2011] 
supports the idea that MICALs may also subserve 
functions at vertebrate synapses.
In addition to axon guidance and synaptic 
structure, Mical contributes to dendritic pruning 
in Drosophila [Kirilly et al., 2009]. Dendritic 
pruning is an important re!nement process that 
selectively removes exuberant or inaccurate 
neuronal processes during development without 
causing neuronal cell death [Luo et al., 2005]. In 
Drosophila, larval-born neurons undergo 

e x t e n s i v e r e m o d e l i n g a t t h e e a r l y 
metamorphosis stage to construct adult 
neuronal connections. During this stage, Mical 
expression is upregulated by Sox14, an 
ecdysoneinduced transcription factor. Mical 
depletion in Drosophila results in a failure to 
severe inappropriate dendrites from the neuronal 
cell body leading to exuberant dendritic trees 
[Kirilly et al., 2009]. The initial steps of dendrite 
severing involve blebbing and proximal thinning 
of dendrites mediated by the depolymerization 
of the microtubule and actin cytoskeletons. 
Although further work is needed to establish the 
precise role of Mical during dendritic pruning, it 
is tempting to speculate that Mical controls the 
s e v e r i n g o f d e n d r i t e s t h r o u g h t h e 
depolymerization of actin.

Cell body positioning | In the chick spinal cord, 
MICAL-3 controls the proper positioning of 
motor neuron somata [Bron et al., 2007]. Spinal 
motor neuron cell bodies reside in the CNS 
whereas their axon projections exit the CNS to 
contact targets in the periphery, i.e., muscle cells. 
During spinal cord development, the cell bodies 
of motor neurons migrate along their motor 
axons to reach their proper positions in the spinal 
cord, a process called somal translocation. A 
population of neural crestderived cells, boundary 
cap cells, is located at the border of the CNS and 
PNS and prevents motor neuron cell bodies from 
exiting the CNS along motor axons [Schmidt et 
al., 2009; Chauvet and Rougon, 2008]. Genetic 
studies in chick indicate that Sema6A expressed 
on boundary cap cells repels motor axons 
expressing plexin-A2. Knockdown of Sema6A 
and plexinA2 causes motor neurons to 
ectopically migrate outside the spinal cord into 
the ventral root. Knockdown of MICAL-3 induces 
a similar phenotype hinting at the existence of a 
Sema/plexinA2/MICAL-3 pathway during motor 
neuron cell body positioning [Bron et al., 2007].

CONCLUDING REMARKS AND FUTURE 
PERSPECTIVES | Our knowledge of the cellular 
effects of MICALs has advanced signi!cantly over 
the past several years, and the molecular 
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processes that underlie these effects are being 
unveiled at a rapid pace. A major breakthrough in 
de!ning MICAL function is the demonstration 
that Mical can bind to and modify F-actin 
through redox reactions [Hung et al., 2010].
Although the ability to regulate actin dynamics 
remains to be shown for MICALs other than 
Drosophila Mical, redox regulation of the 
cytoskeleton is considered a common feature of 
MICAL family members. Many of the cellular 
functions of MICALs reported so far are thought 
to rely on their ability to directly modify the 
cytoskeleton, e.g., regulation of axon guidance, 
dendritic pruning, and synaptic bouton 
distribution. In addition to F-actin, it will be 
interesting to determine whether MICALs can 
redox modify other components of the 
cytoskeleton, e.g., vimentin, and whether such 
events rely on intermediates such as H2O2 or on 
direct redox modi!cation by the MICAL MO 
domain. Recent work shows that exocytosis of 
Rab8-positive vesicles also requires an intact 
MICAL MO domain [Grigoriev et al., 2011]. 
However, during this process MICAL-3 does not 
appear to regulate the cytoskeleton but rather its 
own turnover through the MO domain. How the 
MO domain can regulate protein turnover and 
whether such a mechanism is also important for 
other reported cellular functions of MICALs 
remains to be determined.
In contrast to cytoskeletal regulation and 
exocytosis, a recently reported function of 
MICAL-1 in apoptosis regulation does not 
depend on the MO domain. Instead, the MICAL-1 
LIM and C-terminal regions bind NDR kinases, 
thereby inhibiting binding and activation by 
upstream MST kinases [Zhou et al., 2011]. The 
factors that regulate MICAL activity in the MST-
NDR pathway, as well as in other pathways, 
remain unk nown. However, the recent 
identi!cation of MICALs as phosphoproteins 
suggests that protein kinases may be upstream 
regulators of MICAL function. Furthermore, 
proteins that antagonize the autoinhibited 
conformation of MICAL proteins may function to 
activate these proteins. Although MICALs 
contain several domains and motifs capable of 
interacting with other proteins, the binding 
partners of most of these regions remain 
unknown. Identi!cation of the full complement 
of MICAL binding partners will provide valuable 

insight in the precise substrates for different 
MICAL proteins, regulators of their activity and 
unknown biological pathways.
Several studies using Drosophila embryos 
de!cient in Mical or overexpressing truncated or 
full-length Mical genes have !rmly established 
the role of Mical in cellular processes such as 
axon guidance and bristle formation. Future 
studies are needed, however, to examine 
whether vertebrate MICAL proteins subserve 
similar in vivo functions. Since MICAL-1, MICAL-2 
and MICAL-3 display highly overlapping patterns 
of expression (e.g., [Pasterkamp et al., 2006]) this 
may require the simultaneous inactivation of 
multiple MICAL genes in mice in vivo.
Recent studies implicate MICAL proteins in spinal 
cord injury and cancer. Following spinal cord 
injury, MICAL expression is regulated in cells 
associated with the glial scar and the neurite 

Figure 4 | MICALs in semaphorin/plexinA signaling | 
Semaphorins bind and activate plexinA receptors, thereby 
activating an intracellular signaling complex that contains 
the signaling proteins MICAL-1, CRMP (collapsin response 
mediator protein), and/or RanBPM (RBPM; Ran GTPase 
binding protein). CRMP and RanBPM bind MICAL-1 and 
plexinA receptors. Following semaphorin stimulation, 
MICAL-1 redox signaling is required for the interaction of 
CRMP-2 with TRX (thioredoxin), which primes CRMP-2 for 
phosphorylation by GSK-3b (glycogen synthase kinase-3b) 
leading to microtubule disassembly and growth cone 
collapse. MICAL-1 is autoinhibited through intramolecular 
interactions and release of this inhibition activates MICAL-1 
monooxygenase activity. Activation of plexinA has been 
proposed to release the autoinhibited conformation of 
MICAL-1. Mical, and presumably also other MICAL family 
mem- bers, can bind actin and induce disassembly of the 
actin cytoskeleton through its MO domain and redox 
signaling. Vimentin, an interme- diate !lament has been 
reported to bind MICAL-1. Thus, MICAL-1 may regulate 
different components of the cytoskeleton upon activa- tion 
by plexinAs or other upstream signaling molecules.
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growth inhibitory environment of the injured 
CNS [Pasterkamp et al., 2006]. In addition, 
splicing variants of MICAL-2 (MICAL2-PVs) are 
associated with prostate cancer progression. 
Intriguingly, knockdown of MICAL2-PVs in 
prostate cancer greatly reduces cancer cell 
viability [Ashida et al., 2006]. Therefore, we can 
expect that experiments over the next years 
will not only advance our understanding of 
MICAL function and signaling but also will lead 
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ABSTRACT | Semaphorins and plexins have been shown to be important for the proper 
development of the cerebellum, particularly during the migration of cerebellar granule cells 
(CGCs). In Drosophila, Molecule Interacting with CasL (Mical) facilitates semaphorin-plexin 
signaling in neurons. It is unknown, however, whether semaphorin-plexin signaling in the 
vertebrate nervous system also requires MICAL proteins. Therefore, to begin to address this 
issue we 1) investigated the expression of the three different vertebrate MICAL proteins, 
MICAL-1, MICAL-2 and MICAL-3, during cerebellar development and 2) assessed a functional 
role for MICAL-1 in CGCs in vitro. MICALs were found to be expressed in various cell types in the 
cerebellum including CGCs and Purkinje cells (PC). The deep cerebellar nuclei (DCN) also 
expressed MICALs. A detailed analysis of MICAL expression in the external granule layer (EGL) 
revealed that MICAL-1 was strongly expressed by cells in the inner EGL, while MICAL-2 and 
MICAL-3 displayed strong expression in the outer EGL. Since CGCs in the outer EGL are 
migrating neurons that will invade the granule cell layer, we analyzed the effect of 
manipulating MICAL-1 expression on neuronal process extension in CGCs. Overexpression of 
MICAL-1 signi"cantly enhanced neurite length of CGCs, while knockdown of MICAL-1 resulted 
in shorter neurites. Together, our data suggest that vertebrate MICALs may play important and 
distinct roles during cerebellar development. 

INTRODUCTION | The cerebellum is located in 
the hindbrain and is associated with motor 
coordination and controlled movement 
(Porcionatto, 2011). The adult cerebellum is a 
highly organized structure and consists of three 
different layers: the molecular layer (ML), the PC 
layer and the granule cell layer (GL). Starting 
from the pial surface the !rst layer is the ML, 
consisting of satellite and basket cells, which 
both are interneurons. The ML is the input layer 
of the cerebellum and the dendritic trees of PC 
terminate in this layer. Internal to the ML is the 
PC layer, consisting of a single layer of cells. PC 
axons are the sole output neurons of the 
cerebellar cortex. PC axons project to cells of 
the DCN. Before terminating in the DCN, PC 
axons traverse the granule cell layer (GL), which 
is located internal to the PC layer (Goldowitz 
and Hamre, 1998;Komuro et al., 2001). 
The cells from which the cerebellum is 
generated arise from at least 2 germinal zones 
during development, the neuroepithelium of 
the ventricular zone and the rhombic lip 

(Goldowitz and Hamre, 1998;Porcionatto, 
2011).Cells that give rise to DCN neurons, PCs, 
interneurons of the ML and glial cells reside in 
the neuroepithelium of the ventricular zone 
(Porcionatto, 2011). At embryonic day E10-E12, 
the !rst neurons exit from the ventricular zone 
to settle deep in the cerebellar cortex. These 
neurons will form the DCN (Goldowitz and 
Hamre, 1998). The next group of cells to leave 
the ventricular zone, around E11-E13, are PCs 
(Goldowitz and Hamre, 1998;Porcionatto, 
2011).When the cells that give rise to the DCN 
and PC layer have stopped dividing, the 
formation of the external granular layer (EGL) 
starts. These cells originate in the rhombic lip 
and migrate tangentially to form the EGL 
(Chédotal, 2010;Goldowitz and Hamre, 
1998;Kagami and Furuichi, 2001;Komuro and 
Yacubova, 2003;Porcionatto, 2011).Around the 
time the EGL is formed, cells that form 
Bergmann glia leave the ventricular zone and 
the interneurons that occupy the ML are 
formed (Goldowitz and Hamre, 1998). The 
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development of the cerebellum is completed 
after birth (Chédotal, 2010;Goldowitz and 
H a m r e , 1 9 9 8 ; K a g a m i a n d F u r u i c h i , 
2001;Komuro and Yacubova, 2003;Porcionatto, 
2011). Postnatally, the EGL becomes a germinal 
zone (Goldowitz and Hamre, 1998) and cells 
from the EGL migrate inwards through the PC 
layer to form the GL or inner GL (IGL) (Chédotal, 
2010;Goldowitz and Hamre, 1998;Kagami and 
Furuichi , 2001;Komuro and Yacubova, 
2003;Porcionatto, 2011). For this migration, 
CGCs use the !bers of Bergmann glia, which 
extend from the PC layer up to the pial surface 
(Chédotal, 2010;Goldowitz and Hamre, 
1998;Kagami and Furuichi, 2001;Komuro and 
Yacubova, 2003;Porcionatto, 2011). The ML is 
also formed postnatally. PC dendrites extend, 
arborize and form synapses in the ML with 
satellite cells, parallel !bers of CGCs and 
climbing !bers of the inferior olive (Chédotal, 
2010;Goldowitz and Hamre, 1998;Kagami and 
Furuichi , 2001;Komuro and Yacubova, 
2003;Porcionatto, 2011;Solecki et al., 2004). 
Several different molecular signals have been 
implicated in the development of the 
cerebellum, including guidance cues and their 
receptors. Studies have shown that Wnts/
Frizzleds, Netrin/DCC, and Robos/Slits are 
important for the proper development of the 
cerebellum (Alcántara et al., 2000;Chédotal, 
2010;Nagata and Nakatsuji, 1990;Porcionatto, 
2011).In addition, semaphorins/plexins control 
several different aspects of cerebellar 
development (Ding et al., 2007;Friedel et al., 
2007;Kerjan et al., 2005;Renaud et al., 
2008;Solowska et al., 2002). For example, 
Sema3A is required for the proper targeting of 
cerebellar mossy !bers onto CGCs (Solowska et 
al., 2002), while Sema3F is an attractant for CGC 
axons (Ding et al., 2007). Sema6A and its 
receptor plexinA2 regulate the migration of 
CGCs (Friedel et al., 2007;Kerjan et al., 
2005;Renaud et al., 2008).In migrating CGCs, 
polarization occurs, with a leading process 
extending in the direction of the movement. 
The cellbodies are then translocated into the 
di rec t ion of these leading processes 
(Umeshima et al., 2007). Positioning of the 

centrosome in front of the nucleus during the 
resting phase is an important step for 
polarization and migration to occur (Umeshima 
et al., 2007). Both Sema6A and plexinA2 
de!cient mice display defects in the positioning 
of the centrosome and, as a result, in the 
migration of CGCs (Renaud et al., 2008). In 
these mice, CGCs fail to exit the molecular layer 
(Kerjan et al., 2005). Sema4C and Sema4G also 
affect the migration of CGCs (Maier et al., 2011). 
Sema4C is expressed by cells in the EGL and by 
Bergmann glia, while Sema4G is exclusively 
expressed in PCs. Sema4C and Sema4G both 
use plexinB2 as their receptor and plexinB2 is 
restricted to CGCs in the cerebellum (Maier et 
al., 2011). In plexinB2 de!cient mice, CGCs from 
the proliferating zone that normally only 
migrate tangentially now migrate radially 
leading to an accumulation of CGCs in the ML 
(Friedel et al., 2007). This altered migration 
leads to an abnormal formation of the PC layer 
(Friedel et al., 2007).
Although semaphorins and their receptors play 
an important role in the development of the 
cerebellum, the signal transduction pathways 
that operate downstream of these proteins 
during cerebellar development remain largely 
unknown. MICALs (molecule interacting with 
CasL) were recently identi!ed as downstream 
effectors of plexinA receptors in Drosophila 
(Terman et al., 2002). Although, the functional 
role of vertebrate MICAL proteins in vivo has 
not been established, accumulating evidence 
suggests that MICAL proteins may contribute 
to the regulation of several developmental 
processes in the nervous system, including 
axon guidance, pruning, synapse formation and 
cell migration (Kolk and Pasterkamp, 2007). 
Therefore, we investigated the role of MICALs 
(MICAL-1-3) during both the embryonic and 
postnatal development of the cerebellum. 
Here, we report highly complementary 
expression patterns for MIC ALs in the 
developing cerebellar system and show that 
MICAL-1 regulates the growth of CGC axons. 
These results form a framework for future 
studies into the role of MICALs in the 
developing cerebellum.
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EXPERIMENTAL PROCEDURES | Animal 
breeding and tissue treatment | All animal use 
and care was in accordance with institutional 
guidelines. C57Bl/6 mice were obtained from 
Harlan Laboratories. Timed-pregnant mice and 
pups were euthanized by means of cervical 
dislocation or decapitation, respectively. The 
morning on which a vaginal plug was detected 
was considered embryonic day 0.5 (E0.5) and 
the day of birth, postnatal day 0 (P0). For in situ 
hybridization experiments, E14.5-E18.5 and P0-
P15 brains were directly frozen in 2-
m e t hy l b u t a n e ( M e rc k , G e r m a ny ) . Fo r 
immunohistochemistry, P5 brains were 
collected in phosphate buffered saline (PBS) 
and !xed by immersion for 6 hours (hrs) in 4% 
paraformaldehyde (PFA) in PBS at 4C. Samples 
were washed in PBS and cryoprotected in 30% 
sucrose. Brains were frozen in 2-methylbutane 
on dry ice and stored at -80C. Cryosections 
were cut at 16-20 m, mounted on Superfrost 
Plus slides (Fisher), air-dried and stored 
desiccated at -80C

In situ hybridization | Nonradioactive in situ 
hybridization was performed using alkali-
hydrolyzed digoxigenin (DIG)-labeled cRNA 
probes transcribed from mouse MICAL-1 (entire 
coding region), mouse MICAL-2 (~1.8 kb XhoI–
XhoI fragment of EST AU035950), and mouse 
MICAL-3 (~1.6 kb SalI–SalI fragment of EST 
mKIAA0819) cDNAs (Pasterkamp RJ et al., 
2006). In situ hybridization was performed as 
described previously (Pasterkamp et al., 1998). 
Brie"y, cryosections were post-!xed with 4% 
PFA in PBS for 10 min at room temperature 
(RT). To enhance tissue penetration and 
decrease aspeci!c background staining, 
sections were acetylated with 0.25% acetic 
anhydride in 0.1 M triethanolamine for 10 min 
a t R T. S u b s e q u e n t l y , s e c t i o n s w e r e 
prehybridized for 2 hrs at RT in hybridization 
buffer (50% formamide, 5x Denhardt's solution, 
2x SSC, 250 µg/ml bakers yeast tRNA, and 500 
µg/ml sheared and heat-denatured herring 
sperm DNA). Hybridization was performed for 
15 hrs at 68°C using 400 ng/ml denatured DIG-

labeled cRNA probe diluted in hybridization 
buffer. After hybridization, sections were 
washed brie"y in 2x SSC followed by 2 hrs in 
0.2x SSC, all at 68°C, and adjusted to RT in 0.2× 
SSC for 5 min. DIG-labeled RNA hybrids were 
detected with an anti-DIG Fab fragment 
antibody conjugated to alkaline phosphatase 
(Boehringer Mannheim) diluted 1:3000 in TBS, 
pH 7.4, overnight at 4oC. Binding of alkaline-
phosphatase-labeled antibody was visualized 
by incubating sections in detection buffer (100 
mM Tris, pH 9.5, 100 mM NaCl, and 5 mM 
MgCl₂) containing 240 µg/ml levamisole and 
color reagents nitro-bluetetrazolium chloride/
5-bromo-4-chloro-3-indolylphosphate (NBT/
BCIP,Roche) for 14 hrs at RT. Sections hybridized 
with sense probes did not exhibit speci!c 
hybridization signals.

Immunohistochemistry  | Sections were rinsed 
in PBS (pH 7.4), blocked in PBS containing 1% 
goat serum and 0.4% bovine serum albumin 
(BSA), and incubated overnight at 4°C with 
puri!ed rabbit anti-MICAL-1 antibody (1:50; 
(Zhou et al., 2011)) in PBS containing 0.1% 
Triton X-100 and 0.4% BSA. The next day, 
sections were washed, incubated with the 
appropriate "uorescently-labeled secondary 
antibody (1:750) in PBS containing 0.4% BSA for 
1 hr at RT, counterstained in "uorescent Nissl  
a n d m o u n t e d i n F l u o r s a v e R e a g e n t 
(Calbiochem). 
Primary neuron cultures were !xed by addition 
of an equal volume of 8% PFA to the culture 
medium for 1 hr. Next, cells were washed and 
immunostained following the same procedure 
as described for cryosections. Cells were 
counterstained for 15 minutes with phalloidin 
(1:250) in PBS and nuclei were visualized using 
DAPI.

Granule cell culture, percoll gradient 
puri"cation and transfection |CGC cultures 
were prepared as described (Solecki et al., 
2009). Brie"y, cerebella were dissected from 
brains of P6 mice. After the pial layer was 
removed, tissue was treated with trypsin and 
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triturated into a single-cell suspension using 
!ne-pore Pasteur pipettes. The suspension was 
layered onto a discontinuous Percoll gradient 
and separated by centrifugation. Then, the 
small-cell fraction was isolated. Cells were 
plated onto 12 mm glass coverslips coated with 
poly-D-lysin and laminin. The resulting cultures 
routinely contained 90% CGCs and 10% glial 
cells.
For cell transfection, several constructs were 
made. Full length mouse MICAL-1 and human 
MICAL-1 were subcloned into a bio-eGFP 
vector, which contains a latent biotinylation 
peptide N-terminally "anked by e G F P 
(Lansbergen et al., 2006). To generate bio-
eGFP-MICAL-1-N3, the N-terminal 2238 
basepairs of the mouse MICAL-1 coding region 
was subloned in between the EcoRI and SalI 
sites of the bio-eGFP vector. To induce MICAL-1 
knockdown, siRNAs against mouse MICAL-1 
(5’UUCCGCUCGUCUCCAAGAAUU3’) were 
p u rc h a s e d f ro m D h a r m a co n . A n O N -
TARGETplus non-targeting siRNA pool from 
Dharmacon served as a control (Zhou et al., 
2011). Transfection mixture (containing eGFP 
expressing vector, siRNAs or a combination of 
both) was prepared using Lipofectamine 2000 
(Invitrogen) according to the manufacturer’s 
instructions and added to the cells 24 hrs after 
plating. Cultures were incubated for another 24 
hrs and then !xed and processed for 
immunostaining.
   

RESULTS | MICALs are expressed in various 
cell types during the pre- and postnatal 
development of the cerebellum | In the past, 
the express ion of ver tebrate M I C A L s 
(MICAL-1-3) was analyzed during development 
of the eye, the hippocampus and the cortex 
(Pasterkamp RJ et al., 2006). However, their 
expression patterns during cerebel lar 
development are unknown.
Analysis of prenatal MICAL expression patterns 
showed that at E14.5, MICAL-1 and MICAL-3 are 
expressed in cells in the pons, choroid plexus 
epithelium (Cpe), rhombic lip (RL) and 
cerebellar plate (Cb) (Figure 1B,D). MICAL-1 was 
not expressed by all cells in the Cpe and strong 
MICAL-1 expression was observed in the RL and 
Cb (Figure 1B). MICAL-2 was not expressed at 
this stage (Figure 1C). MICAL-3 was expressed 
by all cells in the Cpe, however, cells in the 
rostral Cpe displayed stronger signals (Figure 
1D). At E16.5 MICAL-1 and MICAL-3 were 
expressed throughout the hindbrain (Figure 
1F,H). For MICAL-1, expression in the Cb was 
most prominent in cells in the centre and at the 
border of the Cb. Expression of MICAL-3 was 
strongest at more rostral levels (Figure 1H). 
MICAL-2 was weakly expressed in the inferior 
colliculus (IC), pons and Cpe at E16.5 (Figure 
1G). At E18.5, all three MICALs showed 
expression in the hindbrain region (Figure 1J-L). 
MICAL-1 and MICAL-3 were strongly expressed 
in the EGL and DCN, while MICAL-2 signals 
were lower and more restricted (Figure 1J-L). 

Figure 1 | Expression of MICALs 
during the prenatal development of 
the cerebellum | Expression for 
MICAL-1 (B, F, J), MICAL-2 (C, G, K) and 
MICAL-3 (D, H, L) was analyzed at E14.5 
(A-D), E16.5 (E-H) and E18.5 (I-L) using 
in situ hybridization. (A, E, I) Schematic 
representations of the mouse brain at 
different embryonic stages. Boxes 
indicate the location of the images 
shown in this !gure. (A’, E ’, I ’ ) 
Schematics indicating the brain 
structures shown in the in situ 
hybridization images. Aq, aqueduct; 
cerebellar rhombic lip (RL), cerebellum 
(Cb), choroid plexus epithelium (CPe), 
deep cerebellar nuclei (DCN), external 
granule cell layer (EGL), inferior 
colliculus (IC), 4th ventricle (4V). Scale 
bar 500µm. 
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The postnatal expression patterns of MICALs 
were analyzed per cell type and region. In the 
ML, MICAL-1, but not MICAL-2 or MICAL-3, was 
expressed from P5-P20, the postnatal 
timepoints studied here (data not shown). 
Figure 2 shows the ML of P20 mice, when ML 
development is completed. The observed 
expression of MICAL-1 in the ML at P20 
suggests that MICAL-1 is expressed in basket 
and/or satellite cells (Figure 2). All PCs 
expressed MICAL-1. MICAL-3 signals were only 
found in a subset of PCs, whereas MICAL-2 was 
only weakly expressed in a subset of these cells 
(Figure 2). PCs receive their main input from 
other regions in the cerebellum and project to 
the DCN, making this region the main output 
structure of the cerebellum. The DCN consists 
of 4 nuclei, namely, dentate nucleus (DN), 
emboliform nucleus (EN), globose nucleus (GN) 
and fastigial nucleus (FN), which all are located 
in speci!c regions of the cerebellum. These 
different nuclei can be visualized in coronal 
sections. MICAL-1 showed strong expression in 
cells in the DN, EN, GN and FN. Quanti!cation 
revealed that in all these nuclei, about 85-90% 
of the cells expressed MICAL-1 (Figure 3C, G, K, 
O, R). MICAL-2 was expressed in the DN (38% of 
the cells), GN (35%), EN (30%) and FN (25%) 
(Figure 3D, H, L, P, R). MICAL-2 expression was 
lower and more restricted as compared to 
MICAL-1. Interestingly, MICAL-3 was expressed 
in a high rostral to low caudal gradient in the 
DCN (Figure 3E, I, M, Q, R). In the DN and EN 
80-85% of the cells expressed MICAL-3, in the 
GN and FN 70% and 60%, respectively (Figure 
3R).

MICALs display highly speci$c patterns of 
expression in the EGL | The expression of 
MICALs in CGCs was analyzed from E18.5 to P15 
(Figure 4). At E18.5, MICAL-1 showed a gradient 
in the EGL, with weaker expression in the 
region located next to the pial surface 
(indicated by the dotted line) and strong 
expression in parts of the EGL located more 
internally (Figure 4B). A similar MICAL-1 
distribution was observed in the EGL at P5 and 
P10 (Figure 4E, H). At P5 the IGL is present and 
MICAL-1 expressing cells were observed in this 
region (Figure 4E). Expression of MICAL-1 in the 
IGL was noticeably stronger as compared to the 
EGL (Figure 4B, E, H). MICAL-2 also showed 
graded expression in the EGL, with highest 
levels in the area closest to the pial surface 
(Figure 4C, F, I). In contrast to MICAL-1, 
expression of MICAL-2 in the IGL was less 
prominent as compared to the EGL (Figure 4C, 
F, I). MICAL-3 was expressed in a similar gradient 
in the EGL as found for MICAL-2 (Figure 4D, G, 
J). Furthermore, expression of MICAL-3 was 
more prominent in the EGL as compared to the 
IGL (Figure 4D, G, J). All MICALs were expressed 
in the GL at P15 (Figure 4K, L, M).   

Figure 2 | Differential expression of MICALs in Purkinje 
cells | (A) Nissl stained coronal section of the P20 cerebellum. 
The red square indicates the area shown in panels B-D. (B-D) 
In situ hybridization for MICAL-1, MICAL-2 and MICAL-3 on 
coronal sections of the P20 cerebellum. Purple arrows 
indicate expression in Purkinje cells, yellow arrows indicate 
lack of expression in Purkinje cells. granule cell layer (GL), 
molecular layer (ML), Purkinje cell layer (PC). Scale bar 250µm.

Figure 3 | Expression 
of MIC ALs in the 
D C N | S c h e m a t i c 
r e p r e s e n t a t i o n 
showing a saggital 
view of the mouse 
brain (A) with lines 
i n d i c a t i n g t h e 
" u o r e s c e n t N i s s l 
s t a i n e d s e c t i o n s 
shown in B,F,J,N. In 
situ hybridization of 
P15 cerebellum is 
shown at a higher 
m a g n i ! c a t i o n f o r 
M I C A L-1 (C ,G,K ,O), 
MICAL-2 (D,H,L,P) and 
M I C A L- 3 ( E , I , M , Q ) . 
Different nuclei are 
indicated with dotted 
lines. A quanti!cation 
of the percentage of 
cells per nucleus is 
shown in R. Dentate 
n u c l e u s ( D N ) , 
emboliform nucleus 
(EN), fastigial nucleus 
(FN), globose nucleus 
(GN), granule cell layer 
(GL), molecular layer 
(ML). 
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The EGL consists of 2 parts, the oEGL, a 
proliferative zone, and the iEGL, from where 
cells migrate to the GL (Kagami and Furuichi, 
2001;Porcionatto, 2011;Sato et al., 2008). To 
further examine the distribution of MICALs in 
different parts of the EGL, MICAL expression 
p a t t e r n s w e r e a n a l y z e d a t h i g h e r 
magni!cations at P10 (Figure 5). Images of in 
situ hybridization experiments for different 

M I C A L s in consecut ive sec t ions were 
pseudocolored and merged to directly 
compare and quantify the distribution of 
MICALs in the EGL.  This analysis con!rmed that 
MICAL-1 was expressed in the iEGL and mEGL, 
w h i l e M I C A L - 2 a n d M I C A L - 3 w e r e 
predominantly expressed in the mEGL and 
oEGL (Figure 5A-J). 

Figure 4 | Spatiotemporal expression of MICALs in cerebellar granule cells| (A) Schematic representations of the 
cerebellum at different developmental stages. Red lines and squares indicate the location of the images shown in B-M. (B-M) In 
situ hybridization for MICAL-1 (B, E, H, K), MICAL-2 (C, F, I, L) and MICAL-3 (D, G, J, M) performed on coronal sections of the 
developing cerebellum is shown. Deep cerebellar nuclei (DCN), external granule cell layer (EGL), granule cell layer (GL), 
molecular layer (ML), Purkinje cell layer (PC). Scale bar 250 µm (P5), 475 µm  (E18.5, P10), and 950 µm (P15).
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CGCs express MICAL-1 protein| Since in situ 
hybridization only provides information about 
the distribution of MICAL expressing cells but 
not of protein expression within different 
cellular compartments, we also performed 
i m m u n o h i s t o c h e m i c a l e x p e r i m e n t s . 
Immunohistochemistry was performed on 
sections of P10 mice and on dissociated CGCs 
(Figure 6). P10 was selected because the EGL is 
present at this timepoint. MICAL-1 staining was 
observed in the EGL, GL, ML and white matter 
(WM). In both the EGL and GL, staining was 
restricted to neurites and the cytosol (Figure 
6A-B). In the ML, staining was uniform, 
indicating that both interneurons located in the 
ML and the PC dendritic trees may express 
MICAL-1 protein. Labeling of the WM indicated 
that also PC axons express MICAL-1. These 
!ndings correspond with the ISH data, with the 
exception of the iEGL, which did not display 
more prominent labeling as compared to the 
oEGL. In cultured neurons, MICAL-1 protein 
was detected in the cell body of CGCs and in 
their neurites (Figure 6C-F). 
Neurite growth in CGCs is regulated by 
MICAL-1 | Cells in the oEGL are proliferating

 cells, while cells in the iEGL migrate to the IGL. 
Since MICAL-1 was expressed in iEGL cells and 
in the axons of CGCs, we investigated the role 
of MICAL-1 during neurite outgrowth in CGCs 
(Figure 7). First, the effect of MICAL-1 
overexpression was analyzed. CGCs were 
transfected with full length MICAL-1 (eGFP-FL, 
Figure 7B) or a constitutively active form of 
MICAL-1, lacking the C-terminal region (eGFP-
N3, Figure 7C). In cells transfected with FL 
MICAL-1 the length of the longest neurite was 
signi!cantly increased as compared to control 
cells (125%±8.6%; P=0.04, Figure 7F). In 
contrast, the neurite length of eGFP-N3 
transfected cells was signi!cantly decreased as 
compared to control (64%±7.3%; P=0.007, 
Figure 7F). To determine the endogenous effect 
of MICAL-1 on neurite growth, CGCs were 
transfected with an siRNA oligo against 
MICAL-1. As a control, scrambled control siRNA 
was used. Transfection of cells with control 
siRNAs did not affect neurite growth (Figure 7A, 
D, F). In contrast, the length of neurites 
emanating from cells transfected with siRNAs 
targeting MICAL-1 was signi!cantly decreased 
(63±8.5%; P=0.024; Figure 7E, F)).    

Figure 5 | MICAL-1 and MICAL-2/3 show complementary patterns of expression in the EGL | (A-C) In situ hybridization 
for MICAL-1, MICAL-2 and MICAL-3 in sagittal sections of the P10 cerebellum. Red boxes indicate the location of higher 
magni!cations shown in D-F. (D’-F’) Images were pseudocolored and used in overlays (G-I) to compare MICAL expression 
patterns. J shows a quantitative analysis of MICAL expression in different regions of the EGL. Expression levels were 
normalized to levels observed in the GL. External granule cell layer (EGL), granule cell layer, inner EGL (iEGL), middle EGL 
(mEGL), outer EGL (oEGL). Scale bar 475 µm (A-C) and 250 µm (D-I).
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Figure 6 | Immunohistochemical analysis of MICAL-1 in sections and cerebellar granule cell cultures| (A, B) 
Immunohistochemistry for MICAL-1 was performed on cryosections of the P10 cerebellum. The boxed area in A indicates the 
position of the higher magni!cation shown in panel B. (C-F) Immunohistochemistry for MICAL-1 (in green) on cerebellar 
granule cell cultures. Cells were also stained with phalloidin (in red, D) and DAPI (in blue,E). Panel F shows a merge of the 
different stainings. External granule layer (EGL), granule layer (GL), molecular layer (ML), white matter (WM). Scale bar 475µm 
(A), 235 µm (B) and 90µm (D-F)
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that MICAL-1 is required for growth of CGC 
neurites. It is  therefore possible that MICAL-1 
contributes to the formation or extension of the 
leading process that mediates CGC migration. 
Interestingly, recent data suggest that Mical 
may directly control actin dynamics through its 
MO domain (Hung et al., 2010). Actin dynamics 
is a driving force in the coordination of 
centrosome movement during neuronal 
migration (Solecki et al., 2009;Hung et al., 2010). 
Further studies are needed to establish whether 
MICAL-1 or other MICAL family members 
regulate the migration of CGCs.

Can MICAL-1 affect CGC migration in a plexin-
dependent manner? | Several guidance cues 
are required to control cerebellar development, 
including netrins and semaphorins (Alcántara 
et al., 2000;Ding et al., 2007;Friedel et al., 
2007;Jakovcevski et al., 2009;Kerjan et al., 
2005;Maier et al., 2011;Renaud et al., 2008). 
PlexinA2 and its ligand Sema6A control granule 
cell migration by regulating centrosome 
translocation. In plexinA2 and Sema6A 
knockout mice CGCs linger in the ML because 
of defects in their radial migration (Kerjan et al., 
2005;Renaud et al., 2008). In plexinB2, Sema4C 
and Sema4G knockout mice CGCs also stall in 
the ML (Friedel et al., 2007;Maier et al., 2011). In 
Drosphila, Mical binds PlexA and is required for 
the repulsive guidance of axons by Sema-1a 
(Terman et al., 2002). MICAL-1 can bind all class 
A plexins (Y.Z. and R.J.P., data not shown) and 
several lines of evidence suggest that MICAL-1 
may function downstream of plexinAs to 
mediate semaphorin signaling. For example, 
co-expression of MICAL-1 and plexinA in 
COS-7cells leads to cell contraction while 
knockdown of MICAL-1 or MICAL-3 reduces 
growth cone collapse induced by Sema3A 
(Schmidt et al., 2008;Morinaka et al., 2011). 
Given its expression in the oEGL and the 
defects observed in plexinA and plexinB mutant 
mice it is tempting to speculate that MICAL-1 
transduces semaphorin-plexin signaling during 
CGC migration. Analysis of MICAL de!cient 
mice will help to unveil the function of MICALs 

DISCUSSION | In this study a potential role for 
ve r te b r a te M I C A L s d u r i n g ce re b e l l a r 
development was examined. Analysis of the 
spatiotemporal expression patterns of MICALs 
revealed that expression of MICAL-1 and 
MICAL-3 can be detected during early 
cerebellar development. Expression of MICAL-2 
was only detected from E16.5 onwards. These 
!ndings are in line with previous observations 
in other brain regions (Pasterkamp RJ et al., 
2006). Expression of MICAL-1 and MICAL-3 was 
highly similar in most regions of the developing 
cerebellum including the DCN, PC layer, EGL 
and GL. MICAL-2 expression was less prominent 
in general and complementary to MICAL-1 and 
MICAL-3 in the EGL. Finally, manipulation of 
MICAL-1 levels in cultured CGCs led to changes 
in neurite growth.

Loss of MICALs may lead to defects in CGC 
development | Both our expression and 
functional data support a role for MICALs in the 
development and migration of CGCs. All 
MICALs are expressed in the EGL, with strong 
expression of MICAL-1 in the iEGL and 
expression of MICAL-2 and MICAL-3 in the oEGL. 
All three MICALs are expressed in the mEGL. 
CGCs in the oEGL are still proliferating inviting 
the speculation that MICAL-2 and MICAL-3 may 
affect CGC proliferation. CGCs within the mEGL 
form projections parallel to the pial surface. 
These CGCs migrate tangentially in the mEGL 
before shifting to radial migration along the 
Bergmann glia scaffold which is characteristic 
for CGCs in the iEGL. Migrating CGCs form 
leading processes which extend in the direction 
of the movement. Translocation of the cell body 
into the leading process then leads to 
migration of the cell (Umeshima et al., 2007). 
Therefore, the proper formation and extension 
of leading processes is crucial for migration 
( K o m u r o e t a l . , 2 0 0 1 ; K o m u r o e t a l . , 
2001;Komuro and Yacubova, 2003;Komuro et 
al., 2001). Interestingly, manipulation of 
MICAL-1 levels in cultured CGCs leads to 
changes in neurite growth. Knockdown of 
MICAL-1 results in shorter neurites suggesting 
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in CGC migration.

A role for MICALs in PC development? | The 
expression of all three MICAL transcripts and of 
the MICAL-1 protein in PCs suggests that 
MICALs could also affect PC development. Such 
effects could be direct through the regulation 
of for example axon guidance, dendritic  
pruning or migration, all cellular processes 
known to be regulated by MICALs (Bron et al., 
2007;Kirilly et al., 2009;Terman et al., 2002). 
However, MICALs may also in"uence PC 
development in an indirect manner through 
the regulation of CGC development. Often 
when CGC numbers or migration are affected, 
the PC layer is disturbed (Friedel et al., 
2007;Jakovcevski et al., 2009). For example, in 
CHL-1 knockout mice the migration of CGCs is 
affected and as a consequence the number of 
PCs is reduced and PC dendritic trees are 
altered (Jakovcevski et al., 2009). Similarly, in 
plexinB2  knockout  mice   both   CGCs   and   PC

 development is changed (Friedel et al., 2007). 

In all, the expression data presented in this 
study support a role for MICALs in the 
development of CGCs and PCs in the 
development of CGCs and PCs in the 
cerebellum. The intriguing differential 
distribution of MICALs in the EGL indicates that 
these proteins may affect different aspects of 
CGC development and migration. Such a role is 
supported by the ability of MICAL-1 to regulate 
neurite extension in vitro. These results provide 
a framework for further studies on the 
functional role of MICALs during cerebellar 
development.
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Figure 7 | MICAL-1 regulates neurite growth in cerebellar granule cells | Dissociated P6 cerebellar granule cells were 
transfected with control (eGFP) (A), full length MICAL-1 (eGFP-FL) (B), or the N-terminal region of MICAL-1 (eGFP-N3) (C). 
Knockdown experiments were performed by transfecting granule cells with control siRNAs (si-Ctrl (D)) or siRNAs targeting 
MICAL-1 (siRNA-1 (E)).Cells were stained with phalloidin, shown in red. The effects of overexpression or knockdown of MICAL-1 
were quanti!ed as shown in F. * p<0.05 as compared to control. Scale bar 235µm (A-E)
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“MICAL Knockout Mice do not Display Semaphorin-Related 
Phenotypes During Nervous System Development”
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ABSTRACT | The multidomain signaling protein Molecule interacting with CasL (Mical) has 
been shown to be required for the axon repulsive effects of Sema-1a during the development of 
Drosophila nervous system. Mical binds PlexA, the Sema-1a receptor, and connects this 
receptor to the actin cytoskeleton. Unlike Drosophila, three MICAL proteins have been 
identi"ed in vertebrate species such as mice and human (MICAL-1, MICAL-2 and MICAL-3). In 
vitro studies suggest that vertebrate MICALs may function downstream of class 3 semaphorins 
(Sema3s) and their plexinA receptors during axon guidance. However, in vivo evidence to 
support such a role is lacking. In this study, MICAL-1 and MICAL-3 knockout (KO) mice were 
generated and analyzed for neuronal defects with a focus on axon guidance defects previously 
reported in KO mice for Sema3s or their receptors. Remarkably, this analysis did not reveal 
defects in major axon tracts in the developing peripheral and central nervous system of 
MICAL-1 and MICAL-3 de"cient mice. These results hint at a possible compensation of the 
function of MICAL-1 and MICAL-3 by MICAL-2 or other signaling cues in the Sema3 signaling 
pathway.

INTRODUCTION | During neural circuit 
development growing axons are guided 
towards their synaptic targets by guidance 
molecules in their environment (Tessier-
Lavigne and Goodman, 1996). Semaphorins 
(Semas) are the largest family of guidance 
molecules and can be secreted or membrane-
bound, acting on a long and short range, 
respectively. In addition, Semas can function as 
repulsive or attractive cues for axons and cells 
(Nakamura et al., 2000;Pasterkamp and Giger, 
2009;Zhou et al., 2008). Semas bind multimeric 
receptor complexes on the growth cone that 
usually contain plexin proteins as signal 
transducing subunits (Pasterkamp and Giger, 
2009;Zhou et al., 2008). Sema-plexin binding 
leads to the (in)activation of signal transduction 
pathways in the growth cone. Several 
intracellular signaling proteins have been 
identi!ed downstream of the plexin receptor 
complex including Molecule Interacting with 

CasL (MICAL) (Beuchle et al., 2007;Kolk and 
Pasterkamp, 2007;Suzuki et al., 2002). Whereas 
Drosophila has one MICAL protein, Mical, three 
MICAL proteins, MICAL-1-3, have been 
identi!ed in vertebrate species (Kolk and 
Pasterkamp, 2007). MICAL proteins contain 
several different protein domains or motifs. The 
MICAL C-terminus contains coiled-coiled 
motifs, which are thought to mediate binding 
to plexinA receptors and cytosolic proteins 
such as vimentin and Rab1 (Suzuki et al., 
2002;Weide et al., 2003). The coiled-coil motifs 
are followed by a proline rich region which 
mediates binding to CasL in MICAL-1 (Suzuki et 
al., 2002). Further N-terminal in MICAL proteins 
a calponin homology domain and a LIM 
domain can be found. The most interesting 
feature of MICALs, however, is their N-terminal 
"avoprotein monooxygenase domain which is 
required for their effects during axon guidance 
(Nadella et al., 2005).
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A role for MICALs in axon guidance was !rst 
shown in Drosophila. In Drosophila, class 1 
Semas use PlexA as their receptor to cause 
actin cytoskeleton reorganization and axon 
repulsion (Dickson, 2002;Huber et al. , 
2003;Pasterkamp and Giger, 2009;Zhou et al., 
2008). Terman and colleagues examined the 
intersegmental nerve b (ISNb) in Sema1, PlexA 
and Mical loss-of-function Drosophila embryos. 
In W T embryos, axons from the ISNb 
defasciculate from the bundle at highly speci!c 
points in the periphery and extend dorsally to 
innervate muscles 6/7 and 12/13. However, in 
Sema1a, PlexA and Mical mutants ISNb axons 
failed to innervate the muscle !elds. Flies 
double heterozygous for loss of Mical and 
either Sema1a or PlexA also showed this 
phenotype. In addition, Mical was found to 
bind the cytoplasmic part of PlexA and to be 
co-expressed with PlexA in growth cones. 
Together, these results indicated that Mical is 
required for Sema1a-PlexA mediated axon 
guidance in Drosophila (Terman et al., 2002). 
Several lines of evidence also support a role for 
vertebrate MICALs in repulsive signaling 
induced by Sema3s and their receptors. 
MICAL-1 binds plexin-A1 and co-transfection of 
MICAL-1 and plexin-A1 in COS-7 cells induces 
cell contraction resembling the contraction 
responses observed following Sema3A 
treatment of COS-7 cells exogenously 
expressing neuropi l in1 and plexin-A1 
(Takahashi et al., 1998; Schmidt et al., 2008). In 
addition, MICAL-1 and/or MICAL-3 knockdown 
reduces growth cone collapse responses 
induced by Sema3A (Morinaka et al., 2011). 
Finally, MICAL-1 can bind several known 
effectors of Sema3A pathway including CRMPs 
(collapsin response mediator proteins) and 
RanBPM (Ran small GTPase binding protein) 
(Schmidt et al., 2008; Togashi et al., 2006). 
Although these in vitro !ndings support a role 
for MICALs in Sema3/plexinA signaling during 
axon guidance, in vivo evidence to support 
such a role is lacking. Therefore, in this study 
knockout(KO) mice for MICAL-1 and MICAL-3 
were generated and analyzed for neuronal 

defects previously reported in S ema3 , 
neuropilin and plexinA KO mice.

EXPERIMENTAL PROCEDURES| Generation 
of MICAL-1 and MICAL-3 KO mice| BACs 
containing the 5′ portions of the MICAL-1 and 
MICAL-3 genes were obtained from Incyte 
Genomics. BAC DNA fragments and a neo FRT/
loxP cassette were used to generate conditional 
MICAL-1 or MICAL-3 targeting vectors using 
standard recombinant DNA techniques (Figure 
1A, C). Following electroporation of the 
targeting vectors, targeted ES clones (129SvJ) 
were identi!ed by Southern blot analysis and 
injected into C57BL/6 blastocysts. Resulting 
male chimaeras were bred to C57BL/6 females 
to generate heterozygous mice carrying the 
casette. The successful deletion of the exons 
was determined using both Southern blot 
analysis and Northern blot analysis (on E17.5 
embryos) as previously described (Pasterkamp 
et al., 2003). MICAL-1 and MICAL-3 null mice 
were obtained by crossing F₁ heterozygous 
mice with mice that expressed Cre recombinase 
in their germ line (Pasterkamp et al., 2003) 
(Figure 1A, C). The resulting MICAL-1 and 
MICAL-3 mutations were then moved into a 
C57BL/6 background by more than 10 
backcrosses. PCR genotyping was performed 
using the following primers (Figure 1A); P1, 5′-
T TG A A AC ATG TG G ACC AG G A -3 ′ ; P 2 , 5 ′ -
GGACAGGGAGAGCAGAGAC T T-3′; P3, 5′-
TCTCCACCCCCAACAGTAAG-3′ (Figure 1B). The 
primers used for the genotyping of MICAL-3 KO 
m i c e w e r e P 1 , 5 ’ -
T G T G C T G C C C TA C A A C T C A C - 3 ’ ; P 2 , 5 ’ -
C C C T G A C C T T T G G T G T C A C T- 3 ’ ; P 3 , 5 ’ -
CCCTCCTCAAGACAATCCAA-3’ (Figure 1D). 

Western blotting | Western blotting was 
performed on whole brain lysates from E17.5 
embryos as previously described (Giger et al 
1998). Brie"y, whole brain lysates were 
prepared from E17.5 mouse brain using lysis 
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containing 20 mM Tris, pH 8.0, 150 mM KCl, 
0.1% Triton-X100, and protease inhibitor 
cocktail (Roche). Samples were mixed with 3x 
loading buffer and heated to 95°C for 5 
minutes. Proteins were separated in gel and 
transferred to nitrocellulose membranes 
(Hybond-C Extra, Amersham). Membranes were 
blocked in Tris-buffered saline (TBS) containing 
0.5% nonfat dried milk and 0.1% Tween-20. A 
polyclonal rabbit antibody against MICAL-1 
(1:50) was used as primary antibodies. To detect 
MICAL antibodies, peroxidase conjugated goat 
a nt i - ra b b i t o r a nt i - m o u s e a nt i b o d i e s 
(Invitrogen) were used at a dilution of 1:30.000. 
Bound secondary antibody was detected with a 
chemiluminescent peroxidase substrate (Super 
signal, Pierce) and chemilluminescence was 
detected by CL-XPosure Film ( Thermo 
Scienti!c).

Animals and tissue treatment | All animal use 
and care was in accordance with institutional 
guidelines. Timed-pregnant mice and adult 
mice were euthanized by means of cervical 
dislocation or an overdosis of pentobarbital 
followed by transcardial perfusion. The 
morning on which a vaginal plug was detected, 
was considered embryonic day 0.5 (E0.5). For 
whole mount immunohistochemistry, E10, 
E10.5, E11, E11.5 and E12.5 embryos were 
collected in phosphate-buffered saline (PBS). 
Embryos were !xed in 4% paraformaldehyde 
(PFA) for 6 hrs at 4°C. Next, the embryos were 
washed 3 times in PBS followed by an 
overnight PBS wash. Embryos were dehydrated 
in an ascending methanol series and stored in 
100% methanol at -20°C until use. For 
immunohistochemistry on tissue sections, 
E17.5 embryonic brains were collected in PBS 
and !xed by immersion for 1-3 hrs in 4% PFA in 
PBS at 4°C. Adult mice were transcardially 
perfused with ice-cold saline followed by 4% 
PFA and post-!xed for 6 hrs at 4°C. Samples 
were washed in PBS and cryoprotected in 30% 

sucrose. Brains were frozen in 2-methylbutane 
on dry ice and stored at -80°C. Cryostat sections 
were cut at 16µm, mounted on Superfrost 
Plusslides (Fisher), air-dried and stored at -20°C. 
For section binding experiments, E17.5 
embr yos were dissected, frozen in 2-
methylbutane (Merck, Germany) and stored at 
-20°C.

Immunohistochemistry | Sections were rinsed 
in TBS (pH 7.4), quenched for 15 minutes in 3% 
H2O2/10% methanol in TBS, blocked in TBS 

containing 0.4% bovine serum albumin (BSA), 
and incubated overnight at 4°C with primary 
antibodies (see Table 1) in TBS containing 0.1% 
Triton-X100 and 0.4% BSA. The next day, 
sections were washed in TBS, incubated with 
the appropriate biotin-labeled secondary 
antibody (1:500) in TBS containing 0.4% BSA for 
1.5 hrs at RT. Prior to a 90 minutes incubation 
with avidin biotin complexes (ABC, Vectastain 
Elite ABC kit, The Netherlands), sections were 
brie"y washed in TBS followed by a 2-3 minutes 
incubation in 3,3’-diaminobenzidine (DAB) in 
PB containing 1% H2O2. Sections were rinsed 

twice in 0.05 M PB, dehydrated, cleared in 
xylene and coverslipped in Entellan (Merck, 
Germany). For whole-mount stainings, embryos 
w e r e q u e n c h e d i n 1 % H 2 O 2 i n a 

methanol:Dimethyl Sulfoxide (DMSO) mixture 
(8:2) for 4 hrs rotating gently at RT. Next, 
embryos were washed 5 times (1hr, each) in 
Tris- NaCl buffer with 0.1% Triton-X100 (pH7.4, 
TNT) and incubated with neuro!lament (2H3) 
antibody (see Table1) in TNT containing 5% 
non-fat dried milk (TNTM) and 5% DMSO 
rotating gently at RT for 2 days. Embryos were 
washed 6 times for 1hr at RT and incubated for 
36 hrs in peroxidase-labeled goat anti-mouse 
secondary antibody in TNTM containing 2% 
fe t a l c a l f s e r u m ( F C S ) . P r i o r t o t h e 
diaminobenzidine (DAB) reaction, embryos 
were washed 4 times for 1hr in TNT, 1hr in TBS, 
and overnight in TBS. The color reaction was 
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stopped in TBS and sections were cleared in 
70% glycerol overnight at 4C.

Tabel 1 | List of primary antibodies |
Anti-body Supplier Dilution
Neuro!lament (2H3) Development 

Hybridoma bank 1:50
Tyrosine hydroxylase Pel-Freez 1:1000
Calbindin Swant 1:3000
MICAL-1 (Zhou et al., 2011) 1:50
βIII-tubulin Sigma 1:3000

Section binding | Section binding was 
performed as previously described (Feiner et 
al., 1997;Giger et al., 2000). Cryostat sections 
from freshly frozen embryos were post!xed for 
7-10 min in methanol at -20°C. Sections were 
then washed in PBS containing 4mM MgCl2 
(PBS+) and blocked with PBS+ containing  10% 
FCS for 30 minutes. Sections were incubated 
with Alkaline phosphatase (AP)-Sema fusion 
proteins for 1-2hrs at RT. The supernatant of 
HEK293 cells transfected with AP-Sema 
constructs was diluted in PBS+ containing 10% 
FCS. Sections were rinsed with PBS+ and !xed 
with 60% acetone, 1.5% formaldehyde, and 20 
mM HEPES (pH 7.0) for 2 minutes followed by a 
PBS wash. Endogenous AP activity was heat 
inactivated by incubating the section for 3 hrs 
at 65°C, and sections were processed for AP 
detection in 100 mM Tris (pH 9.5), 100 mM 
NaCl, 50 mM MgCl2 and nitro-bluetetrazolium 

chloride/5-bromo-4-chloro-3-indolylphosphate 
(NBT/BCIP, Roche) for 1-2 hrs at RT or overnight 
at 4°C. 

DRG repulsion assay | Three-dimensional 
collagen matrix assays were performed as 
described previously (Pasterkamp et al., 2003). 
E14.5 embryos from MICAL heterozygous 
crosses were collected in ice-cold L15 medium 
and dorsal root ganglions (DRGs) were rapidly 
dissected and cut into halves. DRG explants 
were positioned next to aggregates of HEK293 
cells transiently transfected with AP-Sema3A or 
to mock-transfected cells as a control in a 
collagen matrix in four-well tissue culture 
dishes (Nunclon Surface;  Nunc).  Explants  were  

cultured in DMEM/F12 with 10% FCS, glucose, 
glutamine, and antibiotics in a humidi!ed 
incubator at 37°C with 5% CO2 for 48 hrs. Then, 

explants were then washed in PBS, !xed in 4% 
PFA for 1.5 hrs, and washed extensively before 
immunocytochemistry using the 2H3 antibody 
to visualize axons. At least three independent 
e x p e r i m e n t s w e r e p e r f o r m e d . F o r 
quanti!cation of explant assays, the length of 
neurites was measured in both the proximal 
and distal quadrants of the culture using 
OpenLab software (Improvision) to determine 
the proximal/distal ratios (P/D ratios) per 
explant. Data were statistically analyzed by 
one-way ANOVA (±0.5%) and expressed as 
means ± SEM (Pasterkamp et al., 2003).

RESULTS | To determine whether vertebrate 
MICALs function downstream of Sema-plexin 
signaling, MICAL-1 and MICAL-3 de!cient mice 
were generated and analyzed for neuronal 
defects previously reported in mice de!cient 
for Sema3s and their receptors.

Generation of MICAL mutant mice | To 
elucidate the biological role of MICAL-1 and 
MICAL-3 in vivo, MICAL-1 and MICAL-3 KO mice 
were generated. For the deletion of MICAL-1 
and MICAL-3, exons 1-3 and 1-6, respectively, 
were targeted (Figure 1A,C). The generation of 
MICAL-1 and MICAL-3 was con!rmed using 
Northern and Southern blotting (Figure 1B; 
data not shown). In addition, PCR strategies 
were developed for the MICAL-1 and MICAL-3 
null mice (!g 1B,D). Unfortunately, technical 
difficulties prevented us from generating 
MICAL-2 null mice.
MICAL-1, MICAL-3 and MICAL-1/3 de!cient mice 
were viable and indistinguishable from their 
wildtype (WT) littermates. The distribution of 
genotypes after heterozygote crosses was 
Mendelian, with 50% heterozygote, 25% WT, 
and 25% KO mice. All KO mice survived for 
more than 1.5 years without obvious behavioral 
or pathological abnormalities.
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Peripheral nerves develop normally in MICAL 
KO mice | To identify neuronal defects in MICAL 
de!cient mice, a detailed analysis of both the 
peripheral nervous system (PNS) and central 
nervous system (CNS) was performed using 
2H3 staining. The analysis focused on tracts 
known to be altered in the Sema3-plexinA 
signaling, e.g. maxillary, mandibular, facial, 
glossopharyngeal, ophthalmic, spinal and 
oculomotor nerves (Giger et al., 2000;Suto et al., 
2005;Yaron et al., 2005). First, the PNS was 
a n a l y z e d b y w h o l e m o u n t 
immunohistochemistry on E10, E10.5, E11, 
E11.5 and E12.5 embryos. A typical example of 
a wholemount staining of E11.5 MICAL-1 WT 
and KO littermates is shown in Figure 2. Several 
of the areas analyzed, i.e. axon tracts around 
the eye, motor axons innervating the forelimbs 
and the spinal cord, are shown at a higher 
magni!cation (Figure 2B-D, F-H). No axon 
guidance     defects     were    detected     in    the 

oculomotor or trochlear nerves in MICAL-1 KO 
mice, as was previously shown in Npn1, Npn2, 
plexin-A3 or plexin-A4 KO mice (Giger et al., 
2000;Suto et al., 2005;Yaron et al., 2005).  Also 
the positioning and morphology of the cranial 
and spinal ganglia were normal in MICAL-1 KO 
mice. Furthermore, no changes were found in 
t h e m a x i l l a r y , m a n d i b u l a r , f a c i a l , 
glossopharyngeal, ophthalmic, spinal and vagal 
nerves.  MICAL-1 and MICAL-3 display a highly 
overlapping pattern over expression during 
development (Pasterkamp et al., 2006). To test 
the hypothesis that MICAL-3 may compensate 
for the absence of MICAL-1, MICAL-1/3 DKO 
(double knockout) embryos were generated 
and analyzed. However, no changes in PNS 
axon tracts were observed between in 
MICAL-1/3 DKO as compared to WT or DHE 
(double heterozygote) littermates (data not 
shown). In summary, no changes in the 
fasciculation, positioning or growth of axon 
tracts in the PNS were observed in mice 
de!cient for MICAL-1 or for MICAL-1 and 
MICAL-3. 

Figure 1| Generation of MICAL-1 and MICAL-3 knockout 
mice| (A) Targeting strategy for the generation of mice 
lacking exons 1-3 of the MICAL-1 gene. (B) The left panel 
shows the  Southern blot analysis of MICAL-1 +/+, +/- and -/- 
mice. The middle panel of B shows a western blot analysis of 
P5 littermates and PCR results are shown in the right panel. 
(C) Targeting strategy for the generation of mice lacking 
exons 1-6 of the MICAL-3 gene are shown. (D) shows the PCR 
genotyping of MICAL-3 mice. 

Figure 2 | Neuro$lament staining of E11.5 embryos 
reveals no major alteration in the peripheral nervous 
system of MICAL-1 knockout mice | A complete overview of 
neuro!lament staining in WT (wild type) (A) and KO 
(knockout) embryos (E) is shown. Higher magni!cations of 
the eye (B,F), the front limb (C,G) and the spinal cord region 
(D,H) are shown. Oculomotor (III) nerve; trochlear nerve (IV), 
trigeminal nerve and ganglia (V), facial nerve (VII), 
glossopharyngeal nerve (IX), vagus nerve (X), maxillary nerve 
(Mx), ophthalmic nerve (op). Scale bar 1500µm (A,E) and 
750µm (B-D, F-H).
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The lateral olfactory tract is intact in MICAL 
KO mice | Several longitudinal tracts were 
analyzed in the CNS of MICAL KO mice. In this 
analysis, section binding of AP-tagged 
semaphorin proteins was used to identify axon 
tracts that are able to bind and respond to 
semaphorins (Feiner et al., 1997;Giger et al., 
2000). AP-Sema3A will bind Npn1 expressing 
axons, AP-Sema3F to Npn2-positive axons and 
AP-Sema6A to plexin-A4-postive axons (Zhou 
et al., 2008). First, we focused on the olfactory 
bulb (OB) and its main output bundle, the 
lateral olfactory tract (LOT ). AP-Sema3A 
binding was observed in the ONL and IPL of the 
OB (Figure 5B). This binding was unchanged in 

E17.5 MICAL-1 KO (n=3) and MICAL-1/3 DKO 
embryos (n=3) as compared to WT controls 
(n=3) (Figure 3B”). AP-Sema3F bound to the Gl, 
Mi and ONL. In more caudal sections, binding 
of AP-Sema3F to the LOT was detectable. 
Again, no differences in axon tracts visualized 
by AP-Sema3F binding between WT or MICAL 
KO embryos were found (!g 3 C-E”). No binding 
of Sema6A-AP was observed (data not shown).
Olfactory axon projections were also examined 
using immunohistochemistry for 2H3 to 
visualize all axons. The 2H3 antibody labeled 
axons in the OB and LOT but in line with the 
Sema3 section binding data not differences 
were observed between WT, MICAL-1 and 
MICAL-1/3 knockout mice (Figure 3F-G’’).
In all, these data suggest that olfactory axon 
projections are unchanged in the absence of 
MICAL-1 and MICAL-3.

Development of the corpus callosum and 
anterior commissure in MICAL KO mice | As 
part of the CNS analysis, two commissures were 
analyzed with reported defects in Sema3, Npn 
and plexinA knockout mice, the corpus 
callosum (CC) and the anterior commissure (AC) 
(Piper et al., 2009). During the formation of the 
corpus callosum, cortical axons approach and 
cross the midline and then extend from the 
midline to innervate contralateral regions 
(Figure 4A). Npn1 is localized in axons of 
cingulated neurons that cross the midline. 
Sema3A and Sema3C are expressed around the 
developing CC, as well as several plexinA 
receptors, namely, plexinA1, plexinA2 and 
plexinA3 (Figure 4A) (Piper et al., 2009). 
Alteration in the Npn1 binding properties 
results in the inability of the class 3 semas to 

bind to Npn1 in the Npn1Sema
 mouse line In 

this mouse line the cingulated axons are miss 
guided  indicating that the Sema Npn₁ 
interaction is required for the proper formation 
of the CC (Piper et al., 2009). First, 2H3 
immunostaining was used to visualize all axons 

Figure 3 | Analysis of the lateral olfactory tract and 
olfactory bulb in MICAL mutant mice| A horizontal 
schematic overview shows the LOT (red arrows). The dotted 
lines correspond to the coronal sections analyzed for AP-
S e m a 3 A a n d A P - S e m a 3 F b i n d i n g a n d 2 H 3 
immunohistochemistry (B-G”). The section binding 
experiments were performed on E17.5 brain tissue. Panels F-
F” show staining in the olfactory bulb, where the LOT 
originates, while panel G-G” show staining at the level where 
the LOT terminates. 
Anterior commisure intrabulbar part (aci), external plexiform 
layer (EPL), Glomerular layer (Gl) granule cell layer of the 
olfactory bulb (GrO), internal plexiform layer (IPL), lateral 
olfactory tract (LOT), mitral cell layer (Mi), subventricular zone 
(SVZ), olfactory nerve layer (ONL), olfactory ventricle (OV), 
piriform cortex (Pir). Scale bar 1420µm (B-C”,G-G”), 2840µm 
(D-E”) and 710µm (F-F”)
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in the CC. No differences were observed 
between the CC of adult WT, MICAL-1 KO or 
MICAL-1/3 DKO mice (n=6, each) (Figure 4B-B”). 
Second, section binding was performed to 
check if subsets of axons within the CC that 
require Sema3/Npn/plexinA signaling were 
altered. In WT embryos, AP-Sema3A and AP-
Sema6A binding labeled axons in the CC but no 
defects were found in the CC in MICAL-1 KO 
(n=3) or MICAL-1/3 DKO mice (n=3) as 
compared to WT littermates (Figure 4C-D’, data 
not shown).
Next, the formation of the AC was examined. 
Sema3B, Sema3F, Npn2 and plexin-A3 have 
been shown to regulate the development of 
the AC. Mice lacking these Sema3s or their 
receptors show severe defects including 
defasciculation or agenesis of the AC (Figure 
5A) (Chen et al., 2000;Julien et al., 2005;Sahay et 
al., 2003;Suto et al., 2005). Analysis of MICAL-1 
KO and MICAL-1/3 DKO mice (n=3, each) using 
2H3 immunohistochemistry revealed no 
defects in the AC (Figure 5B-D). The formation 
of the AC was also analyzed using AP-Sema3F 
section binding, given the role of Sema3F in AC 
development. Strong binding was observed 
just dorsally to the AC and in the fornix in the 

WT embryos. Less prominent binding was 
observed ventrally to the AC. However, no 
differences in the binding patterns of AP-
Sema3F were found in MICAL-1 KO or 
MICAL-1/3 DKO mice as compared to WT 
littermates (Figure 5E-G’). 
Thus, the development of the CC and AC is 
intact in mice lacking MICAL-1 and MICAL-3.

Figure 4 | Analysis of the corpus callosum of MICAL 
mutants | A schematic overview of the  Semas and plexins 
required for the formation of the corpus collusom. The area 
analyzed is shown at a higher magni!cation in B-D’. 
Immunohistochemistry using 2H3 antibodies is shown in 
panel B-B”. Section binding of AP-Sema3A (C-C”) and AP-
Sema6A (D-D’) to the CC of E17.5 embryos for wildtype (WT), 
MICAL-1 knockout (MC-1 KO) and MICAL-1/3 double KO 
(MC-1/3 DKO) is shown. Cingulate cortex (Cg), corpus 
collusom (CC), lateral ventricle (LV), neocortex (NC). Scale bar 
2840µm(B-B”) 1420µm (C-D”).

Figure 5| Analysis of the anterior commissure in MICAL 
mutant mice|The AC is schematically depicted in panel A. 
The lines correspond to the level at which the coronal 
sections (B-D’: AP-Sema3F section binding and E-G’: 2H3 
immunostaining) were taken. Anterior commissure (AC), 
anterior commissure anterior part (Aca), anterior commissure 
posterior part (Acp) fornix (f ), lateral ventricle (LV), 3rd 
ventricle (3V), MICAL -1 knockout (MC-1 KO), MICAL-1/3 
double KO (MC-1/3 DKO). Scale bar 710µm (B-D,E’-G’), 
2840µm (E-G). 

Loss of MICAL-1 and MICAL-3 does not affect 
the formation of dopaminergic pathways | 
Finally, dopaminergic axon tracts that originate 
in the midbrain were analyzed to determine 
whether loss of MICAL-1 and/or MICAL-3 had 
an effect on the formation of the medial 
forebrain bundle (MFB) or the organization of 
the mesodiencephalic dopamine  (mdDA) 
system. The medial forebrain bundle arises from 
mdDA neurons in substantia nigra (SN) and 
ventral tegmental area (VTA) and contains axon 
projections to the striatum and prefrontal 
cortex (Figure 6A). Sema3F-Npn2 signaling is 
required the fasciculation, rostral growth and 
cortical targeting of mdDA axon projections 
(Chapter 2(Funato et al., 2000;Hernández-
Montiel et al., 2008;Yamauchi et al., 2009). 
Therefore, AP-Sema3F was used in section 
binding experiments to visualize mdDA 
neurons and their axons in E17.5 embryos (n=3 
for each genotype). In WT embryos, Sema3F-AP 
labeled the MFB, as reported previously (Kolk et 
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 al., 2009), and neurons in the VTA. Binding to 
the SN was less prominent (Figure 6B-D). In 
MICAL mutant embryos the pattern of Sema3F-
AP binding in the mdDA system resembled 
control (Figure 6BD’’). Sema3F-AP binding was 
also found in other regions and axon tracts in 
the forebrain including the dentate gyrus, the 
piriform cortex, the !mbria, and the internal 
capsule. All these structures were unchanged in 
MICAL-1 KO (Figure 6B’-D’) and MICAL-1/3 DKO 
(Figure 6B”-D”) mice as compared to control.

In adult mice, mdDA axon projections were 
analyzed us ing immunohistochemical 
methods. The mdDA system in the midbrain 
was visualized using an antibody against 
tyrosine hydroxylase (TH), the rate-limiting 
enzyme in dopamine synthesis. Tracts 
innervating the striatum were visualized using 
2H3 and TH immunostaining, to reveal 
corticostriatal and nigrostriatal projections, 
r e s p e c t i v e l y. B o t h n i g r o s t r i a t a l a n d 
corticostriatal projections were unaffected in 
MICAL-1 KO and MICAL-1/3 DKO mice as 
compared to WT littermates (Figure 6E-G’’).
Thus, the organization of the mdDA neuron 
pool in the midbrain and mdDA axon 
projections in the forebrain are intact in MICAL 
de!cient mice. 

DRG neurons from MICAL de"cient mice 
respond to Sema3A| A recent study shows that 
knockdown of MICAL-1 or MICAL-3 results in a 
loss of responsiveness of DRG axons to Sema3A 
(Morinaka et al., 2011). Therefore, we tested the 
responsiveness of DRGs obtained from E14.5 
MICAL-1 de!cient mice for Sema3A in collagen 
matrix assays. Sema3A-expressing and control 
HEK cells were mixed in different ratios and 
positioned next to DRG explants in collagen 
allowing for the detection of small changes in 
Sema3A responsiveness. Axons from DRGs 
cultured together with control cells showed 
radial outgrowth, both when obtained from WT 
and MICAL-1 KO littermates. In the presence of 
Sema3A-expressing cells, DRG axons were 
robustly repelled irrespective of their origin 
(WT or MICAL-1 KO embryo). To quantify this 
effect P/D ratios were determined. In line with 
the qualitative observations, the quanti!cation 
did not reveal differences in the response of the 
DRGs obtained from MICAL-1 KO embryos to 
Sema3A as compared to DRG obtained from 
WT embryos (p=0.99) (Figure 7). These 
experiments show that the responsiveness of 
MICAL-1-de!cient DRG axons to Sema3A is 
unchanged.

Figure 5| Analysis of the anterior commissure in MICAL 
mutant mice|The AC is schematically depicted in panel A. 
The lines correspond to the level at which the coronal 
sections (B-D’: AP-Sema3F section binding and E-G’: 2H3 
immunostaining) were taken. Anterior commissure (AC), 
anterior commissure anterior part (Aca), anterior commissure 
posterior part (Acp) fornix (f ), lateral ventricle (LV), 3rd 
ventricle (3V), MICAL -1 knockout (MC-1 KO), MICAL-1/3 
double KO (MC-1/3 DKO). Scale bar 710µm (D-D"), 1420µm
(B-C",E-E"), 2840µm (F-G") 
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DISCUSSION | MICAL de"cient mice do not 
show Sema3-plexinA related phenotypes | 
This study focused on the functional 
signi!cance of MICALs during the development 
of the mouse nervous system in relation to the 
Sema3-plexinA signaling. MICAL-1 and MICAL-3 
knockout mice were generated and potential 
defects as a result of MICAL de!ciency were 
analyzed using both in vivo and invitro assays. 
MICAL-1 and/or MICAL-3 knockout mice were 
viable, fertile and did not show obvious 
morphological defects in both the PNS and 
CNS, as observed in Sema3, Npn or plexinA 
mutant mice ((Chen et al., 2000;Giger et al., 
2000;Julien et al., 2005;Kolk et al., 2009;Piper et 
al., 2009;Sahay et al., 2003;Suto et al., 
2005;Yaron et al., 2005).
Sema3 or Sema3 receptor knockout mice show 
prominent defects in speci!c peripheral nerves 
such as axon defasciculation or overshooting 
(Chen et al., 2000;Giger et al., 2000;Julien et al., 
2005;Kolk et al., 2009;Piper et al., 2009;Sahay et 
al., 2003;Suto et al., 2005;Yaron et al., 2005). In 
our study we noted that the development of 
the peripheral nervous system is highly 
dependent on the developmental stage of the 
mouse embryo. Even within litters small 
differences in the morphology and projection 
patterns of peripheral nerves could be detected 
among different embryos or between the right 
and left side of the same embryo. Although we 
can conclude from our study that MICAL-1 and 
MICAL-3 de!ciency does not lead to major 
defects in the PNS, it is formally possible that 
more subtle phenotypes have escaped our 
attention due to variability in litters or within 
embryos.

Mical, Sema-1a and PlexA loss-of-function "ies 
show similar phenotypes, indicating that Mical 
signals downstream of PlexA (Terman et al., 
2002). In vertebrates, neuronal phenotypes 
appear to become less prominent when 
studying knockout mice for signaling cues that 

function further downstream in the Sema3-
plexinA signaling pathways. In Sema3F analysis, 
the de!cient mice can be distinguished from 
the WT and heterozygote littermate by the size 
of the pup. For example, analysis PNS tracts in 
Sema3F or Npn2 de!cient mice show marked 
defects ( Giger et al., 2000; Sahay et al., 2003). 
However, only a few of these defects are 
observed in mice de!cient in plexin-A3, which is 
considered to be the signal transduction 
subunit in the Sema3F receptor (Yaron et al., 
2005). In addition, knockout mice for CRMP 
(collapsin response mediator protein), which 
are intracellular signaling proteins in the Sema3 
pathway, do not show S ema3 related 
phenotypes (Su et al., 2007;Yamashita et al., 
2011). However, CRMP-1 de!cient mice showed 
an increase of distal dendrites in the 
hippocampal CA1 region, while proximal 
dendrites were decreased and disorganized (Su 
et al., 2007). Similarly, CRMP5 knockout mice 
show defects in dendritic development and 
synaptic plasticity (Yamashita et al., 2011). Thus, 
whereas knockout mice for downstream 
signaling cues of the Sema3 pathway have not 
revealed robust axon guidance defects, they 
show more subtle abnormalities that may be 
Sema3-related. Therefore, further studies are 
needed to examine whether MICAL de!cient 
mice show more subtle phenotypes such as in 
dendrite development or synapse formation.

Figure 7 | DRG repulsion assay using E14.5 littermates 
shows no difference between MICAL-1 WT and KO 
neurons| DRGs from E14.5-E17.5 mice were dissected and 
co-cultured with HEK-293 cells expressing AP-Sema3A, AP-Fc 
or a mixture of AP-Sema3A and AP-Fc (1:4). A schematic 
overview of the assay is shown in panel A. The quanti!cation 
is shown in panel B. Proximal (P) and distal (D).
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I s the loss of M I C A L-1 and M I C A L-3 
c o m p e n s a t e d ? | M I C A L s s h o w b o t h 
overlapping and distinct patterns of expression 
in both central and peripheral nervous system 
(Pasterkamp et al., 2006). Therefore, removal of 
MICAL-1 or MICAL-1 and MICAL-3 was expected 
to lead to neuronal and non-neuronal 
phenotypes. Loss of MICAL-1 and/or MICAL-3 
might be compensated by MICAL-2, the third 
MICAL family member. In this study, we were 
unsuccessful in generating MICAL-2 de!cient 
mice. The neuronal expression pattern of this 
MICAL is different from MICAL-1 and MICAL-3, 
which show highly similar distribution patterns 
(Pasterkamp et al., 2006). MICAL-2 can only be 
detected during late embryonic development 
and is not present in internal brain structures 
such as the striatum and hypothalamus, where 
M I C A L- 1 a n d M I C A L- 3 a r e e x p r e s s e d 
(Pasterkamp et al., 2006). It is therefore possible 
that during certain stages of development and 
in speci!c brain regions MICAL-2 compensates 
for the loss of MICAL-1 and MICAL-3. 
Redundancy has been shown at other levels of 
the Sema3-plexinA signaling pathway. For 
example, Yaron et al showed that plexin-A3 and 
plexin-A4 can compensate for each other in the 
axonal response to Sema3A and Sema3F. The 
compensation was observed in the peripheral 
sensory and sympathetic axons (Yaron et al., 
2005). A similar redundancy might occur in the 
MICAL de!cient mice explaining the absence of 
abnormalities in the PNS and CNS. Analysis of 
MICAL triple knockout mice will aid in 
examining this hypothesis. However, since 
MICAL-2 is expressed in some but not all cells 
that express MICAL-1 and MICAL-3 are 
expressed (Chapter 4, (Pasterkamp RJ et al., 
2006), it is likely that other cues contribute to 
the possible compensation of MICAL-1 and 
MICAL-3 de!ciency. Interestingly, MICAL-1 can 
bind and regulate the activity of CRMP2, an 
important downstream component of the 
Sema3 pathway (Morinaka et al., 2011;Schmidt 

and Strittmatter, 2007;Schmidt et al., 2008). 
CRMPs and other proteins in the Sema3 
signaling pathway (Zhou et al., 2008) may be 
able to compensate for the loss of MICAl-1 and 
MICAL-3. Other possible candidates are MICAL-
like proteins (MICAL-Ls). Two MICAL-Ls have 
been described in vertebrate species with an 
overall domain organization similar to MICALs 
except for the absence of a MO domain 
(Nishimura and Sasaki, 2008;Terman et al., 
2002). The neuronal expression patterns of 
MICAL-Ls and their possible function in neural 
development remain unknown but they 
represent intriguing candidates for further 
functional studies.
SiRNA-mediated knockdown of MICAL-1 or 
MICAL-3 at speci!c developmental timepoint 
leads to defects in the migration of boundary 
cap cells in the chick spinal cord and to a loss of 
Sema3A responsiveness in vitro (Bron et al., 
2007). Such defects were not observed in the 
present study suggesting that the timing of 
M I C A L k n o c k o u t m a y b e i m p o r t a n t . 
Phenotypes may be present at speci!c 
timepoints, but corrected during later stages of 
development. Thus, it will be important to 
carefully evaluate distinct brain regions over a 
range of developmental timepoints as well as 
induce region- or timepoint-speci!c knockout 
of MICAL genes using speci!c Cre lines to avoid 
developmental compensation. 
In this study, the focus was mainly on 
embryonic development and on the formation 
of large axon tracts such the AC and MFB. A 
r e c e n t s t u d y i d e n t i ! e s M I C A L - 3 i n 
synaptosomes hinting at a synaptic function for 
MICAL proteins (Grigoriev et al., 2011). In this 
respect it is interesting to note that MICALs can 
bind Rab proteins and function in vesicle 
transport and release, processes highly relevant 
fo r s y n a p s e f u n c t i o n ( Fi s c h e r e t a l . , 
2005;Grigoriev et al., 2011;Weide et al., 2003). In 
future studies, it will therefore be important to 
also focus on later aspects of neural 
development and for example analyze synapse 
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development and plasticity in MICAL de!cient 
mice.

Concluding remarks | This study shows that 
mice de!cient for MICAL-1 and MICAL-3 do not 
display neuronal phenotypes previously 
reported in Sema3, Npn or plexinA mutant mice. 
Although these results do not support a role for 
MICAL-1 and MICAL-3 in Sema3-plexinA 
signaling it is possible that other MICAL 
proteins or signaling cues compensate for the 
loss of MICAL-1 and MICAL-3. In addition, 

further analyses are needed to assess later 
aspects of neural development, such as 
synapse development, in MICAL de!cient mice.

ACKNOWLEDGEMENTS
This work was supported from grants from the 
Netherlands Organization for Scienti!c 
Research, the Human Frontier Science Program 
Organization, and the Genomics Center Utrecht 
(to R.J.P.). 

REFERENCE LIST

Beuchle D, Schwarz H, Langegger M, Koch I, Aberle H (2007) Drosophila MICAL regulates myo!lament organization and 
synaptic structure. Mech Dev 124: 390-406.

Bron R, Vermeren M, Kokot N, Andrews W, Little G, Mitchell K, Cohen J (2007) Boundary cap cells constrain spinal motor neuron 
somal migration at motor exit points by a semaphorin-plexin mechanism. Neural Dev 30: 2-21.

Chen H, Bagri A, Zupicich JA, Zou Y, Stoeckli E, Pleasure SJ, Lowenstein DH, Skarnes WC, Chédotal A, Tessier-Lavigne M (2000) 
Neuropilin-2 Regulates the development of select cranial and sensory nerves and hippocampal mossy !ber 
projections. Neuron 25: 43-56.

Dickson BJ (2002) Molecular mechanism of axon guidance. science 298: 1959-1964.
Feiner L, Koppel A, Kobayashi H, Raper J (1997) Secreted chick semaphorins bind recombinant neuropilin with similar affinities 

but different subsets of neurons in situ. Neuron 19: 539-545.
Fischer J, Weide T, Barnekow A (2005) The MICAL proteins and rab1: a possible link to the cytoskeleton? Biochem Biophys Res 

Commun 382: 415-423.
Funato H, Saito-Nakazato Y, Takahashi H (2000) Axonal grwoth from the habenular nucleus along the neuromere boundary 

region of the diencephalon is regulated by semaphorin 3F and netrin-1. Mol Cell Neurosci 16: 206-220.
Giger R, Cloutier J, Sahay A, Prinjha R, Levengood D, Moore S, Pickering S, Simmons D, Rastan S, Walsh F, Kolodkin A, Ginty D, 
Geppert M (2000) Neuropilin-2 is required in vivo for selective axon guidance responses to secreted semaphorins. Neuron 25: 

29-41.
Grigoriev I, Yu K, Martinez-Sanchez E, Serra-Marques A, Smal I, Meijering E, Demmers J, Peränen J, Pasterkamp R, van der Sluijs 

P, Hoogenraad C, Akhmanova A (2011) Rab6, Rab8, and MICAL3 Cooperate in Controlling Docking and Fusion of 
Exocytotic Carriers. Curr Biol 21: 967-974.

Hernández-Montiel H, Tamariz E, Sandoval-Minero M, Varela-Echaverria A (2008) Semaphorins 3A, 3C, and 3F in mesencephalic 
dopaminergic axon path!nding. J Comp Neurol 506: 387-397.

Huber A, Kolodkin A, Ginty D, Cloutier J (2003) Signaling at the growth cone: ligand-receptor complexes and the control of 
axon growth and guidance. Annu Rev Neurosci 23: 509-563.

Julien F, Bechara A, Fiore R, Nawabi H, Zhou H, Hoyo-Becerra C, Bozon M, Rougon G, Grumet M, Püschel AW, Sanes JR, 
Castellani V (2005) Dual functional activity of semaphorin 3B is required for positioning the anterior commisure. Neuron 48: 

63-75.
Kolk S, Gunput R, Tan T, van den Heuvel D, Hellemons A, Adolfs Y, Ginty D, Kolodkin A, Burbach J, Smidt M, Pasterkamp R (2009) 

Semaphorin3F is a bifunctional guidance cue for dopaminergic axons and controls their fasciculation, channeling, 
rostral growth and intracortical targetting. J Neurosci 29: 12542-12557.

Kolk S, Pasterkamp R (2007) MICAL "avoprotein monooxygenases: structure, function and role in semaphorin signaling. Adv 
Exp Med Biol 600: 51.

Morinaka A, Yamada M, Itofusa R, Funato Y, Yoshimura Y, Nakamura F, Yoshimura T, Kaibuchi K, Goshima Y, Hoshino M, 
Kamiguchi H, Miki H (2011) Thioredoxin Mediates Oxidation-Dependent Phosphorylation of CRMP2 and Growth Cone 

Collapse. sci signal 4: ra26.
Nadella M, Bianchet M, Gabelli S, Barrila J, Amzel L (2005) Structure and activity of the axon guidance protein MICAL. Proc Natl 

Acad Sci USA 102: 16830-16835.
Nakamura F, Kalb R, Strittmatter S (2000) Molecular Basis of Semaphorin-Mediated Axon Guidance. J Neurobiol 44: 219-229.
Nishimura N, Sasaki T (2008) Regulation of epithelial cell adhesion and repulsion: role of endocytic recycling. The Journal of 

Medical Investigation 55: 9-16.
Pasterkamp RJ, Dai HN, Terman JR, Wahlin KJ, Wahlin KJ, Bregman BS, Popovich PG, Kolodkin AL (2006) MICAL "avoprotein 

monooxygenases: expression during neural development and following spinal cord injuries in the rat. Mol Cell 
Neurosci 31: 52-69.

Pasterkamp RJ, Giger RJ (2009) Semaphorin function in neural plasticity and disease. Curr Opin Neurobiol 19: 123-274.
Pasterkamp R, Peschon J, Spriggs M, Kolodkin A (2003) Semaphorin 7A promotes axon outgrowth through integrins and 

MAPKs. Nature 424: 398-405.
Piper M, Plachez C, Zalucki O, Fothergill T, Goudreau G, Erzurumlu R, Gu C, Richards LJ (2009) Neuropilin 1-Sema Signaling 

Regulates Crossing of Cingulate Pioneering Axons during Development of the Corpus Callosum. Cerebral cortex 
19: i11-i21.

Page |    75

CHAPTER 5 | RESEARCH CHAPTER |  No semaphorin phenotype in MICAL KO mice |



Sahay A, Molliver ME, Ginty DD, Kolodkin AL (2003) Sema3F is critical for development of limbic system circuitry and is 
required in neurons for selective CNS axon guidance events. J Neurosci 23: 6671-6680.

Schmidt E, Shim S, Strittmatter S (2008) Release of MICAL autoinhibition by semaphorin-plexin signaling promotes interaction 
with collapsin response mediator protein. J Neurosci 28: 2287-2297.

Schmidt E, Strittmatter S (2007) The CRMP family of proteins and their role in Sema3A signaling. Adv Exp Med Biol 600: 1-11.
Su K, Chien W, Fu W, Y I, Huang H, Huang P, Lin S, Shih J, Lin Y, Hseuh Y, Yang P, Lin SW (2007) Mice de!cient in callapsin 

response mediator protein-1 exhibit impaired long-term potentiation and impaired spatial learneing and memory. 
J Neurosci 27: 2513-2524.

Suto F, Ito K, Uemura M, Shimizu M, Shinkawa Y, Sanbo M, Shinoda T, Tsuboi M, Takashima S, Yagi T, Fujisawa H (2005) Plexin-A4 
mediates axon repulsive acticities of both secreted and transmembrane semaphorins and plays roles in nerve !ber 
guidance. J Neurosci 25: 3628-3637.

Suzuki T, Nakamoto T, Ogawa S, Seo S, Matsumura T, Tachibana K, Morimoto C, Hirai H (2002) MICAL, a novel CasL interacting 
molecule, associates with vimentin. J Biol Chem 277: 14933-14941.

Terman J, Mao T, Pasterkamp R, Yu H, Kolodkin A (2002) MICALs, a family of conserved "avoprotein oxidoreductases, function 
in plexin-mediated axonal repulsion. Cell 109: 887-900.

Weide T, Teuber J, Bayer M, Barnekow A (2003) MICAL-1 isoforms, novel rab1 interacting proteins. Biochem Biophys Res 
Commun 306: 79-86.

Yamashita N, Mosinger B, Roy A, Miyazaki M, Ugajin K, Nakamura F, Sasaki Y, Yamaguchi K, Kolattukudy P, Goshima Y (2011) 
CRMP5 (collapsin response mediator protein 5) regulates dendritic development and synaptic plasticity in the 
cerebellar Purkinje cells. J Neurosci 31: 1773-1779.

Yamauchi K, Mizushima S, Tamada A, Yamamoto N, Takashima S, Murakami F (2009) FGF8 signaling regulates growth of 
midbrain dopaminergic axons by inducing semaphorin 3F. J Neurosci 29: 4044-4055.

Yaron A, Huang P, Cheng H, Tessier-Lavigne M (2005) Differential requirement for Plexin-A3 and -A4 in mediating responses of 
sensory and sympathetic neurons to distinct class 3 semaphorins. Neuron 45: 513-523.

Zhou, Y, Adolfs, Y, Pijnappel, WWMP, Fuller, SJ, Van der Schors, RC, Li, KW, Sugden, PH, Smit, AB, Hergovich, A, and Pasterkamp, 
RJ. MICAL-1 is a negative regulator of MST-NDR kinase signaling and apoptosis. MCB . 2011. 17:3603-2625

Zhou Y, Gunput RF, Pasterkamp RJ (2008) Semaphorin signaling: progress made and promises ahead. Trends in Biochemical 
Sciences 33: 161-170.



Part 3 | CHAPTER 6 |

“MICALS Regulate the Development of Hippocampal Mossy 
Fiber Projections by Controlling Cell Adhesion Molecule Protein 
Levels at the Cell Membrane”

Rou-Afza F. Gunput1, Youri Adolfs1, Yeping Zhou1, M. Liset Rietman1, Alwin A.H.A. Derijck1, Alex L. Kolodkin2, R. Jeroen 

Pasterkamp1

1Department of Neuroscience and Pharmacology, Rudolf Magnus Institute of Neuroscience, University Medical Center Utrecht, 3584 CG Utrecht, The Netherlands, and 
2The Solomon H. Snyder Department of Neuroscience and Howard Hughes Medical Institute, The Johns Hopkins University School of Medicine, Baltimore, Maryland 21205

ABSTRACT | Several axon guidance cues, including semaphorins and their plexin receptors, 
have been shown to contribute to the formation of the hippocampus and its projections. 
However, the downstream signaling proteins involved in these functions are less well 
understood. Here, we examined the role of MICAL proteins, a family of cytosolic cues recently 
implicated in semaphorin/plexinA signaling, in the development of hippocampal mossy "ber 
(MF) projections. Through the generation and analysis of MICAL-1 and MICAL-3 knockout (KO) 
mice we show that MF projections in the infrapyramidal (IFP) bundle are perturbed in the 
absence of MICAL-1 or MICL-3 and aberrantly innervate the CA3 cell layer. Surprisingly, these 
phenotypes have not been reported for semaphorin or plexinA KO mice. However, the MF 
defects observed in MICAL-1 and MICAL-3 KO mice are similar to the hippocampal phenotypes 
of both CHL-1 and NCAM-1 KO mice. Biochemical studies show that the membrane expression 
of CHL-1 and NCAM-1 is decreased in MICAL-1 KO hippocampus and transheterozgous 
interaction studies con"rm a functional link between MICAL-1 and CHL-1. Finally, MICAL-1 is 
shown to bind various Rab proteins, several of which are expressed in the hippocampus during 
the period of MF development. In all, these data show the "rst in vivo function for vertebrate 
MICALs and indicate that MICAL-1 controls the membrane expression of CAMs such as CHL-1 by 
means of vesicle transport and thereby regulating hippocampal connectivity.

INTRODUCTION | The hippocampus ful!lls an 
important role with respect to memory. 
Multiple diseases, such as Alzheimer’s disease 
(AD), amnesia and epilepsy, are associated with 
abnormal functioning of the hippocampus 
(Kuks and Snoek, 2007). The hippocampus can 
be anatomically divided into the dentate gyrus 
(DG), the hillar region, the cornus ammonis 1-3 
(CA1-3), the subiculum and the enthorhinal 
cortex (EC). The DG receives input from the EC 
and sends information to the CA3 area in two 
m o s s y ! b e r ( M F ) p r o j e c t i o n s , t h e 
s u p ra py ra m i d a l b u n d l e ( S P ) a n d t h e 
infrapyramidal bundle (IFP) (Blaabjerg and 
Zimmer, 2007). The SP is located above the CA3 
layer and consists of axons from the dorsal 
blade of the DG. Granule cells of the ventral 
blade of the DG send their axons through both 

the SP and the IFP, located above and below 
the CA3 layer, respectively (Blaabjerg and 
Zimmer, 2007). The SP and IFP are formed 
during the !rst 3 weeks after birth. The SP 
develops from P3 onwards and increases in size 
until 3 weeks postnatally (Blaabjerg and 
Zimmer, 2007). The ventral blade of the DG 
evolves at around P5 and contains younger 
neurons compared to the dorsal blade (Scobie 
et al., 2009). In some mouse strains, the IFP is 
pruned around 45 days after birth (Bagri et al., 
2003). 
Axon guidance cues are vital for the correct 
formation of projections such as the MF 
projections in the hippocampus. Semaphorins 
are a large family of axon guidance molecules. 
They can be secreted acting on a short range or 
membrane bound, acting over a longer 
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distance (Zhou et al 2008, Pasterkamp and 
Giger 2009). Notably, several semaphorins and 
their receptors, neuropilins and plexins, have 
been impl icated in the formation of 
hippocampal pathways (e.g. Bagri et al., 
2003;Chen et al., 2000;Cheng et al., 2001). For 
example, Sema6A and Sema6B are required for 
the positioning of the SP above the CA3 layer 
and the IFP below the CA3 layer. Both cues act 
through plexinA2 and plexinA4 to enforce the 
proper positioning of the MF (Suto et al., 
2007;Tawarayama et al., 2010). Sema3F uses a 
receptor complex consisting of neuropilin 2 
(Npn2) and plexinA3 to prune the IFP at late 
postnatal stages (Bagri et al., 2003;Chen et al., 
2000;Cheng et al., 2001).
In order to position the MF projections or to 
prune the IFP, semaphorins and their receptors 
rely on downstream signaling proteins to 
induce the cytoskeletal changes that underlie 
these events. However, semaphorin/plexin 
downstream signal ing remains poorly 
understood. Recent studies have identi!ed a 
novel signaling protein named Molecule 
interacting with CasL (MICAL) in semaphorin 
signaling (Suzuki et al 2002; Kolk ad 
Pasterkamp, 2007). In Drosophila, Mical is 
essential for mediating axon guidance events 
induced by Sema-1a and PlexA (Terman et al 
2002). The role of MICAL proteins in the 
vertebrate samphorin/plexinA signaling has yet 
to be de!ned. Vertebrate species such as mice 
and human have four plexinA receptors, 
plexin A 1-plexin A 4, compared to 1 in 
Drosophila, PlexA (Zhou et al 2008).The ligands 
of vertebrate plexinA receptors are class 3 
semaphorins (using Npns as the ligand binding 
partner in the receptor complex) as well as class 
6 semaphorins, while in Drosophila only class 1 
semaphorins interact with the PlexA receptor 
(Zhou et al 2008). Furthermore, the vertebrate 
nervous system contains 3 MICAL proteins, 
MICAL-1-3 (Terman et al 2002, Pasterkamp et al 
2006). The fact that vertebrates have multiple 
plexinA receptors, multiple classes of 
semaphorins serving as ligands for these 
receptors, and also multiple MICAL proteins, 

indicates that vertebrate semaphorin/plexinA 
intracellular signaling might be more complex. 
Since the intracellular signaling pathways 
downstream of semaphorins and plexinAs 
remains largely unknown, we focused on the 
role of vertebrate MICALs during the 
development of the hippocampus. First, the 
expression of MICALs at both the mRNA and 
protein level was analyzed in brain sections and 
primary cultures. Next, the development of 
hippocamal MF projections was analyzed in 
MICAL knockout (KO) mice. Although this 
analysis does not support a functional role for 
individual MICALs downstream of semaphorins 
and plexins it reveals an intriguing novel 
function for MICAL proteins in the regulation of 
the membrane expression of cell adhesion 
molecules.

EXPERIMENTAL PROCEDURES | Animals and 
tissue treatment | All animal use and care was 
in accordance with institutional guidelines. The 
origin of the mice used in this study is shown in 
Table 1. Pups and adult mice were euthanized 
by means decapitation, cervical dislocation or 
transcardial perfusion. For in situ hybridization 
experiments, E14.5-E18.5 and P0-P15 brains 
were directly frozen in 2-methylbutane (Merck). 
Sections were cut on a cryostat (16-20µm), 
mounted on Superfrost Plus slides (Fisher 
Scienti!c), air-dried and stored desiccated at 
-80°C. For immunohistochemistry, P5 brains 
were collected in phosphate buffered saline 
(PBS) and !xed by immersion for 6 hours (hrs) 
in 4% paraformaldehyde (PFA) in PBS at 4°C. 
S a m p l e s w e r e w a s h e d i n P B S a n d 
cryoprotected in 30% sucrose. P30, P45 and 
adult mice were transcardially perfused using 
PBS followed by 4% PFA. Brains were dissected 
and post !xed overnight at 4°C, prior to 
cryoprotection in 30% sucrose. All brains were 
frozen in 2-methylbutane on dry ice, and stored 
at -80°C. Cryostat sections were cut at 16-20µm, 
mounted on Superfrost Plus slides (Fisher 
Scienti!c), air-dried and stored desiccated at 
-20°C.
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Table 1 | Transgenic  mouse lines used in this study
Strain                 G enerated / obtained from 

(reference)
C57Bl6 Charles River
MICAL-1 Chapter 5
c-MICAL-1 Chapter 5
MICAL-3 Kolodkin lab (Chapter 5)
B6.Cg-Gt(ROSA)26Sortm3⁽CAGYFP⁾Hze/J JAX
Pomc-Cre Tonegawa lab (McHung et al., 2007)
CHL-1 Schachner lab (Pratte et al., 2003)
 
In situ hybridization| Nonradioactive in situ 
hybridization was performed using alkali-
hydrolysed digoxigenin (DIG)-labeled cRNA 
probes transcribed from mouse MICAL-1 (entire 
coding region, (Pasterkamp RJ et al., 2006)) 
mouse MICAL-2 (~1.8 kb XhoI–XhoI fragment 
of EST AU035950), mouse MICAL-3 (~1.6 kb 
SalI–SalI fragment of EST mKIAA0819), mouse 
CHL-1 (478 bp), mouse NCAM-1 (475 bp) and  
mouse Rab cDNAs (see Table 2). In situ 
hybridization was performed as described 
previously (Pasterkamp et al., 1998). Brie"y, 
cryostat sections were post-!xed with 4% PFA 
in PBS for 10 min at room temperature (RT). To 
enhance tissue penetration and decrease 
aspeci!c background staining, sections were 
acetylated with 0.25% acetic anhydride in 0.1 M 
triethanolamine for 10 min, all at RT. 
Subsequently, sections were prehybridized for 
2 hrs at RT in hybridization buffer (50% 
formamide, 5× Denhardt's solution, 2x SSC, 250 
µg/ml bakers yeast tRNA, and 500 µg/ml 
sheared and heat-denatured herring sperm 
DNA). Hybridization was performed for 15 hrs 
at 68°C, using 400 ng/ml denatured DIG-
labeled cRNA probe diluted in hybridization 
buffer. After hybridization, sections were !rst 
washed brie"y in 2x SSC followed by 2 hours in 
0.2x SSC, all at 68°C. Next, the sections were 
adjusted to RT in 0.2x SSC for 5 min. DIG-
labeled RNA hybrids were detected with anti-
DIG Fab fragments conjugated to alkaline 
phosphatase (Boehringer) diluted 1:2500 in TBS 
(pH 7.4) overnight at 4°C. Binding of alkaline-
phosphatase-labeled antibody was visualized 
by incubating the sections in detection buffer 
(100 mM Tris, pH 9.5, 100 mM NaCl, and 5 mM 
MgCl2) containing 240 µg/ml levamisole and 

color reagents nitro-bluetetrazolium chloride/

5-bromo-4-chloro-3-indolylphosphate (NBT/
BCIP, Roche) for 14 hrs at RT. Sections 
hybridized with sense probes exhibited no 
speci!c hybridization signal.

Immunohistochemistry (IHC)| Sections were 
rinsed in Tris-buffered saline (TBS; pH 7.4), 
quenched for 15 minutes in 3% H₂O₂/10% 
methanol in TBS, blocked in TBS containing 
0.4% bovine serum albumin (BSA), and 
incubated overnight at 4°C with optimal 
concentrations of primary antibodies (Table 3) 
in TBS containing 0.1% Triton X-100 and 0.4% 
BSA. The next day, sections were washed in 
TBS, incubated with the appropriate biotin-
labeled secondary antibody (1:500) in TBS 
containing 0.4% BSA for 1.5 hrs at RT. Prior to 
the 90 minutes incubation with avidin biotin 
complex (ABC, Vectastain Elite ABC kit), the 
section were brie"y washed in TBS. After 
incubation, the sections were washed, followed 
by a 2-3 minutes incubation with 3,3’-
diaminobenzidine reaction. Sections were 
rinsed twice in 0.05 M phosphate buffer, 
d e h y d r a t e d i n a s c e n d i n g a l c o h o l 
concentrations, cleared in xylene and 
coverslipped in Entellan (Merck). For membrane 
staining using "uorophore-coupled antibodies, 
fresh tissue was used. After overnight 
incubation with primary antibody, the sections 
were brie"y washed and !xed in 4% PFA for 10 
minutes at RT before continuing with the 
staining protocol. No Triton-X100 was used in 
the buffers for washing and incubation For 
cytosolic stainings, perfused tissue was used. 
Here the buffers did contain 0.1% Triton-X100.
MF projections crossing the CA3 layer were 
quanti!ed by measuring !ber density, 
visualized with anti-calbindin or anti-
neuro!lament antibodies, within a de!ned area 
below the SP using ImageJ (Figure 3B). Fiber 
densities of mutant mice were normalized to 
the wildtype (WT). Sections used for the 
analysis were between -1.5 Anterior posterior 
(AP) to -2.5 AP from Bregma. Data were 
statistically analyzed by one-way ANOVA with 
Benforroni Post-Hoc test and expressed as 
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means (± SEM).  
Cell numbers within the DG or CA3 and the 
number of cel ls posit ive for K i67 or 
doublecortin (DCX) within the DG were 
quanti!ed using the cell counter plug in of 
ImageJ. Sections between -1.5 to -2.5 from 
bregma were used and cell numbers were 
normalized to the average cell number in WT. 
Data were statistically analyzed by an unpaired 
t-test (±0.5%) and expressed as means ± SEM.
To determine the width of the CA3 area, the 
CA3 area was divided into bins of 50 µm each 
and the width within each of these bins was 
measured using ImageJ. Again, sections 
between -1.5 AP and -2.5 AP from Bregma were 
analyzed. The average width of each bin in the 
MICAL-1 KO was compared to the mean of the 
width within the WT corresponding bin, using 
an unpaired t-test (±0.5%).

Timm staining | Timm staining was performed 
as previously described (van Vliet et al., 2009). 
Brie"y, animals were perfused through the 
ascending aorta with 0.37% Na2S solution, 
followed by 4% PFA. Subsequently, brains were 
dissected, post!xed overnight at 4°C in 4% PFA 
and cryprotected in 30% sucrose in 0.37% Na2S 
solution. Brains were frozen in 2-methylbutane 

on dry ice, and stored at -80C. Cryostat sections 
were cut at 45 m, mounted on gelatin (Sigma) 
coated slides (Fisher Scienti!c), air-dried and 
stored desiccated at -20C. Sections were 
stained for 15 minutes in developing solution, 
d e h y d r a t e d i n a s c e n d i n g a l c o h o l 
concentrations, cleared in xylene and 
coverslipped in Entellan (Merck).

Dentate gyrus cultures | P5 brains from 
MICAL-1 heterozygos crosses were collected in 
ice-cold DMEM medium. The hippocampus was 
dissected out and sections of 250 μm were cut 
using a tissue chopper. The DG was dissected 
from the rest of the hippocampus, collected in 
1x Krebs medium (0.7% NaCl, 0.04% KCl, 0.02% 
KH2PO4, 0.2% NaHCO3, 0.25% glucose and 

0.001% phenol red) and dissociated by 
incubation with 0.25% trypsin in Krebs/EDTA 
for 15 minutes. The trypsin reaction was 
stopped by adding 2 mg soybean trypsin 
inhibitor, followed by tissue trituration with a 
!re polished Pasteur pipet in Krebs containing 
2 mg soybean trypsin inhibitor and 20µg/ml 
DNAseI. The dissociated cells were resuspended 
in DMEM/Penicilin-streptamycin (pen-strep)/
glutamine/10% FCS, and plated in 50μl 

Table 2 |Sense and antisense primer sequences for CHL-1, NCAM-1 and Rab ISH probes
Gene Sense primer Antisense primer size
CHL-1 5’-cctcaagaggctgtggaaag-3’  5’- gtgggctgcatgttcctatt-3’ 478 bp
NCAM-1 5’-gatcaggggcatcaagaaaa-3’ 5’- ggaggcttcacaggtcagag-3’ 475 bp
Rab1 5’- atgtccagcatgaatcccga-3’ 5’-ttagcagcagcctccacctg-3’ 618 bp
Rab8a 5’-atggcgaagacctacgatta-3’ 5’-tcacaggagactgcaccgga-3’  624 bp
Rab8b 5’-atggcgaagacgtacgatta-3’  5’-tcaaagcagagaacagcgga-3’ 624 bp
Rab9 5’-atggcaggaaaatcgtctct-3’ 5’-tcaacagcaagatgagtttg-3’ 606 bp
Rab10 5’-atggcgaagaagacgtacga-3’ 5’-tcagcagcacttgctcttcc-3’ 603 bp
Rab13 5’-atggccaaagcctacgacca-3’ 5’-tcagcctaacaagcacttgt-3’ 609 bp
Rab15 5’-atggcgaaacagtacgatgt-3’ 5’-tcagcaccagcaggtctttg-3’ 639 bp
Rab16 5’-atggcatccgctagtgagcc-3’ 5’-ctaacagctgcagctgctcg-3’ 660 bp
Rab19 5’-atgcagttctccagctcatc-3’ 5’-tcacaggagactgcaccgga-3’ 654 bp
Rab26 5’-atgtccaggaagaagacccc-3’ 5’-tcagagtcgacagcaggaga-3’ 738 bp
Rab35 5’-atggcccgggactacgacca-3’ 5’-ttagcagcagcgtttctttc-3’ 606 bp

Tabel 3 | List of primary antibodies used including suppliers and dilution used |
Anti-body Supplier DilutionIHC/WB*
Neuro!lament (2H3) Developmental Hybridoma bank 1:50 (IHC)
Calbindin Swant 1:3000 (IHC)
CHL-1 V. Castelanie/ R&D systems 1:200 (IHC)/ 1:2000 (WB)
L-1 V. Castelanie/ R&D systems 1:200 (IHC)/ 1:2000 (WB)
NCAM-1 R&D systems 1:500 WB
PSA-NCAM V Castelanie/ Millipore 1:200 (IHC) 
MICAL-1 Zhou et al., 2011 1:5 (IHC) / 1:50 (WB) 
βIII-tubulin Sigma 1:3000
*Immunohistochemistr (IHC), Western blot (WB)
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medium containing 50.000 cells/well on poly-
L - Ly s i n ( 1 0 0 μ g / m l ; S i g m a , T h e 
Netherlands) coated glass coverslips in 24 
well plates to allow adhesion of the cells to 
the coverslips. After 1-2 hrs, the culture 
medium, Neurobasal medium supplemented 
with B27, pen-strep, L-Glutamine and KCL, was 
added to the wells. Neuronal cultures were 
maintained in a humidi!ed incubator at 37°C 
and 5% CO2. Medium was refreshed after two 

days in culture, by replacing half of the 
medium with fresh maintenance medium. 
After 4 days in cultures the cells were fixed 
by adding an equal amount of 8% PFA to the 
medium. Cells were incubated for 1 hr at RT 
and washed 3 times in PBS, before βIII-
tubulin, phalloidin and DAPI staining was 
performed, as previously described (Chapter 5). 
Neurite length was measured using the 
NeuronJ plug in of ImageJ. Average neurite 
length measured in W T cultures was 
normalized to 100%. Neurite length measured 
in the KO cultures was normalized to average 
neurite length in WT. Data were statistically 
analyzed by an unpaired t-test (±0.5%) and 
expressed as means (± SEM). 

Cytosol and membrane fractions | Hippocampi 
of 8 MICAL-1 WT and 8 MICAL-1 KO P10 pups 
were isolated and collected in eppendorf tubes, 
pooled for each genotype. Next, 3 volumes of 
sucrose buffer (0.25M sucrose, 1mM EDTA, 
5mM NaCL, 10mM KCL, protease inhibitor 
cocktail (Sigma) and 10mM Trish-CHL pH7.5) 
was added to the tissue, followed by 
homogenization using a 2ml Wheaton tissue 
grinder. The samples were centrifuged for 3 
minutes at 800g at 4°C to remove the nuclei 
(P1). The supernatant (S1) was transferred into a 
fresh tube and centrifuged for 10 min at 9200g, 
to obtain the synaptic fraction (P2), followed by 
1 h centrifugation at 165.000g, to acquire the 
cytosol fraction (containing also golgi and 
endoplasmatic reticulum, supernatant, S3) and 
the membrane fraction (pellet, P3). The pellet 

was dissolved into 200 µl of sucrose buffer.

Western blotting | Western blotting was 
performed on whole brain lysates from E17.5 
embryos as previously described (Giger et al, 
1998). Brie"y, whole brain lysates were 
prepared from E17.5 mouse brain in lysis buffer 
(containing 20 mM Tris, pH 8.0, 150 mM KCl, 
0.1% Triton-X100 and protease inhibitor 
cocktail (Roche)). The samples were mixed with 
3x sample loading buffer and heated to 95°C for 
5 minutes. Proteins were electrophoresed 
through standard 7% SDS polyacrylamide gels 
and transferred to membranes (nitrocellulose 
(Hybond-C Extra, Amersham) Membranes were 
blocked in TBS containing 0.5% nonfat dried 
milk and 0.1% Tween-20. A polyclonal rabbit 
antibody against MICAL-1 was used. As 
secondary antibodies, peroxidase conjugated 
goat anti-rabbit or anti-mouse antibodies 
(Invitrogen) were used at a dilution of 1:30.000. 
Bound secondary antibody was detected with a 
chemiluminescent peroxidase substrate (Super 
signal, Pierce). Chemiluminescence was 
detected by CL-XPosure Film ( Thermo 
Scienti!c)
Blots were digital ized and quanti!ed 
determining the ratio between the protein of 
interest and actin using ImageJ. Measurements 
were normalized to the WT and statistically 
analyzed using an unpaired t-test (±0.5%).

RESULTS |MICAL-1 is expressed during MF 
development | Previous studies have reported 
the mRNA expression patterns of vertebrate 
MICALs (Pasterkamp RJ et al., 2006). Here we 
used IHC to gain insight into the expression of 
MICAL proteins, using a previously generated 
MICAL-1 antibody (Zhou et al., 2011).  First, the 
speci!city of the anti-MICAL-1 antibody was 
tested using Western blotting of E17.5 
littermates from MICAL-1 hetrozygous crosses 
(Chapter 5). No signals were observed in lysates 
obtained from MICAL-1 KO embryos, indicating 
that the antibody is speci!c (Figure 1A, Chapter 
5). Similarly, no MICAL-1 staining was observed 
on tissue sections of P0, P5 and P10 MICAL-1 KO

Page |    81

CHAPTER 6 | RESEARCH  CHAPTER |  MICALs control CAM cell membrane levels |



mice using the antibody (data not shown). 
MICAL-1 staining patterns in WT embryos 
m atc h e d p re v i o u s l y d e s c r i b e d m R N A 
expression patterns (Pasterkamp et al., 2006). 
Therefore only the expression of MICAL-1 in the 
hippocampus is shown here (Figure1A, data not 
shown). Interestingly, MICAL-1 staining was 
observed in the SP and outer layer of the DG at 
all ages examined, while the CA3 layer only 
displayed weak labeling. 

DG mossy "ber projections are altered in 
MICAL KO mice | Because of the speci!c 
expression of MICAL-1 protein and MICAL 
mRNAs in the DG, we examined whether 
MICAL-1 regulates the formation of DG MF 
projections using MICAL-1 KO mice. Indeed, 
analysis of MF projections using anti-calbindin 
antibodies, which labels MF axons, revealed 
that the MF axons were affected in MICAL-1 KO 
mice. In WT mice, the SP and IFP were 
separated by the CA3 pyramidal cell layer and 
most axons in the IPF joined the SP at the end 
of the IPF. However, in MICAL-1 KO mice MF 
projections from the IFP crossed the CA3 
pyramidal layer to prematurely join the SP at 
d i ff e r e n t c a u d o r o s t r a l l e v e l s i n t h e 
hippocampus (Figure 2, 3C, F).

Figure 1 | MICAL-1 is expressed during the development 
of hippocampal mossy $bers| (A) The speci!city of the anti-
MICAL-1 antibody was con!rmed by Western blots of E17.5 
mouse brain lysates from MICAL-1 wildtype (+/+), 
heterozygote (+/-) and knockout (-/-) littermates. MICAL-1 
immunostaining of the P5 and P10 hippocampus is shown 
for wildtype mice. Panel B shows in situ hybridization analysis 
of MICALs during the development of the hippocampal 
mossy !bers (P5,P10 and P15). Cornus armonus (CA), dentate 
gyrus (DG), hilar region (H). Scale bar 355µm (A) and 710 µm 
(B).

This staining pattern suggests that MICALs 
might be important for the development of MF 
projections in the hippocampus. Therefore, we 
subsequently examined the expression of all 
three MICALs during the development of the 
MF projections using ISH, because of the 
absence of an anti-MICAL-2 antibody. MICAL-1 
was uniformly expressed throughout the DG, 
w h i l e M I C A L- 2 a n d M I C A L- 3 s h o w e d 
complimentary patterns of expression (Figure 
1B). MICAL-2 was most prominently expressed 
in DG granule cells located on the outside of 
the DG, whereas MICAL-3 expression was most 
intense in granule cells located close to the hilar 
region (H) (Figure 1B).

Figure 2 | Analysis of hippocampal mossy $ber 
projections in P30 MICAL-1 knockout mice | (A) Nissl 
stained sections together with the corresponding AP 
coordinates. (B, C) Mossy !ber (MF) projections from the DG 
to CA3 were visualized using an anti-calbindin antibody. Two 
distinct MF bundles can be observed, the SP and the IFP. 
These bundles are separated by the CA3 pyramidal cell layer. 
Dentate gyrus (DG), suprapyramidal bundle (SP), 
infrapyramidal bundle (IFP). Scale bar 1420 µm (A), 710 µm 
(low magni!cation B,C), 178 µm (high magni!cation B,C).
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Figure 3 | Loss of MICAL-1 and MICAL-3 leads to defects in MF projections at P30 | (A) A schematic overview of mossy 
!ber (MF) projections. (C,F) Immunohistochemistry for calbindin on a WT and MICAL-1 KO mouse with high magni!cation of 
the ITP region. (D, E, G, H) Timm staining showing MF projections and synapses in WT, MICAL-1 KO, MICAL-3 KO and MICAL-1/3 
DKO mice. A high magni!cation of a Nissl (I,M), neuro!lament (J,N), synaptophhysin (K,O) and an overlay (L,P) of the CA3 
region of a WT (J-L) and a MICAL-1 KO mice (M-P) are shown. (Q) Quanti!cation of the innervation of the CA3 layer by IFP axons 
in the indicated mouse starins. (R,S) Quanti!cation of the number of neurons in the DG and CA3 and of the width of the CA3 
layer in WT and MICAL-1 KO mice. Cornus armonus (CA), dentate gyrus (DG), double knockout (DKO), hetrozygote (HE), 
infrapyramidal bundle (IFP), intrapyramidal bundle (ITP), knockout (KO), MICAL (MC), suprapyramidal bundle (SP). Scale bar 
710 µm (low magni!cation C-H), 178 µm (high magni!cation C-H), 89 µm (I-P).
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In addition to MICAL-1, MICAL-2 and MICAL-3 
are expressed in the DG (Fig. 1B). Therefore, we 
next examined whether the loss of other 
MICALs also affects the MF projections. 
Unfortunately, no MICAL-2 KO mouse lines are 
available.  Therefore we focused the analysis on 
MICAL-1, MICAL-3 and MICAL-1/3 KO mouse 
lines. Here we used Timm staining to visualize 
MF projections and synaptic contacts in 
MICAL-1 and MICAL-3 mutant mice (Figure 
3D,E,G,H). In MICAL-1 KO mice, Timm staining 
revealed similar defects as observed following 
immunohistochemistry for calbindin (Figure 
3C-F). Furthermore, MICAL-3 KO and MICAL-1/3 
double KO (DKO) mice showed similar 
alterations in MF projections (Figure 3D, E, G, 
H). A quanti!cation of the defects in MF 
projections in MICAL de!cient mice is shown in 
Figure 3Q. As MF projections and synaptic 
contacts are difficult to assess separately when 
using Timm staining, we also visualized the 
projections and synaptic contacts separately, 
using an anti-neuro!lament antibody (Figure 
3J,N) and an anti-synaptophysin antibody 
(Figure 3K,O), respectively. Sections were 
counterstained with Nissl to determine the 
position of the MF projections in relation to the 
CA3 layer. These stainings con!rmed that not 
only the MF projections were altered, but that 
abnormal synaptic contacts were present in the 
CA3 layer and that pyramidal cells of the CA3 
were disorganized (Figure 3I-P). In MICAL-1 KO 
mice, a void was observed in the CA3 cell layer, 
which was !lled with !bers from the IFP that no 
longer projected below the CA3 (Fig. 3I,M). To 
determine whether the aberrant organization 
of the MF projections and the CA3 layer was 
due to cell death, the number of cells within the 
DG and CA3 layer was quanti!ed. Similar cell 
numbers were observed in the DG and CA3 
region of WT and MICAL-1 KO mice (Figure 3R). 
However, the width of the CA3 layer was 
signi!cantly increased in MICAL-1 KO mice as 
compared to WT (p=0.02) (Fig. 3S). 
The observed defect in MF projections in MICAL 
KO mice may originate in the MF axons or in 
the CA3 region.  Therefore, we next analyzed 

the onset of the formation of aberrant MF 
projections using "uorescent Nissl staining and 
anti-neuro!lament immunohistochemistry on 
sections of both WT and MICAL-1 KO mice 
during the development of the MF projections 
(Figure 4), which is during the !rst two weeks 
after birth (Blaabjerg and Zimmer, 2007;Scobie 
et al., 2009). Initially, the staining for both 
neuro!lament and Nissl were indistinguishable 
between WT and KO mice (P0 and P5). 
However, from P7 onwards IFP !bers started to 
innervate the CA3 cell layer in MICAL-1 KO pups 
(Figure 4A). The growth of IFP !bers into the 
CA3 layer became more prominent at P10 and 
P15 (Figure 4A). Concurrently, the width of the 
CA3 layer increased (Figure 4B). 

Figure 4 | Analysis of mossy $ber projections during the 
development of MICAL-1 knockout mice| Panel A shows 
the analysis of MICAL-1 WT and KO mice at P0, P5, P7, P10 
and P15 using Nissl and anti-neuro!lament staining. The 
quantitative analysis of the CA3 width is shown in panel B. 
knockout (KO), postnatal day (P), wild type (WT). Scale bar 89 
µm.
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Although these !ndings revealed that the 
observed defects are formed starting at P5 they 
did not provide conclusive evidence about the 
origin of the defect (DG vs CA3 neurons). To 
determine whether the void observed in the 
CA3 layer is a cause or a consequence, we 
crossed condit ional- M I C A L- 1/ Y F P mice 
(containing a lox-STOP-lox YFP reporter) with a 
Pomc-Cre mouse line. In the Pomc-Cre line 
shows Cre is active in the DG starting around 
P15 (McHung et al., 2007). Crossing the Pomc-
Cre line with the conditional-MICAL-1/YFP line 
allowed us to examine the effect of deleting 
MICAL-1 in the DG speci!cally.  However, the 
resulting conditional-MICAL-1/YFP/Pomc-Cre 
mice did not show changes in the CA3 layer or 
the MF projections (Figure 5A).

the axon, was quanti!ed (Figure 6A). The 
average axon length of neurons derived from 
MICAL-1 KO embryos was decreased as 
compared to WT (P=0.01) (Figure 6B).

MICAL KO mice do not display a semaphorin 
or plexin related phenotype | As the observed 
decrease in neurite growth did not directly 
explain why MICAL KO mice display aberrant 
MF projections, we next considered the 
involvement of defects in semaphorin/plexin 
signaling. MICAL proteins have been implicated 
downstream of semaphorin/plexinA signaling. 
Therefore, we examined whether the 
phenotype we described for MICAL KO mice 
corresponds with reported phenotypes for 
knockout mice targeting plexinAs and the 
plex in A l igands, c lass 3 and c lass 6 
semaphorins. An overview of the phenotypes 
reported for these KO mice is shown in Table 4. 
The hippocampal defects described so far 
include pruning defects of the MF projection 
(Sema3F KO mice) and changes in the 
positioning of the MF projections (Sema6A, 
Sema6B, plexinA2 and plexinA4 KO mice). 
However, innervation of the CA3 pyramidal cell 
layer by the IFP and the voids in the CA3 layer 
are not observed in any of these mutant mice. 
Furthermore, when testing the sensitivity of 
MICAL-1 KO neurons to Sema3s and Sema6s in 
collagen matrix assays no changes were 
observed as compared to WT control explants 
(data not shown). Overall, these data suggest 
that the defects observed in MICAL KO mice are 
unrelated to defects in semaphorin/plexinA 
signaling.

MICALs regulate the membrane expression of 
CAMs |The defects observed in MICAL mutant 
mice did not correspond to defects observed in 
plexinA mutant mice. However it has been 
reported that mice difficient for cell adhesion 
molecules (CAMs) such as CHL1 (Close 
homologue of L1) or NCAM-1 (neuronal cell 
adhesion molecule-1) display a phenotype 
similar to our MICAL-1 MF observations 
(Cremer et al., 1997;Heyden et al., 2008;Seki and 

Figure 5 | Analysis of conditional MICAL-1;YFP;Pomc-Cre 
mice | (A) GFP labeling of the hippocampus of a conditional 
MICAL-1+/-;YFP;Pomc-Cre mouse shows labeling of the DG 
and mossy !ber (MF) bundles. (B) Anti-calbindin 
immunohistochemistry on sections from conditional 
M I C A L- 1 + / + ; Y F P ; P o m c - C r e ( W T ) a n d c o n d i t i o n a l 
MICAL-1-/-;YFP;Pomc-Cre mice (MICAL-1 KO). Scale bar 1420 
µm (low magni!cation), 178 µm (high magni!cation).

MICAL-1 KO mice show defects in neurite 
growth | To gain more insight into the in vivo 
defects reported above, we next determined 
whether MICAL-1 de!ciency affects DG neurons 
in vitro using DG primary cell cultures. Cells 
were !rst stained with anti-MICAL-1 antibody 
to determine MICAL-1 protein expression in DG 
neurons. MICAL-1 staining was observed within 
the cell body, neurites and the growth cone 
(data not shown). Next, beta-III-tubulin was 
used to stain the neurites of the cultured DG 
neurons and the length of the longest neurite, 
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Table 4 | Hippocampal expression and phenotype described for Semaphorins and Plexins | 

Sema Expression Phenotype Reference
Sema3A High in EC; Low in DG CA1 dendritic tree affected Giger et al., 1998
Sema3B Low in Hip ? Sekido et al., 1996
Sema3C Low in EC and DG, moderate ? Mark et al., 1997; 

In CA3-CA1 Steup et al., 2000
Sema3D ? ?
Sema3E Low in DG, moderate to high in DG ? Miyazaki et al.,1999 

and CA3-CA1
Sema3F Low to moderate in DG Pruning of IFP affected Sekido et al., 1996;  Hirsh et al., 1999;

Moderate in  CA3-CA1 Bagri et al., 2003
Sema3G ? ?
Sema6A Throughout Hip Defect in positioning of the MF Zhou et al., 1997; Suto et al., 2007;

Tawarayama et al., 2010
Sema6B High troughout Hip, CA3-CA1 Defect in positioning of the MF Tawarayama et al., 2010
Sema6D DG ? Kikuchi et al., 1999
plexinA1 Low-moderate in DG, high in ? Cheng et al., 2001; Murakamie et al., 

CA3-CA1 2001
plexinA2 Moderate-high in Hip MF positioning affected Cheng et al., 2001; Murakama et al., 

2001; Suto et al., 2007; Tawarayama et 
al., 2010

plexinA3 Moderate-high in Hip ? Cheng et al., 2001; Murakami et al., 2001
plexinA4 Moderate in DG, Low in CA3-CA1 Altered targeting of MF projections Cheng et al., 2001; Murakama et al., 

2001; Suto et al., 2007

Cornus Ammonus1-3 (CA1-CA3), dentate gyrus (DG), hippocampus (Hip)

from MICAL-1 KO mice, showed increased levels 
of CAMs, while the membrane frection (P3) 
contained less CAM protein compared to WT 
(Figure 7B). A quanti!cation of these results is 
shown in Figure 7C. Overall, these results 
suggest that MICALs regulate the transport or 
exocytosis of CAMs such as CHL1 and NCAM-1. 

Rutishauser, 1998). We therefore tested 
whether MICAL-1 could affect the expression of 
these CAMs. MICAL contains a CH domain and 
in other proteins the CH domain is associated 
with the ability to enter the nucleus and 
regulate gene transcription (Rahajeng et al., 
2010). However, ISH analysis did not show 
changes in the mRNA expression of CAMs, 
MICAL KO mice of which show similar 
phenotypes as described for MICAL-1 KO, i.e. 
CHL-1 and NCAM-1 (Figure 7A).
To gain further insight into the mechanism by 
which MICALs regulate CAM expression we 
puri!ed MICAL-1 protein complexes from 293 
cells and identi!ed interacting proteins by mass 
spectrometry (data not shown). As reported 
previously, MICAL-1 was found to associate 
with several different members of the Rab 
family (Table 5). Several of these Rabs were 
expressed in the hippocampus and may 
t h e r e f o r e f u n c t i o n i n h i p p o c a m p a l 
development (Figure 8). Because Rabs are 
known to be involved in vesicle trafficking and 
recycling, we next analyzed CAM protein levels, 
using western blot analysis, in membrane and 
cytosol fractions of the postnatal hippocampus 
of WT and MICAL-1 KO mice. PlexinD1 and 
neogenin were used as controls (Figure 7B). 
Interestingly, cytosolic fraction (S3), obtained 

Figure 6 | In vitro analysis of DG neurons from MICAL-1 
WT and KO mice | (A) DG neurons from WT and MICAL-1 KO 
mice were isolated at P5 and cultured for 4 days in vitro. 
Cultures were stained for beta-III-tubulin (A). Quantitative 
analysis of axon length in cultures as shown in (B).  Scale bar 
178 µm.

Genetic interaction between MICAL-1 and 
CHL-1 | To provide evidence that MICAL-1 and 
CAMs are functionally linked, M I C A L-1 
heterozygote (HE) mice were crossed with 
CHL-1 HE mice and their offspring was analyzed 
for defects in MF projections. The amount of 
MF axons innervating the CA3 layer was 
increased in MICAL-1 HE (124% ±6.2%), CHL-1 
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Figure 8 | Hippocampal expression of Rabs interacting with MICAL-1 | The expression of Rabs, shown to interact with 
MICAL-1 by co-immunoprecipitation was analyzed in the P8 mouse hippocampus by in situ hybridization. Scale bar 710 µm.

Figure 7 | MICAL-1 controls the cell surface expression of cell adhesion molecules | (A) In situ hybridization for CHL-1 and 
NCAM-1 in MICAL-1 WT and KO mice. (B) Western blot analysis for various membrane-associated proteins in different cellular 
fractions from P10 hippocampus. H, homogenate; P3, membrane; S3, cytosol. (C) Quantitative analysis of at leas three 
independent experiments as shown in (B). Scale bar 710 µm.
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HE (165% ± 8.9%) mice. However, the 
innervation of the CA3 layer by MF axons was 
only signi!cantly increased in MICAL-1/CHL-1 
HE mice as compared to WT (P=0.003) (Figure 9 
A,B). We also noted that MICAL-1 KO mice 
displayed changes in the size of cerebellar 
lobuli and that the ventricles were enlarged in 

some of the MICAL-1 KO mice. Both defects are 
also reported in CHL-1 KO mice (Figure 9C,D). 
Together, our results suggests that the MF 
projection defects observed in MICAL-1 KO 
mice are caused by a change in the membrane 
protein level of CAMs such as CHL-1.

!Figure 9 | Genetic interaction between MICAL-1 and CHL-1 in vivo | (A) Representative examples of anti-neuro!lament 
stained CA3 regions of WT, MICAL-1 (heterozygote) HE, CHL-1 HE and MICAL-1/CHL-1 (double heterozygote) DHE mice. (B) 
Quantitative analysis of the MF defect in the indicated mouse lines. (C, D) Nissl staining on WT and MICAL-1 KO mice. Lateral 
ventricle (LV), third ventricle (V3), Cerebellar lobules (Roman numbers I-X). Scale bar 89 µm (A), 355 µm (C), 710µm (D, low 
magni!cation) and 178µm (D, high magni!cation).
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Table 5 | Identi$ed Rab proteins in bio-MICAL-1 pull 
down assay* | 

Rab protein Masscot score

Rab 10 940
Rab 8a 678
Rab 15 593
Rab 8b 560
Rab 1a 444
Rab1 b 370
Rab 35 299
Rab 13 255
Rab 16 253
Rab 19 90
Rab 26 73

* T h e b i o - M I C A L - 1 p u l l d o w n a s s a y i s a c o -
immunoprecipitation (IP) using biotinylated MICAL-1 protein 
to precipitate MICAL-1-interacting complexes. In this 
experiment biotinylated MICAL-1 was transfected in human 
embryonic kidney (HEK) 293 cells. Using streptavidin beads, 
MICAL-1 was precipitated along with the proteins it binds, 
separated on SDS page gel and individual proteins were 
identi!ed using mass spectrometry. No Rab proteins were 
detected in a parallel control IP.

Discussion |MICAL-1 is expressed in the 
hippocampus and is required for M F 
development | Because of the expression of 
MICAL-1 in DG neurons and MF axon 
projections, we examined the role of MICALs in 
the formation of the two MF bundles, the SP 
and IFP. Here, we show that MICAL-1 and 
MICAL-3 are required for the proper formation 
and targeting of the IFP. In MICAL-1 and 
MICAL-3 KO mice, the IFP aberrantly innervates 
the CA3 cell layer from P7 onwards resulting in 
defects in the organization of the CA3 layer. 
Our results indicate MICAL-1 controls the 
membrane expression of CAMs such as CHL-1 
and NCAM-1. CHL-1 and NCAM-1 KO mice show 
MF projection defects identical to those 
observed in MICAL KO mice (Cremer et al., 
1997;Heyden et al., 2008). Furthermore, a 
transheterozygous interaction was found 
between MICAL-1 and CHL-1 heterozygous 
mice. Finally, we show that MICAL-1 interacts 
with several Rab proteins as reported 
previously (Grigoriev et al., 2011;Rahajeng et al., 
2010;Sakane et al., 2010;Sharma et al., 
2009;Sharma et al., 2010). Together, these data 
support a model in which MICAL-1 regulates 
the trafficking, exocytosis or recycling of CAMs 
through R abs thereby regulat ing M F 
development.

Does the MF defect observed in MICAL KO 
mice originate in the DG? | The voids in the 
CA3 layer !lled with IFP axons, as found in 
MICAL-1 and MICAL-3 KO mice (Figure 3), have 
also been detected in NCAM-1 KO mice  
(Tomasiewic et al., 1993). However, it is 
unknown whether these voids are also present 
in CHL-1 KO mice. It is also not known whether 
the void in the CA3 region is generated !rst and 
is then !lled with the !bers from the IFP, or 
whether the !bers from the IFP innervate the 
CA3 layer pushing aside the CA3 neurons. To 
examine whether the defects in MF projections 
originate in the DG or CA3, MICAL-1 conditional 
mice were crossed with Pomc-Cre mice. In the 
resulting conditional-MICAL-1;Pomc-Cre mice, 
MICAL-1 is deleted speci!cally in regions where 
Pomc-Cre is expressed, such as the DG 
(McHung et al., 2007). Unfortunately, in Pomc-
Cre mice, Cre is expressed in the DG from P15 
onwards, by which the formation of both the SP 
and IFP has been completed (Blaabjerg and 
Zimmer, 2007). Therefore, the analysis of 
conditional-MICAL-1;Pomc-Cre mice will only 
reveal defects in the pruning or maintenance of 
the MF bundles. However, analysis of 
conditional-MICAL-1;Pomc-Cre at P75, by which 
the IFP has been pruned, did not reveal defects 
in MF projections. Therefore, future studies are 
needed to selectively inactivate MICAL-1 in the 
DG before the MF projections begin to develop.

MICAL-1 affects hippocampal MF projections 
by regulating CHL-1 and NCAM-1 membrane 
expression  | MICALs play an important role in 
the signaling pathways downstream of PlexA 
and Sema-1a during axon guidance in 
Drosophila (Terman et al., 2002). However, the 
MF defect observed in MICAL KO mice is 
unlikely to be related to abnormal semaphorin/
plexinA signaling as this defect has not been 
detected in KO mice for plexinAs and their 
semaphorin l igands (e.g. Chen et al. , 
2 0 0 0 ; C h e n g e t a l . , 2 0 0 1 ; S u t o e t a l . , 
2007;Tawarayama et al., 2010; Table.4). 
Furthermore, MICAL-1 de!cient DG neurons 
show unaltered responses to Sema3s and 
Sema6s in culture. Intriguingly, we showed, 
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using IHC and WB, that CHL-1 and NCAM-1 
protein levels are decreased in membrane 
fractions of the hippocampus of MICAL-1 KO 
mice (Figure 7). The observed decrease in 
membrane protein levels does not appear to be 
caused by a general decrease in gene 
expression as mRNA levels are unchanged, at 
least as assessed by ISH, and protein levels in 
the cytosol increase but in the membrane 
decrease in MICAL-1 KO mice.  MICAL-1, CHL-1 
and NCAM KO mice show similar defects in the 
MF bundles. A functional link between MICAL-1 
and CHL-1 was con!rmed genetically by 
crossing MICAL-1 HE with CHL-1 HE mice to 
generate MIC AL-1/CHL-1 DHE offspring. 
MICAL-1/CHL-1 mice showed an increase in 
aberrant MF projections comparable to 
MICAL-1 KO mice. Furthermore, MICAL-1 KO 
mice show other defects speci!cally observed 
in CHL-1 KO mice such as enlarged ventricles 
and abnormal morphology of parts of the 
cerebellum. Therefore, it is tempting to 
conclude that the in vivo phenotype of MICAL-1 
KO mice in the hippocampus is due, in part, to 
the effect of MICAL-1 on the cell surface 
expression of CHL-1. So, MICAL-1 might affect 
the transport secretory pathway of CAMs. 
Whether MICAL-1 also functionally interacts 
with NCAM-1 remains to be determined.
How MICALs regulate the cell surface 
expression of CAMs remains to be established 
but the ability of MICAL-1 and other MICALs to 
bind Rab proteins (Table 5;  Grigoriev et al., 
2011;Rahajeng et al., 2010;Sakane et al., 
2010;Sharma et al., 2010;Weide et al., 2003) 
strongly supports the idea that MICALs 
regulate the trafficking, exocytosis or 
endocytosis of CAM proteins. Several of the 
Rabs that can bind MICAL-1 are expressed in 
the hippocampus at the time MF projections 

are formed. Future studies should focus on 
determining whether MICAL-1 de!ciency leads 
to defects in Rab function and thereby CAM 
membrane expression or recycling. If Rab 
function is perturbed it will be interesting to 
determine whether CAM membrane expression 
is decreased as a result of defects in protein 
transport, exocytosis or recycling.

Concluding remarks | Here, we have shown 
that MICAL-1 and MICAL-3 are required for the 
proper development of hippocampal MF 
projections. This defect appears to be unrelated 
to semaphorin/plexin signaling but relies on 
the ability of MICALs to regulate the cell surface 
expression of CAMs. Our data are the !rst to 
reveal a role for vertebrate MICALs proteins in 
vivo. Future studies should test whether the 
effect of MICALs on CAM expression involves 
Rab proteins or as of yet unidenti!ed MICAL-
interacting proteins.
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Novel insights into the role of Sema3F in the 
development of the medial prefrontal 
pathway | In chapter 2, we examined the 
development of mesoprefrontal mdDA 
( m e s o d i e n c e p h a l o n d o p a m i n e ) a x o n 
projections in the mouse and showed that 
these projections originate in the rostral part of 
the ventral tegmental area (VTA) during early 
development. The axons !rst project rostrally, 
fasciculate, cross the lateral hypothalamus and 
then innervate the cortex in two manners. Most 
prefrontal axons curve dorsally just caudal of 
the olfactory bulb to enter the cortical subplate 
region. A small number of !bers enter the 
striatum to cross the external capsule and then 
also innervate the cortical subplate. At E18.5, 
after a waiting period of about 2 days, the 
axons start to project perpendicular to the pial 
surface, a process revered to as intracortical 
targeting in this thesis (Figure 1).
We show that both Sema3F and Npn2 are 
required for different aspects of the formation 
of the medial forebrain bundle (MFB) (Figure 1). 
Initially, Sema3F is needed for TH-positive !bers 
expressing Npn2 to exit the mdDA region in 
the midbrain (Figure 1A, Yamauchi et al. 2009). 

The expression of Sema3F also ensures that 
mdDA axons fasciculate to form the MFBs. 
T h e s e p r o c e s s e s , m i d b r a i n e x i t a n d 
fasciculation require binding of Sema3F to 
Npn2. 
For the successful crossing of the lateral 
hypothalamus (LH) a high caudal, low rostral 
expression gradient of Sema3F is needed to 
“push” axons beyond the LH (Figure 1B). 
Interestingly, this process does not require 
Npn2, because only in the Sema3F KO but not 
in Npn2 KO or TH-Cre;Npn2 KO mice do mdDA 
axons stall in the LH. The receptor that 
mediates the effects of Sema3F in this axon 
pushing effect is unknown. Why do mdDA 
axons speci!cally stall in the LH of Sema3F KO 
mice? Expression of an attractant cue, Netrin, in 
the LH may be responsible for the lingering of 
mdDA axons in the LH. MdDA axons are known 
to be responsive to the attractive effects of 
Netrin in vitro and the LH expresses high levels 
of Netrin mRNA (Kolk et al., 2009). Future 
studies in double Sema3F/Netrin KO mice will 
be necessary to study the role of Netrin in this 
process. 

Part 4 | CHAPTER 7 |

“Summary, Conclusions and Perspectives” 

SUMMARY OF MAIN FINDINGS | For the brain to function properly, a myriad of connections 
are required within the peripheral nervous system (PNS) and central nervous system (CNS). 
Several axon guidance cues have been shown to be important for the development of these 
pathways. The largest family of axon guidance cues is formed by semaphorin proteins. In the 
past, studies have focused on the role of semaphorin ligands and their receptors, but relatively 
little is known about the signaling downstream of semaphorin receptors. Therefore, the aim of 
this thesis was to further de"ne semaphorin signaling by examining the role of Sema3F in the 
formation of the dopaminergic pathways (chapter 2) and by analyzing a novel downstream 
signaling protein associated with semaphorin signaling, molecule interacting with CasL 
(MICAL) (chapters 4-6). The "rst part of this general discussion summarizes and discusses the 
main "ndings of this thesis on 1) the role of Sema3F in the development of mdDA axon 
projections and the medial prefrontal pathway, and 2) the involvement of MICAL in neural 
development. Next, future directions are discussed including; 1) the bi-functionality of 
semaphorin signaling, 2) the relevance of the endocytotic properties of MICALs in axon 
guidance, and 3) the possibility of employing semaphorins and/or MICALs as therapeutic 
targets in disease.
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Figure 1 | Schematic representation of the role of Sema3F in the development of mdDA axon projections | (A) Around 
E11.5-E12.5, mdDA axons exit the midbrain thereby relying on the repulsive effect of Sema3F and Npn2 for growth in the 
rostral direction. These axons also need Sema3F and Npn2 for the fasciculation of individual axons into the medial forebrain 
bundle (MFB). In Sema3F and Npn2 KO mice the TH axons fail to form a fasciculated bundle and show similar phenotypes (B) At 
E14, mdDA axons are !rst attracted to the LH by Netrin following which Sema3F repulsion functions to push these axons over 
the LH. In the Sema3F KO mice the !bers fail to exit the LH, while this phenotype is not observed for Npn2 KO mice, indicating 
that exiting the LH requires Sema3F signaling independent of Npn2 (C). Around E15.5, mdDA axons enter the cortex perhaps 
attracted by Sema3F. A few axons traverse the striatum to reach the cortex. Most striatal axons are normally prevented from 
entering the cortex by Npn2 and an unknown ligand. (D) At E18.5, Sema3F in the cortical plate (CP) attracts mdDA axons 
towards the pial surface. Some of these processes are Npn2-dependent (fasciculation and intracortical targeting), while other 
processes (rostral growth to exit the LH) require unidenti!ed receptors. Cortical plate (CP), external capsule (EC), lateral 
hypothalamus (LH), medialforebrain bundle (MFB), subplate (SP), Striatum (Str) subventricular zonze (SVZ)

The majority of mdDA axons that enter the 
cortical subplate curve dorsally just caudal of 
the olfactory bulb to enter the subplate. 
However, a small subset of axons crosses the 
internal capsule to enter the subplate. This 
latter process is controlled by Npn2. In the 
Sema3F KO mice, the number of axons that 
innervate the cortical subplate has slightly 
diminished, probably due to the fact that the 
axons linger in the LH. In contrast, in Npn2 KO 
mice the number of axons innervating the 

cortical subplate has dramatically increased. 
More axons are found to cross the external 
capsule to enter the cortex in Npn2 but not 
Sema3F KO mice. This suggests that a Npn2 
ligand other then Sema3F controls the cortical 
entry of mdDA axons from the striatum. 
Sema3C is expressed in the cortex in the region 
located close to the external capsule. Thus, an 
interaction between Sema3C and Npn2 may 
prevents the majority of axons in the striatum 
from crossing the external capsule. In Npn2 KO 
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mice, these axons would be no longer 
responding to Sema3C and can therefore cross 
the external capsule to innervate the cortical 
subplate (Figure 1C). 
Finally, we show in chapter 2 that Sema3F is 
required for the intracortical targeting of mdDA 
axons (Figure 1D). Sema3F is expressed in a 
high pial, low ventricular gradient in the 
developing cortex and acts as an attractant for 
mdDA axons as they grow into the cortex. This 
is intriguing as Sema3F functions as an axon 
repellent for mdDA axons during earlier stages 
of development as these axons progress 
through the telencephalon. Using in vitro 
assays, we were able to show that this switch in 
responsiveness occurs around E14-E15, around 
the time axons star entering the cortex. The 
molecular switch will be discussed in more 
detail in the future perspectives part of this 
chapter. Our in vivo observations in Sema3F and 
Npn2 KO mice support the in vitro !ndings and 
show that in the absence of Sema3F/Npn2 
signaling mdDA axons fail to target properly in 
the cortical plate (Figure 1D).
In all, the results in chapter 2 show that Sema3F 
acts as a bi-functional guidance cue for mdDA 
axons and functions in the proper fasciculation, 
channeling and intracortical targeting of of 
mdDA projections in a Npn2-dependent as well 
as an independent manner. Furthermore, they 
hint at the existence of an additional Npn2 
receptor and of molecular cues that can switch 
responses in Sema3F axonal sensitivity.

Work in the past several years has signi!cantly 
increased our understanding of the signal 
transduction cascades downstream of 
semaphorins and their receptors (Zhou et al., 
2008). However, it is unclear whether all these 
!ndings translate to neurons, if for example 
observed in non-neuronal cells, and many 
components of semaphor in s ignal ing 
complexes remain unknown. To further our 
understanding of neuronal semaphoring 
signaling, we analyzed a downstream signalling 
protein MICAL in part III of this thesis.

The involvement of MICALs in neural 
development | Chapter 3 of this thesis reviews 
our current understanding of MICAL function. 
MICALs form a family of proteins with the 
ability to interact with a wide variety of other 
proteins and thereby in"uence a diversity of 
cellular processes. These processes include 
axon guidance, cytoskeletal dynamics, docking 
and fusion of exocytotic vesicles, and apoptosis 
(Figure 2, 3) (Fischer et al., 2005;Grigoriev et al., 
2011;Hung et al., 2010;Terman et al., 2002;Zhou 
et al., 2011). In this thesis, we focused on i) the 
expression of MICALs during cerebellar 
development (chapter 4), ii) the generation and 
overall phenotypic analysis of MICAL KO mice 
(chapter 5), and iii) the role of MICAL-1 in 
IgCAM transport and cell surface expression. 

Indications for a role for MICALs role in 
cerebellar development | In chapter 4, we 
examined the expression of MICALs in the 
developing cerebellum at the mRNA (for 
MICAL-1, MICAL-2 and MICAL-3) and protein 
level (MICAL-1). We report that all MICALs are 
expressed during the development of the 
cerebellum. M I C A L-1 and M I C A L-3 are 
expressed by the majority of cells present in the 
cerebellum, namely cerebellar granule cells 
(CGCs), Purkinje cells (PCs) and cells of the deep 
cerebellar nuclei (DCN). MICAL-2 has a more 
restricted pattern of expression and is 
expressed by CGCs and a select group of cells 
within the DCN and only a few PCs. 
Interestingly, within the external granule layer 
(EGL) of the cerebellum MICAL-1 shows a 
complementary expression to that of MICAL-2 
and MICAL-3. High expression levels of MICAL-2 
and MICAL-3 are found in the oEGL and in the 
mEGL, while MICAL-1 shows expression in the 
mEGL and the iEGL Figure 2A). These 
differences in expression may indicate different 
roles for MICALs during CGC development. In 
the migration of CGCs from the external 
granule layer (EGL) to the inner granule layer 
(IGL), a important step is the formation of 
processes along Bergmann glia (Umeshima et 
al., 2007). Since i) MICAL-1 is expressed in the 
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iEGL where migration occurs and ii) deletion of 
MICAL-1 affects process formation in CGCs, it is 
tempting to speculate that MICAL-1 is involved 
in the control of CGC migration, in the EGL or 
from the EGL to the IGL. Defects in CGC 
migration lead to an aberrant formation of 
cerebellar lobe, as observed in MICAL-1 KO 
mice (Umeshima et al., 2007)(chapter 4 and 
chapter 6). The expression of MICAL-2 and 
MICAL-3 in the oEGL , where cell proliferation 
occurs, supports an exciting novel role for 
MICALs in the generation of CGCs. Future 
studies are needed to provide functional 
support for these presumptive new functions 
for MICALs in the cerebellum.

The results presented in this thesis highlight 
three molecular processes that may be 
in"uenced by MICALs to regulate CGC function 
(Figure 2,3). 
First, MICALs may affect CGC migration 
through their role in semaphorin-plexin 
signaling (Figure 2A,B). Several studies have 
shown that semaphorin-plexin signalling is 
required for the proper migration of CGCs 
(Ding et al., 2007;Friedel et al., 2007;Kerjan et 
al., 2005;Renaud et al., 2008;Solowska et al., 
2002). For example, Sema6A and its receptor 
plexinA2 are required for the proper migration 
of CGCs. Without Sema6A or its plexinA 
receptors, CGCs linger in the ML (Kerjan et al, 
2005; Renaudt et al., 2008). PlexinB2 and its 
ligands Sema4A and Sema4G also affect CGC 
migration (Friedel et al, 2007). MICALs are able 
to bind plexins and, at least in invertebrate 
species, form a direct link between plexins and 
the actin cytskeleton (Hung et al., 2010). 
Although single or double MICAL-1/3 KO mice 
do not show defects as observed in plexinA or 
plexinB2 KO mice, they reveal changes in the 
overall morphology of the cerebellum that may 
re"ect defects in CGC migration (chapter 6).  
Therefore, further functional studies are needed 
to establish the role of MICALs in semaphorin 
s i g n a l i n g d u r i n g C G C d e v e l o p m e n t . 
Furthermore, it will be necessary to generate 
triple MICAL KO mice in the future to assess 

whether MICAL proteins can compensate for 
e a c h o t h e r d u r i n g C G C d e ve l o p m e n t , 
explaining the lack of plexin-like phenotypes in 
single or double KO mice.
Second, MICALs may affect cerebellar 
development by regulating the cell surface 
levels of CHL1 or other IgCAMs (Figure 2C). 
CHL-1 KO mice have been reported to show 
defects in CGC numbers and migration 
(Jakovcevski et al, 2009). Furthermore, the PC 
layer is disturbed by a reduced number of PCs 
and an increase in PC dendritic tree size 
(Jakovcevski et al, 2009). As MICAL-1 regulates 
the membrane protein level of CHL-1 in the 
hippocampus it is possible that it subserves a 
similar function in the cerebellum (chapter 6). It 
is interesting to note that the defects in 
cerebellar morphology observed in MICAL-1 KO 
mice are reminiscent of defects reported in 
CHL-1 KO mice (Jakovcevski et al., 2009). This 
strongly suggests a role for MICALs in the 
regulation of CHL-1 expression and/or function 
during cerebellar evelopment.
Finally, MICAL-1 could affect cerebellar lobe 
formation through its effect on cellular 
apoptosis (Figure 2 D). MICAL-1 is not 
expressed in the oEGL, but only in the mEGL 
and iEGL. In the oEGL, cell proliferation and cell 
death occurs, which are processes required to 
obtain the accurate number of CGCs and that 
thereby control cerebellar lobe size. A recent 
study by Zhou et al. (2011) shows that MICAL-1 
binds and inhibits nuclear Dbf2-related (NDR) 
kinases and thereby reducing apoptosis (Zhou 
et al., 2011). The expression of both MICAL-1 
and NDR-1 in the EGL and the recently 
identi!ed role of MICAL-1 in apoptosis supports 
the idea that the expression of MICAL-1 is 
restricted to the iEGL and mEGL to prevent 
CGCs in this layer to undergo apoptosis (Zhou 
et al., 2011;Zhou and Pasterkamp, 2011). Future 
studies should focus on the role of the 
interaction of MICAL-1 and NDR-1 in CGCs 
using in vitro assays and the analysis of MICAL 
and NDR KO mice to test this hypothesis.

In addition to CGCs, MICALs are expressed in 
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axon tract development as shown in mice 
de!cient in Sema3s, neuropilins and plexinAs 
(Giger et al., 2000;Suto et al., 2005;Yaron et al., 
2005)(chapter 5). This is surprising as Mical 
plays a prominent and non-redundant role in 
semaphorin-plexinA signaling in invertebrates 
(Terman et al., 2002). Since vertebrate MICALs 
display overlapping patterns of expressing it is 
possible that removal of all three MICAL 
protens is required to detect semaphorin-
neuropilin-plexinA-like neuronal defects. 
Therefore, an important future goal is to 
generate triple KO mice that lack all MICAL 
proteins and analyze these mice for defects 
observed in mice de!cient in Sema3s, 
neuropilins and plexinAs. 

various other cell types in the developing 
cerebellum. Therefore, MICALs may regulate 
the function of cerebellar cells other than CGCs. 
Such an effect may be indirect through MICAL 
effects on CGCs. For example, defects in CGC 
migration are known to affect PC positioning 
and morphology (Jakovcevski et al., 2009; 
Friedel et al., 2007)(ref. They could also be direct 
t h r o u g h f o r e x a m p l e e ff e c t s o n t h e 
cytoskeleton as downstream signaling cues in 
semaphorin signaling. 

MICALs regulate cells and axonal tracts in a 
semaphorin unrelated manner | Analysis of 
both the PNS and CNS of MICAL-1 KO and 
MICAL-1/3 DKO mice revealed no defects in 

Figure 2 | Summary of the expression and putative functions of MICALs in the cerebellum| (A) Summary of the expression 
of different MICALs in the P10 and adult cerebellum. (B) Comparison of the expression of MICAL-1, plexins and semaphorins 
with reported effects in the developing cerebellum. Defects in Sema6A and plexinB2 KO mice are shown on the right. (C) 
MICAL-1 may also affect CGC numbers and migration and PCs numbers and dendritic tree formation through its effects on 
CHL-1. (D) The recently identi!ed MICAL-1 interacting protein NDR-1 is also expressed by the cells in the EGL. MICAL-1 may 
effect cerebellar lobe formation by regulating cellular apoptosis through NDR inases. Cerebellar granule cell (CGC), granual 
layer (GL), inner external granule layer (iEGL), middle EGL (mEGL), molecular layer (ML), Purkinje cell (PC), outer EGL (oEGL). 
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Close examination of the hippocampal mossy 
!ber (MF) projection in MICAL KO mice 
revealed that the MF is affected in MICAL-1 KO 
and MICAL-3 KO mice (chapter 6). However, this 
defect has not been described in mice de!cient 
in Sema3s, neuropilins and plexinAs. Unlike 
Sema3F KO mice, where a pruning defect of the 
infrapyramidal bundle (IFP) is observed, or 
plexin A 2 and plexin A 4 KO, where the 
suprapyramidal bundle (SP) is misplaced, 
MICAL-1 and MICAL-3 KO mice show an 
aberrant crossing of both the SP and the IFP 
into the CA3 region (chapter 6) (Chen et al., 
2 0 0 0 ; C h e n g e t a l . , 2 0 0 1 ; S u t o e t a l . , 
2007;Tawarayama et al., 2010;Cremer et al., 
1997;Heyden et al., 2008). In chapter 6, we 
show that MICAL-1 in"uences the cell surface 
expression of cell adhesion molecules (CAMs) 
such as CHL1 and thereby regulates MF axon 
patterning (chapter 6). At present it is unclear 

how MICALs regulate CAM cell surface 
expression but published work and our 
preliminary observations suggest that Rab 
proteins are involved in this effect. Rab proteins 
regulate vesicle trafficking and docking and 
their interaction with MICAL-3 and MICAL-Like1 
and 2 has been implicated in endocytosis, 
receptor recycling and vesicle docking 
(Grigoriev et al., 2011;Rahajeng et al., 
2010;Sakane et al., 2010;Sharma et al., 
2009;Sharma et al., 2010;Stenmark, 2009). 
Interestingly, several of the Rab proteins we 
identi!ed as MICAL-1 interactors were 
expressed in the hippocampus during the 
period of MF axon development. Further 
studies are needed to establish if MICALs use 
Rabs to regulate CAM expression and, if so, 
which Rabs are involved and how they are 
regulated by MICALs.

!Figure 3 | An overview and discussion of the $ndings in this thesis | In vitro studies show that MICAL-1 is required for the 
activation of CRMP-2 to induce growth cone collapse in response to Sema3A. In this thesis, we did not observe a semaphorin-
related phenotype maybe as a result of compensation by other MICAL (MC) or MICAL-like (MC-L) proteins. The MICAL-1/
CRMP-2 pathway is indicated by purple arrows. In this thesis, we show that MICALs are differentially expressed by cerebellar 
granule cells (CGCs) in the external granule cell layer. MICAL-1 is expressed in cells that migrate radially towards the granule 
cell layer, while MICAL-2 and MICAL-3 are expressed by cells that proliferate and migrate tangentially. Moreover, MICAL-1 
affects the length in CGC neuritis. This effect may be mediated by the reported effect of MICALs on the actin cytoskeleton 
(indicated by green arrows). MICAL-1 may also affect cerebellar development by inhibiting the apoptotic function of NDR-1  
(indicated by red arrows). Finally, we show that MICAL-1 and MICAL-3 are involved in mossy !ber (MF) tract formation in the 
hippocampus. The phenotype found in MICAL de!cient mice is reminiscent of defects described in KO mice for cell adhesion 
molecules (CAMs) such as CHL-1 and NCAM-1. Furthermore, MICAL affects CAM levels at the membrane by affecting (Rab-
dependent?) vesicle trafficking, endocytosis or recycling (indicated by blue arrows). New MICAL functions and pathways 
identi!ed in this thesis are indicated by black arrows.
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examples show that the composition of a 
semaphorin receptor dictates the axonal 
response to ligand exposure. One model to 
explain our observations on the switch in 
Sema3F responsiveness is therefore that the 
composition of the Sema3F receptor changes 
as axons enter the cortex. Such a change could 
be induced by an extrinsic factor present in the 
cortex or could be developmentally regulated, 
i.e. the stage of cortex innervation may 
correspond to the timepoint a certain receptor 
proteins starts or stops to be expressed. Several 
(co-)receptors have been identi!ed in Sema3F 
signaling, including plexin-A3 and NrCAM. 
Therefore an excellent starting point for future 
research would be to carefully study the 
spatiotemporal pattern of expression of these 
receptors during mesoprefrontal axon 
development. 
In addition to receptor complex composition, 
intracellular signaling patways can determine 
the axonal response to a particular cue. Falk et 
al. (2005) has shown that Sema3B is a bi-
functional guidance cue and that the axonal 
response to Sema3B depends on highly speci!c 
intracellular signaling events. Activation of FAK/
Fyn induces Sema3B attraction, while inability 
to activate these intracellular cues elicits 
repulsive effects (Falk et al., 2005). Cyclic 
nucleotides also have a prominent role on the 
responses of axons to semaphorins. For 
example, high cGMP levels favor attractive 
responses to certain guidance cues, while high 
cAMP levels trigger repulsive effects (Song et al, 
1998; ). Translating these observations to our 
!ndings leads to a model in which intrinsic cues 
are regulated developmentally or by extrinsic 
factors, as described above, and determine the 
response to Sema3F. Since relatively little is 
known about intracellular Sema3F signaling, 
testing this hypothesis will also require more 
insight into the pathways downstream of 
Sema3F.
Various extrinsic factors have been shown to 
regulate the response of axons to guidance 
cues (Bern!eld et al., 1999;Baeg and Primon, 
2000;Lin, 2004;de Wit and Verhaagen, 2007). In 

FUTURE PERSPECTIVES | In this thesis, we 
report several novel insights into the molecular 
mechanisms that underlie axon tract formation. 
We show that Sema3F acts as a bi-functional 
cue and is required for the proper formation of 
mdDA axon projections. In addition, we report 
that MICAL-1 regulates CAM cell surface 
expression and thereby affects hippocampal 
MF projections. These data open new avenues 
for further research and a selection of possible 
future experiments is discussed in more detail 
below.

Unraveling the bi-functionality of Sema3F 
s i g n a l i n g d u r i n g m d D A a x o n t r a c t 
development | In chapter 2, we show that 
mdDA axons switch their response to Sema3F 
as they enter the cortex from repulsion to 
a t t r a c t i o n . T h i s c h a n g e i n S e m a 3 F 
responsiveness could be induced by intrinsic 
factors, such as alterations in the subunit 
composition of the Sema3F receptor or in the 
expression or activational state of downstream 
signaling cues. Alternatively, extrinsic factors 
such as modulating proteins in the extracellular 
environment could play a role. In this section, 
such intrinsic and extrinsic factors will be 
discussed. 
Sema3F is not the only class 3 semaphorin 
known to act both as an attractant and a 
repellent for axons (Chauvet et al., 2007;Falk et 
al., 2005;Wolman et al., 2004). For example, 
Sema3E has been shown to act through 
different receptor complexes to induce distinct 
axonal responses. On corticofugal and 
striatonigral neurons, Sema3E binds  to 
plexinD1 and induces a repulsive effect. On 
subiculo-mammilary axons, Sema3E binds to a 
complex containing Npn1 and plexinD1 and 
elicits an attractive effect (Chauvet et al., 2007). 
Furthermore, in zebra!sh, Sema3D induces a 
repulsive response when acting through a 
receptor complex containing Npn-A1 (one of 
the 4 isoforms of Npns present in the zebra!sh), 
while an interaction with a complex containing 
Npn-B2 in addition to Npn-A1, causes attractive 
effects (Wolman et al., 2004). These and other  
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recycled to the cell membrane, whereas others 
are destroyed. Endocytosis is an important 
aspect of intracellular signaling. For the class 3 
semaphorin Sema 3A Rac-1 plays a key role in 
repulsive axon responses by regulating 
receptor endocytosis (Jurney et al., 2002). 
Interestingly, studies have shown that L1 
associates with Npn1 and that both proteins 
are co-internalized upon ligand binding 
(Castellani et al., 2004). The precise molecular 
machinery that regulates semaphorin-related 
endocytosis and receptor recycling is largely 
unknown. Our work shows that MICAL-1 affects 
the IgCAM protein levels at the membrane. 
However, since MICALs may interact with 
various different Rab proteins, involved in 
different processes ranging from Golgi-to-ER 
trafficking to endocytosis, and with plexins it is 
tempting to speculate that MICALs or MICAL-Ls 
also play a role in the endocytosis of 
semaphoring complexes. As mentioned 
previously, knockout of all three MICAL genes 
may be required to unveil defects in 
semaphoring signaling and function. In 
addition, further work is needed to examine 
whether axonal responses to semaphorins are 
altered in neurons obtained from single, double 
and triple MICAL KO mice. This will require 
more sensitive assays than the collagen matrix 
assay we used in chapter 5, e.g. growth cone 
collapse assays. 

Semaphorins and downstream signaling 
proteins as therapeutic targets? | Semaphorins 
inhibit axonal regeneration following CNS 
injury but are also being implicated in an 
increasing number of psychiatr ic and 
neurological disorders (Pasterkamp and Giger, 
2009). Semaphorins, their receptors and 
intracellular signaling cues are therefore 
considered as valuable therapeutic targets for 
neural disorders. Potential therapeutic 
approaches to overcome neurological disorders 
such as Parkinson’s Disease (PD) or spinal cord 
injury based on our knowledge of semaphorin 
signaling and function will be discussed in this 
paragraph. 

semaphorin signaling, proteoglycans have 
been shown to be able to change axonal 
responses to a particular semaphorin protein. 
Proteoglycans are part of the extracellular 
matrix and were !rst thought to just contribute 
to the structural scaffold of the brain (de Wit 
and Verhaagen, 2007). Now they are becoming 
more and more recognized as essential 
modulators of receptor-ligand interactions 
(Bern!eld et al., 1999). Proteoglycans have been 
shown to control the extracellular distribution 
of secreted ligands and could therefore play a 
key role in the effects of class 3 semaphorins, 
which are secreted ligands (Baeg and Primon, 
2000;Lin, 2004). Furthermore proteoglycans 
also fascilitate ligand-receptor interactions. This 
has been demonstrated for Sema3A-Npn1 
signaling in the migration of cortical 
interneurons (Zimmer et al., 2010). They found 
that the repulsive effect by proteoglycans is 
increased in the presence of Sema3A and that 
proteoglycans restrict Sema3A distribution 
(Zimmer et al., 2010). Finally, proteoglycans can 
dictate the response of habenular axons to 
Sema5A (Kantor et al., 2005). Since the 
prefrontal cortex expresses a wide variety of 
proteoglycans it is possible that the encounter 
of mdDA axons with cortical tissue exposes 
these axons to proteoglycans and their 
modulatory effects leading to changes in 
Sema3F responses. Further in vitro and in vivo 
studies are needed to test the effect of 
proteoglycans and other possible candidates 
present in the prefrontal cortex.

Relevance of receptor recycling in axon 
guidance | Our !ndings that MICAL-1 regulates 
de cell surface expression of CHL-1 (chapter 6) 
emphasizes the importance of the tight control 
of protein cell surface expression and recycling 
in axon tract development. During axon 
guidance, the growth cone at the tip of the 
axon navigates through gradients of guidance 
cues. After binding a particular guidance cue, 
receptor complexes at the growth cone surface 
are internalized during a process called 
endocytosis (Tojima et al., 2010;Winckler and 
Yap, 2011). Some of these  complexes are 
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Verhaagen, 2006). Not only do the semaphorins 
show an increase in expression, also the 
expression of MICALs is elevated in neurons 
and in glial cells present in scar tissue 
(Pasterkamp RJ et al., 2006). Currently, studies 
are being performed to target semaphorin 
receptors following spinal cord injury in an 
attempt to decrease the sensitivity of 
regenerating axons to repulsive semaphorins in 
the scar. However, the scar itself is also a 
physical barrier for axon growth. Therefore, 
changing the properties of the glial cells that 
make up the scar may be another way of 
triggering regeneration. The prominent 
expression of MICALs in scar-associated glial 
cells suggests that these cues may be valuable 
therapeutic targets for manipulating glial cells 
and thereby changing the course of CNS 
regeneration. Performing spinal cord lesions in 
mice de!cient for one or several MICALs could 
help to address this hypothesis.

CONCLUDING REMARKS | In this thesis, we 
showed that Sema3F is required for the 
fasciculation and intra-cortical targeting of the 
mdDA axons and that this semaphorin can act 
bi-functionally dependent on intrinsic or 
extrinsic signals that remain to be identi!ed. 
We furthermore carefully examined the role of 
signaling proteins from the MICAL family. These 
proteins were previously shown to be required 
for the semaphorin-plexin signaling in 
Drosophila. However, the analysis of newly 
generated MICAL-1 and MICAL-3 KO mice did 
not reveal semaphor in-plexin re lated 
phenotypes. In contrast, we found that MICALs 
affect MF development by regulating the 
membrane protein levels of CAMs. This work 
reveals an exciting novel role for MICALs in the 
nervous system. Much further work is needed 
to characterize the role of vertebrate MICALs 
during vertebrate nervous system development 
and maintenance. Furthermore, the therapeutic 
potential of MICALs could be explored in 
situations of neuronal degeneration and injury.

Studies using embryonic stem (ES) cells 
delivered to the ventral mesodiencephalon 
(VM) have shown that both Sema3A and 
Sema3C could play an important role in cell 
replacement therapy for PD by serving as 
molecular guideposts for newly generated 
axonal processes (Tamariz et al., 2010). Tamariz 
and colleagues treated ES cells to differentiate 
them into dopaminergic cells and analyzed the 
response of these cells to Sema3A, Sema3C and 
Sema3F. In contrast to Sema3A and Sema3C, 
Sema3F was unable to elicit a signi!cant effect 
on the guidance of ES-derived dopaminergic 
processes. An explanation for this observation 
c o u l d b e t h e d i ff e r e n c e i n S e m a 3 F 
responsiveness of rostral and caudal mdDA 
neurons. As we have shown in chapter 2, the 
rostral part of the VTA displays attractive 
responses to Sema3F (at E14.5), while axons 
from the caudal part are repelled by Sema3F. 
Examining a mixture of both rostral and caudal 
neurons as perhaps done by Tamariz and co-
workers may prevent the detection of overall 
signi!cant effects. This also emphasizes the 
point that it is important to generate the 
appropriate subset of neurons for cell 
replacement strategies. For example, in case of 
PD one would like to speci!cally generate SN 
neurons, which degenerate as a result of the 
disease. Although from the work of Tamariz and 
others it seems that some Sema3s are potent 
molecular cues for directing outgrowing 
dopaminergic projections from ES-derived 
mdDA neurons it will be crucial to examine the 
speci!c response of SN-like neurons to these 
cues.
Semaphorin signaling could also play an 
important role in recovery from spinal cord 
( P a s t e r k a m p a n d V e r h a a g e n , 2 0 0 6 ) . 
Semaphorins (both the secreted and at least 
one transmembrane semaphorin) show up-
regulated expression in the glial-!brotic scar 
that develops following CNS injury. The 
presence of these semaphorins is thought to 
prevent regenerating axons from growing 
across the scar tissue (Pasterkamp and 
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Part 4 | CHAPTER 8 

“Nederlandse Samenvatting”

In de hersenen werken verschillende gebieden samen om een speci"eke functie te kunnen 
uitvoeren. Deze gebieden zijn met elkaar verbonden door middel van zenuwvezelverbindingen 
om onderlinge communicatie mogelijk te maken. De ontwikkeling van deze verbindingen, ook 
wel axonale projecties genoemd, wordt gecontroleerd door axon-sturende eiwitten. 
Semaforines vormen een grote groep van deze eiwitten. Ook zijn semaforines belangrijk voor 
andere ontwikkelingsprocessen in de hersenen zoals de migratie van hersencellen (de 
hersencellen worden in een gebied geboren en moeten vervolgens migreren naar de plaats 
waar ze hun uiteindelijke functie hebben). De exacte rol van de meeste semaforines tijdens de 
neuronale ontwikkeling is niet geheel duidelijk. Daarnaast is de signaal overdracht (het 
activeren en deactiveren van eiwitten) binnen de cel dat geïnduceerd wordt door binding van 
semaforines aan hun receptor-complexen slecht begrepen. 

Het onderzoek beschreven in dit proefschrift richt zich daarom op 1) het vergroten van ons 
begrip van de rol van semaforines tijdens de ontwikkeling van axonale projecties, en 2) het 
verder karakteriseren van eiwitten (MICALs) die mogelijk een belangrijke rol spelen in het 
doorgeven van de signalen van semaforines in de zenuwvezel (ook bekend als axon).

In hoofdstuk 1 wordt een korte introductie 

gegeven over diverse onderwerpen die 

belangrijk zijn voor een goed begrip van het 

experimentele deel van het proefschrift. 

Principes als het sturen van axonen, celmigratie 

en de semaforine-familie worden uitgelegd. 

D a a r n a a s t w o r d t h e t i n t r a c e l l u l a i r e 

s i g n a a l t r a n s d u c t i e e i w i t M I C A L k o r t 

beschreven. Een uitgebreidere omschrijving 

van de structuur en functies van dit eiwit zijn 

samengevat in hoofdstuk 3. 

Hoofdstuk 2 beschrijft een nieuwe rol voor 

Semaforine3F (Sema3F) en zijn receptor 

Neuropiline-2 (Npn2) in de vorming van 

dopamine axonale projecties. Deze projecties 

vinden hun oorsprong in het ventraal 

tegmentaal gebied en eindigen onder andere 

in de prefrontale cortex. Voor de studies 

beschreven in dit hoofdstuk wordt gebruik 

gemaakt van in vivo (binnen een levend 

organismen uitgevoerd) en in vitro (in glas, 

zoals een celkweek plaat of reageerbuis 

uitgevoerd) methoden. Het eerste deel van dit 

hoofdstuk beschrijft de ontwikkeling van de 

dopamine projecties en het tweede deel de rol 

van Sema3F en Npn2 tijdens de diverse 

aspecten van de vorming van de verbindingen 

tussen het ventraal tegmentaal gebied en de 

prefrontale cortex. 

In het verleden zijn studies uitgevoerd om het 

expressie-patroon van MICALs in de zich 

ontwikkelende hersenen te onderzoeken. 

Echter de expressie van deze MICALs was nog 

niet ontrafeld in het cerebellum, een gebied 

achter in de hersenen betrokken bij het 

coördineren van beweging . Daarom richt 
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hoofdstuk 4 zich op het expressie-patroon van 

MICALs in de ontwikkeling van het cerebellum 

in de muis. We laten zien dat de drie MICAL 

eiwitten (MICAL-1, -2, en -3) een uniek en deels 

niet overlappend expressie-patroon hebben. 

Verder heeft het manipuleren van MICAL-1 

expressie een effect op de uitgroei van axonen 

in kweek. Onze data suggereren dat het 

cerebellum een aantrekkelijk systeem is om de 

rol en functies van MICAL eiwitten in de 

toekomst verder te onderzoeken.

In ongewervelde dieren zoals de fruitvlieg is 

MICAL belangrijk voor de semaforine-

geïnduceerde afstoting van zenuwvezels of 

axonen. Het is echter onduidelijk of MICAL 

eiwitten in gewervelde organismen zoals de 

muis ook een belangrijke rol spelen in het 

d o o r g e ve n v a n s e m a fo r i n e s i g n a l e n . 

Hoofdstuk 5 beschrijft de generatie en analyse 

van muizen de!ciënt voor MICAL-1 en/of 

MICAL-3. De experimenten beschreven in dit 

hoofdstuk zijn gericht op de eerder beschreven 

analyses van semaforines en hun receptoren, 

de plexins. We laten zien dat muizen die geen 

M I C A L-1 en/of M I C A L-3 hebben geen 

afwijkingen laten zien zoals eerder beschreven 

voor muizen die geen semaforines of plexines 

hebben. Dit laat zien dat in de muis MICALs 

waarschijnlijk geen rol spelen in het doorgeven 

van semaforine signalen.

Hoofdstuk 6 richt zich op de analyse van 

projecties in de hippocampus, belangrijk voor 

het geheugen, in MICAL de!ciënte muizen. 

Deze studies laten zien dat MICAL eiwitten een 

nieuwe rol vervullen in de vorming van de 

connecties door de hoeveelheid van een groep 

eiwitten, de IgCAMs, belangrijk voor cel-cel 

contact, op het celoppervlakte te reguleren. 

Tot slot worden de hoofdbevindingen van dit 

proefschrift samengevat en bediscussieerd in 

hoofdstuk 7.

Samengevat laat het onderzoek beschreven in 

dit proefschrift zien dat Sema3F en zijn 

receptor Npn2 belangrijk zijn voor de 

ontwikkeling van axonale projecties van het 

ventraal tegmentaal gebied naar de prefrontale 

cortex. Deze projecties zijn betrokken bij 

cognit ieve func t ies en aangedaan in 

aandoeningen zoals autisme en schizofrenie. 

We laten zien dat Sema3F niet alleen repulsief 

werkt (dus axonen kan afstoten, zoals door 

anderen eerder aangetoont) maar het kan ook 

axonen aantrekken en werkt via de receptor 

Npn2 en een nog nieuw te identi!ceren 

receptor. Verder laten we zien dat het 

intracellulaire signaaltransductie eiwit MICAL 

noodzakelijk is voor een goede ontwikkeling 

van axonale projecties in de hippocampus. 

MICAL eiwitten reguleren de expressie van 

eiwitten die ervoor zorgen dat cellen en axonen 

aan elkaar binden, de IgCAMs, op het 

celoppervlak. De resultaten van dit onderzoek 

vormen een kostbaar raamwerk voor 

toekomstige studies naar MICAL eiwitten in 

fysiologische processen (geheugen) en 

pathologische processen (epilepsie en stress).
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Epilogue

Wat een AIO doet, is vrij lastig te begrijpen en te omschrijven voor mensen die buiten “het 
wereldje” staan. Familieleden, vrienden en kennissen vragen: “En hoe gaat het met je studie?” of 
“Wat!!! Je werkt in het weekend, dan krijg je vast veel over uren uitbetaald?!” of “Wordt het niet tijd 
voor een ‘echte’ baan?” en natuurlijk “Wat doe je nou precies?” Het is moeilijk uit te leggen omdat je 
werkt aan je persoonlijke verrijking (van kennis) en soms is het best zwaar. Sommigen verglijken 
het met de zwaarste etappe uit de tour de France, maar ik vond de volgende strip wel toepasselijk:

Wat betreft de eerste frame: voor mij komt deze beschrijving aardig in de buurt, alleen heb ik het 
meer als een caramel macchiato ervaren. Een caramel macchiato bestaat uit espresso, 
opgeschuimde warme melk en natuurlijk caramel.

Het bittere, donkere deel, de espresso is voor mij het laatste half jaar geweest. De verbouwing van 
de Labs!! Het is een grote uitdaging om steriel te werken terwijl er gaten in de muur van het lab 
vlak boven het deel waar je aan het desecteren bent worden geboord of om je cellen in leven te 
houden wanneer de CO2 "ow veel te laag is om 4 incubatoren nog draaiend te houden. Overigens 
was het verplaatsen door de gang al een uitdaging. Een soort hordelopen over scherp puntig 
materiaal en ander gereedschap dat op de vloer bleef liggen. Daarnaast werd je ook nog eens 
verblind doordat er opeens midden in de gang op het moment dat je passeert een stuk metaal 
gebrand moest worden en wilde ik regelmatig mijn ogen eruit krabben, omdat niemand in de 
bouw een goed passende broek draagt….….. 

Een espresso is niet alleen donker en bitter. Het is een belangrijk ingrediënt voor een macchiato 
(anders drink je allen maar warme melk). Belangrijk voor mijn 4.5 jarige “journey” naar het moment 
van de verdediging is mijn co-promotor Jeroen geweest. Ontzettend bedankt voor al je hulp. Vaak 
moest ik mezelf eraan herinneren dat je nog 14 andere mensen had en daardoor soms niet de tijd 
kon nemen om dingen uitgebreid uit te leggen. Je bedoelingen waren altijd goed en ik heb 
daardoor kritischer naar mijn werk en dat van anderen leren kijken. Je nam altijd de tijd om 
presentaties, abstracts en beursaanvragen door te nemen en te bespreken. Ook ontzettend 
bedankt voor je hulp bij mijn sollicitatie! Sorry dat ik niet altijd even duidelijk was in mijn 
communicatie, maar je weet nu dat “okay, is goed” 2 betekenissen heeft (1: okay, is goed ;
2: ik ben het er niet mee eens)
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give up. Thanks for continuing to support me and to stand beside me (keep me from fainting) 
during the defense. 
Alwin, bedankt voor het meedenken en het proberen op te lossen van de diverse hordes die ik 
tijdens het MICAL project tegenkwam. Het was altijd gezellig met jou naast mij, al verdenk ik je 
ervan te kunnen teleporteren…. Ongelofelijk hoe snel je soms van het lab naar je kamer of het 
eiwitlab verdween….. Jammer dat het niets is geworden met de 3D scans van de embryo’s. Het 
leukste dat we samen hebben gedaan vond ik het desecteren van de tibia en frimbria voor de 
Japanners. Ze hebben veel cellen uit het beenmerg kunnen isoleren, jammer dat dit ook niets is 
geworden. Hopelijk leveren onze MEFs nog iets op. Ook bedankt dat je de membraan fracties hebt 
gedaan voor hoofdstuk 6!!!
Susan, het was super toen jij aan het cerebellum begon te werken en er nog iemand in de groep 
was die  de structuur, de organisatie en de coole experimentele mogelijkheden van de cerebellum 
waardeert! Ontzettend bedankt voor je hulp bij hoofdstuk 4. Ik mis trouwens een bepaald 
piepgeluid als ik spinazie, paprika, wortels en tomaten uit de koelkast haal.
Sharon, bedankt voor de prettige samenwerking aan hoofdstuk 2, jouw paper. Je special poisson 
voor IHC levert de mooiste resultaten op. Het hele RMI gebruikt het nu :)
Fumo: we brie"y worked together on the PlexinD1 project, but I enjoyed our discussions and  (non 
scienti!c) conversations. I appreciated your interest in my data and the techniques I used. 
Rest van het Pasterkamplab: Francesca, Eljo, Ewoud, Ewout (bedankt dat je mijn kwaliteiten 
erkent :) Het klinkt heel raar in die context maar, graag gedaan), Bart, Asheeta, Koushik, Anita, 
Dianne, Max en Anna voor discussies tijdens labmeetings en gezelligheid daarbuiten.

Opgeschuimde melk bestaat uit melk en lucht. Eerst de melk, voor mij de mensen die het lableven 
aangenamer maakten
Analisten 4de en 5de : Leo, Henk, Lars, Keith, Marina, Rea, Judith, Hugo, Maaike, Inge, Annemarie, 
Mieneke, voor al jullie hulp, met name tijdens de verbouwing waarin jullie allemaal je best deden 
de labs draaiend en de beestjes levend te houden. In het bijzonder ook Leo, Henk en Lars voor met 
name de hulp in het begin en Leo voor alle “kleine” klusjes die het RMI tot mijn 2de huis maakte.
Wout, Marjolijn en de Deltaphenomcis crew met name Niek en Johanneke: bedankt voor de goede 
verzorging van mijn beestjes.
Mijn master student; Liset: voor de analyse van de WT expressie van de CAMs in de tijd. Vergeet 
het kindersuprise analogie niet. Het gaat niet alleen op voor het leven als AIO, maar eigenlijk voor 
alles in het leven! 
Mijn kamergenootjes; Myrte, Dianne, Marijke, Linda en Marijke: Bedankt voor de gezelligheid bij 
ons op de kamer en dat ik mezelf bij jullie kon zijn!!  Marijke, de moleculaire en virus guru van onze 
kamer, ik kom weer een keertje Marc’s heerlijke pannenkoeken eten (jeb, ik nodig mezelf idd uit) :) 
Dianne, het leven bestaat uit vallen en opstaan. Het delen van deze momenten leverde mij een  
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aantal mooie blauwe plekken op :P… Myrte, bedankt dat je mij meenam naar spinlessen of rondjes 
liet hardlopen in de Uithof. Daardoor bleef ik zowel lichaamlijk als geestlijk !t! Linda, sorry dat je 
vaak mijn geklaag hebt moeten aanhoren. Marijke, je vrolijke stationery "eurt de boel op! 
Margriet, bedankt dat je aanbood om te helpen in het weekend door mijn platen uit de stoof te 
halen. 
Raymond, bedankt voor het helpen sjouwen van de pakketjes voor de Japanners :) en voor het 
overzetten van mijn breintjes in sucrose als ik er in het weekend niet kon zijn.
De braintrain, een team is zo snel als de zwakste schakel…. Wat zullen jullie nu hard gaan :D 
Bedankt voor de nodige ontspanning hierdoor werd ik niet een volledig dicht getikte nerd..
En natuurlijk de rest van de afdeling voor de sfeer en gezelligheid.

Luchtige deel van de opgeschuimde melk; de mensen van de diverse projecten die dit boekje niet 
hebben gehaald en/of waarvan de hulp niet direct zichtbaar is:
Alex Kolodkin, thanks for welcoming me to your lab. I enjoyed our collaboration on both the 
MICAL project as well as the ENU project. Also, many thanks for being a referee when I was 
searching for a postdoc position.
Sema6D-project: Ellen, Marina en Inge, bedankt voor het offeren, desecteren en genotyperen.
Erasmus MC: Anton Koning, Annemieke Verkerk en Laura van Waterschoot voor de 3D 
reconstructie en analyse van de embryo’s.
Genomic Center Utrecht: Frank Holstege, Marian Groot-Koerkamp en Dik van Leenen voor de 
microarray.
Frank Jacobs voor hulp met de MeV4 analyse en clustering in DAVID. 
TH-ENU screen: the Kolodkinlab and the ENU team (Jerry & Ivana) for all the fun outings and 
dinners and also the discussion in the lab.
Dames van het secretariaat (Ria, Krista, Vicky, Sandra en Saskia) en Joke bedankt voor al jullie hulp 
met het nodige papierwerk. En natuurlijk Maarten Jan voor de vlotte afhandeling van de 
declaraties van congressen.
Roger Koot: bedankt voor de IT ondersteuning 

Caramel, de mensen die mijn leven zo zoet maken :), mijn familie en vrienden. 
Mijn vrienden: Ondanks dat we elkaar niet iedere week en zelfs ook niet iedere maand zien, zijn de 
keren dat we afspreken net alsof het laatste gesprek een dag ervoor was. Bedankt dat jullie 
begrepen hoe belangrijk dit werk voor mij was. Jullie vonden het nooit erg als ik weer eens vroeg 
weg moest (omdat ik nog langs het lab moest) of te laat kwam (omdat ik nog wat dieren heb 
moeten pluggen). Sorry, dat jullie nu weten wat pluggen is :)
Wendy en Samira, bedankt voor ideeën voor de omslag en layout.
Mijn BFW maatjes, Jullie zijn kanjers en ik heb grote verwachtingen van jullie :)  Chanty, bedankt 
voor alle steun en wie weet zien we elkaar bij de volgende neuroscience meeting!!  Miyuki, vanaf 
het allereerste practicum van het eerste studie jaar ben jij mijn vaste lab partner geweest. Je bent 
de enige geweest die echt goed tegen mijn perfectionisme en dwangneurose kon. Wie weet 
werken we weer een keertje samen, later als we groot zijn en jij je eigen lab hebt :) Chin Chin, we 
hebben samen heel veel meegemaakt en je staat in alles wat ik vanaf BFW2 heb gedaan achter mij 
(hoe gek sommige dingen ook zijn geweest). Ik ben daarom ook heel blij dat je tijdens mijn 
verdediging voor de verandering naast mij willen staan!!
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Ria, Thanks for exploring the shops in Baltimore, Washington, Cologne and London with me. It is 
nice to have a friend that shares my passion for shopping and science. I enjoy our scienti!c talks 
and experiences :) I wish you all the best with your PhD and with a brilliant mind like yours I am 
sure you will graduate with either a nature, cell or science paper!! 

Mijn familie (in het bijzonder de “siblings” van mijn ouders, tante Sironie, tante Asha, Oom Kuna, 
tante Alda, tante Martha, tante Juanita en tante Ruth) : Bedankt voor alle steun. Die trotse blik in 
jullie ogen als ik over mijn werk praatte zorgde ervoor dat ik vastbesloten was niet op te geven!! 
Ook al zouden jullie net zo trots zijn geweest als ik besloten had iets anders te doen. Ik beloof 
overigens ook dat ik niet meer over mijn werk tijdens het eten zal praten en dat ik bepaalde details 
alleen met collega’s zal bespreken. :) Tante Asha, bedankt voor “het beetje meer” toen ik erom 
vroeg. Tante Martha bedankt voor de Nederlandse lekkernijen die mij energie geven om lange 
werkdagen te maken.

Tante (sorry) Debora: Thanks for the amazing and beautiful cover!! It's a good thing you like to 
read, so now you have another book for your collection :)

Opa Gunny: bedankt voor het sponsoren van mijn studie indertijd. Zoals u ziet is er geen cent 
verloren gegaan en is de familie (hopelijk) een dokter rijker :)

Mijn Nani en Nana: Op dit soort momenten mis ik jullie het meest. Ik weet zeker dat jullie trots op 
mij zouden zijn met of zonder titel.

Mijn lieve oma Floor: U heeft altijd geloofd dat ik mij niet zou laten belemmeren door mijn 
bijzonder creatieve spelling van woorden en mijn moeite met lezen. Terwijl andere zeiden dat mijn 
dyslexie een probleem zou worden, geloofde u altijd dat ik mij niet klein zou laten krijgen door 
zoiets als spelling. Uw geloof in mij maakte mij tot een persoon die niet gauw opgeeft en daardoor 
heb ik het onderzoek met een goed gevoel kunnen afronden. Mensen zeggen vaak dat met de tijd 
de pijn en gemis minder wordt. De waarheid is dat ik u elke dag een beetje meer mis, vooral op 
dagen als deze.

Mijn littermates: You’re the best!!! Bedankt voor jullie bijdrage aan mijn boekje. Sabrina en Rafzana, 
bedankt voor het controleren van de spelling. Al waren jullie vaak iets te enthousiast en 
veranderden jullie mijn perfect gespelde drosophila Mical of PlexA in een vertebrate MICAL en 
plexinA… Gelukkig wees Jeroen me op de fouten (elke week). Stuart, bedankt voor alle computer 
hulp!! En natuurlijk ook mijn mooie roze box handschoentjes :)

En natuurlijk mijn ouders. Bedankt voor de ondersteuning die jullie tijdens en voor dit promotie 
traject leverde als onder andere transportonderneming, cateringservice of hersteloord. Jullie zijn 
geweldig!!

Na 4.5 jaar heb ik het perfecte recept gevonden voor een goede caramel macchiato waar ik nu van 
ga genieten. Ik kan nu alleen nog maar uitkijken naar frame 2: Het moment waarop ik de “empty 
roled up piece of paper” hopelijk in ontvangst mag nemen :)
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