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Abstract

Background and Purpose: Previously we reported the identification of two secreted
proteins: draxin and Tsukushi (TSK). Draxin knockout mice showed agenesis of all
forebrain commissures: corpus callosum (CC), hippocampal commissure (HC), and
anterior commissure (AC). Moreover, genetic deletion of 7SK in mice also results in
the agenesis of AC and CC, also suggesting the importance of TSK function in
forebrain commissure formation. As both draxin and TSK single mutant mice
converge into common phenotypes, there is a possibility that the combined function
of these two proteins is essential for the formation of forebrain commissures.
Furthermore, we documented that draxin exerts its chemorepulsive function through
netrin’s chemoattractive receptor, DCC. As different ligands interacted with the same
receptor, DCC and shows opposite functions of axon guidance, there might be some
other molecule(s) that also interact with DCC to perform the opposite signaling
pathway. Additionally, we also tried to explore the function of draxin after brain
injury.

Methods: To analyze the forebrain commissures, we generated draxin/TSK doubly
homozygous and heterozygous mice; and histological, biochemical and in vitro
culture was performed. Antibody production, co-immunoprecipitation and mass
spectrometry analysis were performed to identify the receptor-associated molecule(s)
by proteomics approach. To explore the new function of draxin global cerebral

ischemia and middle cerebral artery occlusion were performed in adult mice.

Results: Higher prevalence of CC malformation and agenesis of the AC in the
draxin/TSK doubly homozygous and heterozygous mice implies the genetic
interaction between draxin and TSK. Importantly, in this study, we established TSK
as a new chemorepulsive axon guidance molecule that function to guide anterior
olfactory neuronal (AON) and cortical axons. We also observed that TSK and draxin
had additive effects in inhibiting cortical and AON neurite outgrowth. Besides, we
found some probable candidates as the DCC receptor associated molecules.
Furthermore, we found that draxin is re-expressed and/or up regulated in the dentate

gyrus and olfactory bulb after ischemia.

Conclusion: Combined guidance activities of draxin and TSK regulate forebrain
commissure formation. DCC might have some partner molecules to exert its opposite
signal transduction and there is a high possibility that draxin has some new roles

along with axon guidance.
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Introduction

1-1. Literature review

1-1-1. Axon guidance molecules and their receptors

The function of the mammalian central nervous system critically depends on the
correct wiring of neural circuits and the exquisite complexity of the nervous system
reflects the remarkable ability of neurons to form precise circuits. During development,
neurons project axons over long distances to reach their specific synaptic targets. Axonal
growth is steered by a motile and intricately sensitive structure called growth cone tipped
at its leading edge, that allow to serve as a sensor to explore the presence of a myriad
guidance molecules in the surrounding extracellular matrix and the surfaces of other
cells. The guidance molecules are classified into two groups—attractants and repellents
and they guide the growing axons by four types of mechanisms: chemoattraction,
chemorepulsion, contact attraction and contact repulsion. Usually secreted (act on long
range) guidance cues mediate their action through chemoattraction and/or
chemorepulsion; and non diffusible or membrane bound cues (act on short range)
mediate by contact attraction and/or repulsion (Fig. 1). However, a particular guidance
cue can function as attractant for some neurons while repellent for others, depending on
the type of receptor(s) that express at the growth cone. To date several axon guidance
proteins and their receptor have been identified and so far four conserved families of
axon guidance cues, the netrin, semaphorin, ephrin and Slit proteins (Fig. 2) mediate
their guidance effects via receptors of the DCC or UNCS5, Neuropilin/Plexin, Eph, and

Robo families, respectively (Tessier-Lavigne and Goodman, 1996; Dickson, 2002).



Axon guidance cue, netrin and its receptors

The netrins are a small family of phylogenetically conserved secreted proteins with
amino acid sequence similarity to proteins of the laminin family (Huber et al., 2003).
Netrin was first identified as an outgrowth-promoting factor homologous to C. elegans

UNC-6 for neurites from rodent dorsal spinal cord explants (Serafini et al., 1994) and

Chemorepulsion Chemoattraction

Growth cone

Contact repulsion Contact attraction
Known guidance cues Morphogens
Netrins Shh
Semaphorins Wnts
Slits BMPs
Ephrins
Draxin

Fig. 1. Basic mechanisms of growth cone guidance (Modified from Tessier-

Lavigne and Goodman, 1996)

a chemoattractant for spinal commissural axons (Kenedy et al., 1994). Genetic study
showed that netrin is required for ventral projection of spinal commissural axons toward
the floor plate and for the formation of forebrain commissures: the corpus callosum,

hippocampal commissures and anterior commissures iz vivo (Serafini et al., 1996).



Netrin was also reported as chemorepellent for trochlear motor axons (Colamarino
and Tessier-lavigne, 1995a). Furthermore, netrin is involved in other kinds of projection
during central nervous system development e.g. cortical axon projection (Metin et al.,
1997), thalamo-cortical axonal projection (Braisted et al., 2000). So far, four members
(netrin-1/-4) of netrin family have been identified in vertebrates and of these, netrin-1 is

the best-characterized member of the netrin family.

DCC (Deleted in colorectal cancer), a mammalian orthologue of Unc40, was
identified as a netrin-1 receptor and mediates netrin-1-induced axon outgrowth and
attraction (Keino-Masu, et al. 1996). DCC knockout mouse phenotype showed that it is
required for ventral projection of spinal commissural axons toward the floor plate (Fazeli
et al., 1997). Through Unc5, netrin-1 showed its repulsive function for trochlear motor
axon (Colamarino and Tessier-lavigne, 1995). For short-range netrin-1-induced
chemorepulsion requires Unc5 alone while long-range chemorepulsion is facilitated by
the formation of receptor complex between DCC and Unc5 (Hong et al., 1999). Both
short and long-range netrin-1 induced chemoattractive functions are mediated by its
receptor DCC alone (Wen and Zheng, 2006). Down syndrome cell adhesion molecule
(DSCAM) has been shown recently as another netrin receptor that collaborates with DCC
to mediate netrin-1-induced spinal commissural axon path finding (Ly et al., 2008;

Liu et al., 2009).

Slits and their receptors
Slit is a large secreted protein, which is produced by midline glia, and this protein
plays an important role in the development of commissural axon and its midline crossing

(Rothberg et al., 1988; Rothberg et al., 1990). There are at least three sl/it genes in

mammals: slit], slit2 and slit3 and all of these are expressed by the midline cells (Brose



et al., 1999; Holmes et al., 1998; Itoh et al., 1998, Nakayama et al., 1998, Yuan et al.,
1999a). Slit silences netrin-1 attraction to spinal cord commissural axons after crossing
the midline (Stein and Tessier-lavigne, 2001). Slits also function as a chemorepulsive
axon guidance cue for other axons including olfactory bulb, hippocampal and spinal
motor axons (Brose and Tessier-Lavigne, 2000). Slit deficient mice showed striking
defects in the formation of optic chiasm indicating its pivotal role in this developmental
process (Plump et al., 2002). Slit functions through its receptor Robo (derived from
‘roundabout’; drosophila mutation from which this cue was obtained) (Battye et al.,
1999; Kidd et al., 1999; Brose et al., 1999; Li et al., 1999). In mammals, four members of
Robo family have been identified. They are Robol, Robo2, Robo3 (Rigl) and Robo4
(also known as magic roundabout) (Kidd et al., 1998; Yuan et al., 1999b). Except Robo4,

the other Robos are expressed in CNS neurons including commissural neurons.

Semaphorins and their receptors

Semaphorins are large conserved family of axon guidance cues. Members of this
family are either secreted or membrane bound and can repel and/or attract the growth
cones of the axons. There are 8§ classes of semaphorins. All semaphorins contain a ~500
amino acid conserved sema domain at their amino terminal end. Sema domain confers
biological activity to the semaphorins (Raper, 2000). Among all the semaphorins
vertebrate class III semaphorins were best characterized. These semaphorins directly
bind to the neuropilins (1 and 2), which in turn binds to the plexins to transduce the
signals. However, some membrane-associated semaphorins can bind to the plexins and
can transduce the signal without forming receptor complexes with neuropilins (Raper,
2000).

Secreted semaphorins were identified as chemorepulsive guidance cues for several
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Fig. 2. Summary of the four conserved families of axon guidance cues and their
respective receptor/s. CRD: cysteine rich domain; ALPS: agrin-laminin-perlecan slit
domain; C: ¢ terminus of netrin; CUB: C1/Uegf/BMP-1 domain; DCC: deleted in
colorectal cancer; EGF: epidermal growth factor; FNIIIL: fibronectin type III domain;
GPIL: glycosylphosphatidyl—inositol anchor; Ig: immunoglobulin domain; LRR:
leucine-rich repeat; MAM: meprin/AS antigen motif, MRS: Met tyrosine kinase—
related sequence; RK: arginine/lysine-rich basic domain; SAM: sterile alpha motif;
SP: ‘sex and plexins’ domain; TK: tyrosine kinase domain; TSP: thrombospondin
domain; VI and V: homology to laminin domains VI and V, respectively (Modified
from Yu and Bargmann, 2001)

classes of axons in the forebrain including hippocampal, pontocerebellar and olfactory as
well as sympathetic, sensory and motor neurons from peripheral nervous system. Some

semaphorins (Sema3B and 3C) also induce axonal outgrowth from cortical and olfactory



bulb explant in vitro (Bagnard et al., 1998; De Castro et al., 1999). In addition, using
genetic and culture models, Julien et al., 2005 provide evidence that both attraction and
repulsion by Semaphorin 3B are critical for the positioning of a major brain commissural
projection, the anterior commissure (AC). Semaphorin 7A, a membrane-anchored
semaphorin, promotes axonal outgrowth from olfactory epithelium, olfactory bulb,
cortical, and DRG explants (Pasterkamp et al., 2003). The importance of semaphorin
function was pronounced by observing the several defects in the projection of sensory
axons, cortical neurites orientation or distorted odor map in sema3A deficient mice
(Behar et al., 1996; Taniguchi et al., 2003). Severe abnormality in peripheral nerve
projection was also observed in semaphoringlll/D deficient mice (Kitsukawa et al.,
1997). Semaphorin3F mutant mice also showed several defects in axonal projection in

the hippocampus, midbrain, forebrain and in the PNS (Sahay et al., 2003).

Ephrins and their receptors

Ephrins are the membrane bound ligand and are divided into two classes, ephrin A
and ephrin B based on their membrane binding nature. Generally, ephrin As (A1-AS)
classes ligand bind to Eph A (A1-A8) receptors and ephrin Bs (B1-B3) bind to EphB
(B1-B6) receptors. Only exception is EphA4, which binds ligands from both type A and
type B classes. Ephrins play crucial roles in topographic map formation of the retino-
tectal projection system typically as repulsive guidance cues (O’Leary and Wilkinson,
1999; Wilkinson, 2001). In addition to topograph formation, ephrin-Eph has been
implicated in various types of developmental events such as cell migration (Poliakov et
al., 2004), angiogenesis (Wang et al., 1998), vascular remodeling (Adams et al., 1999)
and neural tube closure (Holmberg et al., 2000). Ephrins have also been implicated to

guide motor axons (O’Leary and Wilkinson, 1999; Luria et al., 2008; Gallarda et al.,



2008) and post crossing commissural axons (Imondi et al., 2000).

Apart from the above classical axon guidance cues and their receptors, another type
of chemorepelent for chicken retinal axons named as repulsive guidance molecule
(RGM) was identified (Monnier et al., 2002). Later, neogenin was reported to be a

functional receptor for RGM (Rajagopalan et al., 2004).

Draxin and its receptors

We have identified a molecule named draxin (dorsal repulsive axon guidance
protein) from a cDNA library of enriched motoneurons, floor plate, and roof plate of
chick embryos. Chick draxin mRNA was expressed transiently during development of
the brain and spinal cord, especially in the roof plate and the dorsal lip of the
dermomyotome (Islam, et al., 2009). We have recently reported DCC, as a functional
receptor for draxin (Ahmed et. al., 2011). Draxin bind specifically to the IgG domain of
the DCC and does not compete with netrin for binding to the receptor. There is a strong
genetic interaction between draxin and DCC in formation of forebrain commissures
(Ahmed et. al., 2011). By candidate approach we also found that Neogenin, Unc5 and

DSCAM act as binding partner of draxin.

Morphogens act as axon guidance cues

Morphogens such as bone morphogenic proteins (BMPs), sonic hedgehog (Shh) and
Wnts are secreted signaling molecules and play critical roles in the axons guidance
(Charron and and Tessier-Lavigne, 2005; Zou and Lyuksyutova, 2007). Morphogens
usually have concentration gradient and exhibit their functions directly at a distance.
During the development of vertebrate nervous system, members of the above

morphogens play a critical role in the specification of diverse neural cell fates



and tissue patterning (Ingham and McMahon, 2001; Lee et al., 1998; Jessel, 2000;

Muroyama et al., 2002).

Forebrain commissure and axon guidance cues

The precise functioning of the mammalian central nervous system crucially depends
on the proper wiring of neural circuits. Inter-hemispheric cross talk through the
commissures is a critical event for proper development and function of the vertebrate
forebrain (Chédotal, 2011; Cummings et al., 1997; Izzi and Charron, 2011; Pires-Neto
and Lent, 1993; Unni et al., 2012). These long-distance connections in the mammalian
forebrain are made by axons that traverse the telencephalic midline, principally in three
commissural tracts, the corpus callosum, the hippocampal commissure and the anterior

commissure.

In mice, formation of the CC axonal tract starts with the projection of pioneer
axons of pyramidal neurons from the cingulate cortex. These axons first cross the midline
at mouse embryonic stage of 15.5, paving the way for the later-arriving neocortical axons
to follow and form a fascicle. En route to the midline, callosal axons encounter a
specialized, wedge-shaped glial structure, called the glial wedge (GW), located at the
medial aspect of the lateral ventricle (Shu and Richards, 2001) directly underlying the
CC axonal decision point and the indusium griseum glia (IGG), an area of neurons and
glia positioned dorsal to the CC (Donahoo and Richards, 2009) (Fig. 3A). Guidance cues,
including members of the Slit, Semaphorin, Wnt and Ephrin families, as well as draxin,
are expressed in the GW and the IG and have been implicated in regulating CC guidance.
After crossing the midline, CC axons take a dorsal turn and grow into the contralateral
hemisphere toward their designated target (Richards et al., 2004). Again, during

forebrain development, the anterior and posterior parts of the anterior commissure (ACa
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Fig. 3. Schematic presentation of mouse brain. A. coronaland B. horizontal depiction
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of a mouse brain, showing the location of the mammalian forebrain commissures: the
corpus callosum (CC) in A, and the anterior commissure (AC) in B. CC: corpus
callosum; IGG: indusium griseum glia;GW: glial wedge; MZG: midline zipper glia;
ACa: anterior parts of AC; ACp: posterior parts of AC; 3V: 3" ventricle

and ACp, respectively) progress in the same dorsoventral plane and approach a common
fascicle for midline crossing (Fig. 3B). The synchronized combinatorial effects of
selective attractive and repulsive guidance cues are required for the proper navigation
and positioning of the ACa and ACp as evidenced by the phenotypes of mouse mutants
lacking the cues of the ephrin, netrin, or semaphorin families or their receptors; these
phenotypes range from axon defasciculation and aberrant dorsoventral trajectories to the
absence of one or both limbs of the AC (Henkemeyer et al., 1996; Serafini et al., 1996;
Fazeli et al., 1997; Chen et al., 2000; Giger et al., 2000; Kullander et al., 2001; Sahay et

al., 2003; Julien et al., 2005; Suto et al., 2005).

Thus, the above studies established the fact that the classical axon guidance
cues along with the morphogens play a significant role in proper development

of nervous system.



1-1-2. Overview of proteomics approach

Proteomics refers to the wide-ranging study of proteins, their structures, functions,
and modifications, as well as their interactions with each other. This high throughput
technology allows the screening of several hundreds or even thousands of proteins
simultaneously. Generally, proteomic approaches can be used for proteome profiling;
comparative expression analysis of two or more protein samples; localization and
identification of posttranslational modifications; and for the study of protein—protein
interactions (Chandramouli and Qian, 2009). Although, human genome comprise of
26000-31000 protein encoding genes; the total number of protein products has been
estimated to near about one million including important posttranslational modifications
and splicing variants (Baltimore, 2001; Wilkins et al., 1999; Godovac-Zimmermann and
Brown, 2001). It is obvious that most of the functional information on the genes endure
in the proteome that is the summation of multiple dynamic processes, which include
protein phosphorylation, protein trafficking, localization, and protein-protein interactions
(Alaoui-Jamali and Xu, 2006). Furthermore, mammalian cells proteomes are very
complex and exhibit a broad range of proteins concentration; for instance, one cell can
contain between one and more than 100000 copies of a single protein (Celis and
Gromov, 1999). In spite of new techniques, analysis of complex biological samples,
capability to quantify separated protein species, satisfactory sensitivity for low
abundance proteins, quantification over an extensive dynamic range, ability to analyze
protein complexes, and high throughput applications is yet challenging (Siitari and
Koivistoinen, 2004). Moreover, processing and analysis of proteomics data is indeed a
very complicated multistep process (Kearney and Thibault, 2003; Listgarten and Emili,
2005). Various proteomic approaches are available such as gel-based applications that

include one-dimensional and two-dimensional polyacrylamide gel electrophoresis, and

10



| Proteomics |

Expression proteomics | | Structural proteomics | | Functional proteomics

Sample prefractionation

| Gel-based proteomics M Organelle proteomics H Shotgun proteomics |

| 2-DE | 2DE-DIGE | | Labeling methods | MudPIT | Proteinarray |
| |
| ICAT,SILAC,018,iTRAQ | | SCX-LC, RP-HPLC,RPLC-MS |
|
| MALDI-TOF | BSI-TOE | | LC-MS/MS  jmmmmpl AMT | SRM | SISCAPA |

| PD-Quest | De-Cyder H Data analysis search engines |

| Sequest | MASCOT | COMET | X'tandem | Denovo |

| Protein database | I PepNoVo | Peaks |

[ NCBInr | Swiss Port | MSDB ]

Fig. 4. An overview of proteomic strategies. 2DE: Two-dimensional gel
electrophoresis; DIGE: Fluorescence 2D difference gel electrophoresis;
MudPIT: Multidimensional protein identification technology; ICAT: Isotope-
coded affinity tag; SILAC: Stable isotope labeling by amino acids in cell
culture; O18: Stable isotope of oxygen; iTRAQ: Isobaric tags for relative and
absolute  quantitation; SCX-LC: Strong cation exchange- Liquid
chromatography; RP-HPLC: Reverse-phase-high-performance liquid
chromatography; RPLC-MS:Reverse-phase liquid chromatography- Mass
spectrometry; MALDI- TOF: Matrix-assisted laser desorption/ionization-Time
of flight, ESI: Electrospray ionization; AMT: Accurate Mass and Time; SRM:

Selected reaction monitoring (Chandramouli and Qian; 2009)
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Technology

Application

Strengths

Limitations

Protein separation

Relative quantitative

Poor separation of acidic, basis,

2DE . :
Quantitative expression profiling PTM information hydrophobic and low abundant proteins
Relative quantitative
i Protein separation PTM information Proteins without lysine cannot be labeled
e = i . o Requires special equipment for visualization
Quantitative expression profiling High sensitivity ;
| K = and fluorophores are very expensive
Reduction of intergel variability
ICAT Chemical isotope labeling for Sensitive and reproducible Proteins without cysteine residues and
quantitative proteomics Detect peptides with low acidic proteins are not detected
expression levels
SILAC Direct isotope labeling of cells Degree of labelling is very high SILAC labeling of tissue samples is not
Differential expression pattern Quantitation is straightforward ~ Possible
{TRAQ Teobaric tagging of peptides Ml]]tl.plex seve?—al sa.mples Increases sample complexity
Relative quantification : 5 P ;
Hiah:throughput Require fractionation of peptides before MS
Identification of protein-protein High separation Not quantitative
MUDPIT interactions Large protein complexes Difficulty in analyzing the huge data set

Deconvolve complex sets of proteins

identification

Difficult to identify isoforms

Protein array

Quantitate specific proteins used in
diagnostics (biomarkers or antibody
detection) and discovery research

High-throughput
Highly sensitive
Low sample consumption

Limited protein production
Poor expression methods
Availability of the antibodies

Accessing very large numbers of affinity
reagents

High sensitivity and specificity

No individual method to identify all

Mass Primary tool for protein High-throughput proteins. Not sensitive enough to identify
spectrometry  identification and characterization Qualitative and quantitative minor or weak spots. MALDI and ESI do
PTM information not favor identification of hydrophobic
peptides and basic peptides
; e Functional analysis, data mining, No integrated pipeline for processing and
Bioinformatics sinalysisiofqnslitativeiand and knowledge discovery from analysis of complex data

quantitative proteomic data

mass spectrometric data

Search engines do not yield identical results

Tab. 1. Common proteomic technologies, applications,

and their limitations. 2DE:

Two-dimensional gel electrophoresis; DIGE: Fluorescence 2D difference gel

electrophoresis; ICAT: Isotope-coded affinity tag; SILAC: Stable isotope labeling by

amino acids in cell culture; iTRAQ: Isobaric tags for relative and absolute

quantitation;

(Chandramouli and Qian; 2009).

MudPIT: Multidimensional

protein

identification technology

gel-free high throughput screening technologies are equally available, including
multidimensional protein identification technology (MudPIT); isotope-coded affinity tag
(ICAT); Stable isotope labeling by amino acids in cell culture (SILAC); isobaric tagging
for relative and absolute quantitation (iTRAQ) (Vercauteren et al., 2004; van den Bergh

and Arckens, 2005; Florens and Washburn, 2006; Gygi et al., 1999; Ong et al., 2002;
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Ross et al., 2004). Shotgun proteomics and 2DE DIGE as well as protein microarrays are
also used to acquire outlines of protein expression in tissues, cells, and organelles
(Washburn et al., 2001; Klose et al., 2002; Cutler, 2003; Melton, 2004). Figure 4 gives
the general workflow in proteomics and Table 1 addresses their strengths and limitations.
Large-scale western blot assays, multiple reaction monitoring assay (MRM), and label-
free quantification of high mass resolution LC-MS data are being explored for high
throughput analysis (Schulz et al., 2007; Stahl-Zeng et al., 2007; Mueller et al., 2007).
Many different bioinformatics tools have been developed to assist research in
proteomics; for instance, optimizing the storage and accessibility of proteomic data or
statistically establishing the significance of protein identifications made from a particular
peptide match (Smith et al., 2007). One of the most common uses of mass spectrometry-
based proteomics is the identification of individual proteins from samples containing
many proteins. This is especially useful for identifying members of purified

protein complexes.

Hence, the above studies established the fact that despite some challenge, the
power of proteomics is revolutionizing biological research including protein-protein
interaction and thus proteomics has recently been expanded to include all manner of

protein studies.
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1-1-3. Overview of ischemic stroke and neuronal cell death

Stroke is characterized by a blockage of blood flow to the brain. In humans, there
are basically two types of stroke: that induced by a total loss of blood flow to the brain,
such as during a cardiac arrest, or cerebral ischemia arising from a focal loss of blood
flow to the brain due to an artery blockage (Hou and MacManus, 2002). Experimental
models of stroke have been developed in animals in an attempt to mimic the events of
human cerebral ischemia. Two ischemic models are commonly used: transient global
ischemia, which reflects the clinical condition of cardiac arrest and focal cerebral

ischemia that replicate the clinical condition of stroke (Tonchev, 2005).

In transient global ischemia, the bilateral common carotid artery is occluded that results
entire blood supply to the brain is transiently interrupted; and in focal cerebral ischemia
model, the middle cerebral artery is occluded either transiently or permanently and the
consequence is the damage mainly to cerebral cortex and striatum of the same
hemisphere (Ginsberg and Busto, 1989; Mhairi-Macrae, 1992; Crack et al., 2001; Hou
and MacManus, 2002). In the transient global ischemia the blood flow is decreased
uniformly throughout the brain since collateral blood flow is negligible. A unique
phenomenon called delayed neuronal death occurs in this ischemic model. After brief
global ischemia the pyramidal neurons in the CAl region are lost 2-3 days after
reperfusion, although no remarkable morphological change is observed at 1-2 days of

post ischemia (Kirino, 1982).

The brain injuries induced by the focal ischemia are divided into two types:
1. Core of the injury or infarct (the focus of focal ischemia), which receives the relatively
dense ischemia showing the strongest ischemic injury i.e., the cells in the core die rapidly

(within minutes to a few hours) by necrosis. 2. Perifocal tissue (penumbra) which
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receives less dense ischemia because of the blood supply by collateral arteries and the
cells die more slowly over periods of days to weeks by apoptosis like delayed cell death
in the global ischemia (Dirnagl et al., 1999; Mattson, 2001; Heiss et al., 2004). The
ischemic injury in the penumbra is weaker than that in the core. In the transient focal
ischemia there is a return of blood flow, and although this is correlated with recovery,
there are damaging effects during this period (Crack and Taylor, 2005). Although the
core of the ischemic injury is not recoverable, the penumbra remains a target for the

development of therapeutic strategies.

Mechanism underlying neuronal cell death

Brain tissue requires relatively high consumption of oxygen and glucose compare to
the other tissues and most of the energy is required to maintain the membrane potential.
The energy production in the brain tissue solely depends on oxidative phosphorylation.
Focal or global impairments of cerebral blood flow cease the delivery of oxygen and
glucose, and impair the energy supply to maintain ionic gradients through the plasma
membranes (Martin et al., 1994). Due to the energy depletion, membrane potential is lost
and thereby neurons and glial cells depolarize (Katsura et al., 1994). Consequently,
somatodendritic and presynaptic voltage-dependent Ca*’channels are activated and
excitatory amino acid for instance glutamate is released to the extracellular space. The
excitatory amino acids in turn activate the NMDA receptors that account for Ca**
overload into cells (Fig. 5). The increased intracellular Ca®" sequentially initiates
cytoplasmic and nuclear events including activation of nitric oxide synthase (NOS),
proteases, protein kinases, protein phosphatases, phospholipase A, and Ca*"/ Mg**-
activated endonuclease. Moreover, Ca”’/calmodulin-dependent protein kinase II is

inactivated following transient forebrain ischemia (Morioka et al., 1992).
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After transient ischemia in the focal and global ischemia model, blood flow is
restored by reperfusion. In combination with calcium overload, re-oxygenation by
reperfusion provokes cytotoxicity through the generation of downstream reactive
nitrogen and oxygen species that disrupt energy homeostasis through several modes of
cellular damage. Excessive accumulation of calcium by mitochondria impairs oxidative

phosphorylation and promotes production of reactive oxygen species such as superoxide
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Fig. 5. Schematic diagram of intracellular pathways of ischemia induced neuronal

death (Dohare et al., 2008).

(Oy") and hydrogen peroxide (H,O;) via electron transport chain. High mitochondrial
calcium accumulation also alters permeability of the mitochondrial membrane, which

inhibits mitochondrial ATP production and promotes necrosis. In addition, selective

16



permeability of the outer membrane releases cytochrome ¢ which activates caspases.
Caspases, in turn cleave specific cytoplasmic and nuclear protein substrates to coordinate
apoptosis. Hydrogen peroxide is formed from superoxide and it converts to the highly
reactive hydroxyl radical via iron-catalyzed reactions. Ca®" also activates NOS, a
calmodulin-dependent enzyme to produce large amount of nitric oxide (NO). Superoxide
and nitric oxide combine to form the much more reactive peroxynitrite anion (ONOQ").
Peroxynitrite damages the cell membrane and leads to the oxidation and nitration of
proteins containing aromatic amino acids such as tyrosine. DNA damage produced by
either Ca®"/ Mg*"-activated endonuclease, ONOO", or by hydroxyl radicals results in
robust activation of poly-ADP-ribose polymerase (PARP) activation with subsequent
depletion of NAD levels. Since NAD is required for ATP production, vice versa;

excessive PARP activation depletes the cellular pool and that leads to the neuronal death.

Stroke induces neurogenesis

Neurogenesis is the process by which neurons are generated from neural stem and
progenitor cells. Neurogenesis is important in neurological repair and the fundamental
function of the central nervous system (Ara et al., 2010; Vutskits et al., 2006). The sub
granular zone (SGZ) of the hippocampal dentate gyrus (DG) and the sub ventricular zone
(SVZ) are distinct regions of active neurogenesis in adult mammalian brains, and it is
known to generate new neurons continuously throughout life (Eriksson et al., 1998;
Schmetsdorf et al.,, 2005; Doetsch et al, 1997; Alvarez-Buylla and

Garcia-Verdugo, 2002).

Neurogenesis in the brain is influenced by various environmental stimuli including
aging and ischemic injury (Darsalia et al., 2005; Jin et al., 2004, Koketsu et al., 2006;

Luo et al., 2006; Maslov et al., 2004; Tang et al., 2009; Hong et al., 2011; Rawson and
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LaMantia, 2007). Neurogenesis decreases in intact brain including the DG (Heine et al.,
2004; Kuhn et al., 1996; Hwang et al., 2008), and the subventricular zone of the lateral
ventricle during the normal aging process (Luo et al., 2006; Maslov et al., 2004). On the
other hand, following an ischemic damage enhances neurogenesis, and it could
contribute to functional recovery through the generation of new neurons to replace those
neurons lost by injury in the adult brain (Koketsu et al., 2006; Nygren et al., 2006;
Matsumori et al., 2006; Planeet al., 2004; Salazar-Colocho et al., 2008). More
specifically, usually global cerebral ischemia induces neurogenesis in DG/SGZ, whereas
focal cerebral ischemia induces neurogenesis in the SVZ (Liu et al., 1998, Jin et al.,
2003, Kee et al. 2001, Yagita et al. 2001, Yoshimura et al. 2001, Zhang et al. 2001,
Arvidsson et al. 2002, Iwai et al. 2002, Parent et al. 2002, Schmidt and Reymann 2002,
Iwai et al., 2003, Tonchev et al., 2003, Zhu et al.,, 2003, Tanaka et al., 2004,

Zhang et al., 2004).

Furthermore, it was also observed that ischemia activates progenitor cells not only in
DG, but also in the hippocampal CA1 region — the most vulnerable to global ischemic
injury brain region (Lipton, 1999). Precursor cells residing in adjacent to CAIl
periventricular region migrated toward cell-depleted pyramidal layer of CA1 where they
differentiated into hippocampal pyramidal neurons (Nakatomi et al., 2002). Subsequent
experiments in adult animals supported these observations, and suggested that the rodent
brain possesses an endogenous ability to repair damaged hippocampal CA1l neurons

(Schmidt and Reymann, 2002; Bendel et al., 2005).

Thus, the above studies depict the fact that ischemic stroke animal model is useful
to mimic the clinical condition of cardiac arrest and/or stroke and thus can provide

significant cue to understand the consequence of post ischemic milieu.
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1-2. Background and Specific aims

Background

Previously we reported the identification of a chemorepulsive axon guidance
molecule, draxin that shares no sequence homology with other known guidance
molecules (Islam, et al., 2009). In vitro draxin inhibited or repelled chicken spinal cord
commissural, tectal, mouse cortical and olfactory bulb axonal outgrowth (Islam et al.,
2009; Naser et al., 2009; Ahmed et al., 2010). Mice with mutations in draxin showed
mild guidance defects in certain axons and a dramatic loss of all forebrain commissures
(Islam et al., 2009). We also showed previously that the hippocampus size in draxin
knockout mice is smaller than the wild type (Zhang et al., 2010). Additionally, we
previously documented the discovery of the TSK protein, which belongs to the small
leucine-rich proteoglycan family (SLRP) (Schaefer and lozzo, 2008). We showed that
TSK is an extracellular modulator of the TGF-B, Notch, FGF and Wnt signaling cascades
by binding to and inhibiting the activity of these signaling molecules during early
embryonic development in the chick and frog (Ohta et al., 2004; Ohta et al., 2006;
Kuriyama et al., 2006; Morris et al., 2007; Ohta et al., 2011). Genetic deletion of 7SK
causes malformation of the CC and agenesis of the AC (Ito et al., 2010) and affects hair

cycle (Niimori et al., 2012).

We recently reported that draxin binds multiple netrin-1 receptors and that its high-
affinity interaction with DCC is required for draxin’s inhibitory effect on the cortical and
olfactory bulb (OB) neurite outgrowth. The frequency of severity in corpus callosum
(CC) malformation in draxin/Dcc double-hetero mice is more obvious than that in either
of the single-hetero mice that implies DCC as a functional receptor or receptor

component for draxin (Ahmed et al., 2011).
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Earlier stroke was one of the major causes of mortality in both developing and
developed countries. Recently, although the mortality of cerebrovascular disorder tends
to decrease in the developed countries due to the developments of various management
and the advances of preventive medicine, there are many people suffering from the post
consequence of stroke. Endogenous neurogenesis might play important roles in post
ischemic neurological healing. It was reported that axon guidance molecules and their
receptors such as Sema4C, Sema3A and the receptor of Sema3A, NRP1 expression was
increased in SVZ and DG in post ischemic situation and that play important roles
for neurogenesis (Hou et al., 2008; Wu et al., 2009). Moreover, repulsive guidance
molecule (RGM) a (RGMa), an axon guidance protein expression is up regulated after
spinal cord injury and plays an important role in limiting axonal regeneration after injury

(Hata et al., 2006).

Specific Aims
a) Since both draxin and TSK single mutant mice converge into common phenotypes—

malformation of the CC and agenesis of the AC—I was interested in observing whether

these two molecules interact genetically to form the CC and AC.

b) As draxin exerts its chemorepulsive function through netrin’s chemoattractive
receptor, DCC; there might be some other co-receptor(s) that also interact with DCC to
perform the opposite signaling pathway of draxin. Therefore, my second aim was to

identify the co-receptor by proteomics approach to elucidate draxin signaling pathway.

c) While other axon guidance molecules play important function of post ischemic
adult neurogenesis as well as axonal regeneration/degeneration, I also tried to explore the
new function of draxin after transient global ischemia and focal cerebral ischemia of

adult mice.
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2. Materials and Methods
2-1. Mice

Both draxin and TSK mutant mice were maintained in a mixed C57BL/6-CBA
background (Islam et al., 2009; Ohta et al., 2011). Mice homozygous for draxin or TSK
were crossed to obtain doubly heterozygous mutant mice. The procedure to generate both
draxin and TSK knockout mice/B-galactosidase (f-gal) knockin and knockout mice was
described previously (Islam et al., 2009; Ito et al., 2010). Stage-specific wild-type
embryos were used for in vitro culture experiments. For draxin and TSK mRNA
expression analysis, postnatal day 1 (P1) of draxin-TSK double heterozygous and single
heterozygous of both mice were used. The day of the appearance of the vaginal plug was
designated as embryonic day 0.5 (E0.5). All mice were handled according to guidelines

approved by the Committee on Animal Research at the University of Kumamoto.

2-2. B-gal staining and histological analyses

To determine the mRNA expression patterns of draxin and 7SK at E13.5, E18.5, PO,
P1 and adult, B-gal staining was performed on 25~50um horizontal or coronal cryostat
sections and 50 um horizontal vibratome sections according to the standard protocol
(Nagy et al., 2003). Section immunohistochemistry was performed following a protocol
previously described in detail (Okafuji and Tanaka, 2005). The following primary
antibodies were used for immunostaining: rat anti-L1, 1:5000 (Chemicon, USA) and
rabbit anti-B-gal, 1:10,000 (CAPEL, USA), chick anti-B-gal, 1:1000 (Abcam, USA) and

rabbit anti-GFAP, 1: 500 (Dako, Japan).

2-3. Dil labeling
To trace the AC axonal tract, a 10% solution of 1,10-dioctadecyl-3,3,30,30-

tetramethylindocarbocyanine perchlorate (Dil) (D3911, Molecular Probes) in
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dimethylformamide (Sigma) was injected into the olfactory bulb at P6, and the pups were
perfused at P8. The brains were fixed in 4% PFA over night, and horizontal sections of
the brains (150 pm thickness) were cut on a vibratome. The sections were counterstained

with a 10 mg/ml solution of Hoechst 33342 (H21492, Molecular Probes).

2-4. Hematoxylin and Kluver—Barrera (KB) staining

For the axonal morphological analysis, adult brain sections were double stained with
hematoxylin and Kluver—Barrera (KB), the sections were incubated with 0.1% Luxol fast
blue at 56°C overnight and washed in 95% ethanol for 5 min at RT. After being washed
with PBS, the sections were differentiated briefly in a 0.05% lithium carbonate solution,
rinsed twice with 70% ethanol, and washed with PBS. After hematoxylin staining, the

sections were dried at RT and cleared with xylene followed by entellan solution.

2-5. Preparation of conditioned medium

The cDNAs encoding chick draxin-AP, mouse TSK-Myc-His, mouse TSK-Flag, chick
FGF1-Flag, DCC-ecto-Myc-His, DCC-Fc, chick TSK-Myc-AP and an empty AP tag
vector (Islam et al., 2009) were transfected into 293T cells using Lipofectamine-2000
(Invitrogen), conditioned for 5 days and concentrated using an Amicon Ultra centrifugal
device (Millipore). Protein production was assessed by western blot using an anti-draxin,

anti-Myc, anti-Flag and anti-Fc antibody.

2-6. Brain lysate preparation

E 17.5 WT mouse brains were dissected and lysed in brain lysis solution (Tris-HCl
10mM, P" 8.0, PMSF (100mM) 10 pL/mL, Leupeptin (10mM) 2 uL/mL, Aprotinin 1
pg/mL. The mixtures were kept on ice for 30 minutes. Concentrated chick draxin-AP

CM was mixed with freshly prepared brain lysate solution and rotate for 1 hour at 4°C
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followed by adding detergent (Triton X 100, 1% conc.) to each tube & mix well by
pipette. Further, rotate for 1 hr at 4°C and then ultracentrifuge at 111,111.11 xg (40,000

rpm) for 1 hr at 4°C and collect the supernatant.

2-7. Immunoprecipitation (IP) assay

Different combinations of concentrated draxin-AP, TSK-Myc-His, TSK-Flag, DCC-
Fc and DCC-ecto-Myc-His fusion protein CM, prurified netrin-His (R & D Systems)
were mixed together and incubated with anti-Myc (9E10) in IP buffer (150 mM NacCl, 20
mM Tris-HCI, pH 7.5, 1.5 mM CaCl,, 1.5 mM MgCl,, 0.1% Triton X-100, 0.1%
CHAPS, 5% glycerol, and 0.1% BSA) at 4°C for 12 hours, and complexes were retained
and washed extensively on either protein G-Sepharose beads (GE Healthcare) or Probond
resin (Invitrogen). The immunoprecipitated/pull downed proteins was separated by 7.5%
SDS-PAGE and detected by western blot using either a mouse monoclonal anti-chicken
draxin antibody (Ahmed et al., 2011) or anti-Flag antibody (Sigma). As a negative
control, draxin-AP or TSK-Flag was mixed with Sepharose beads; or TSK-Flag was

mixed with Probond resins.

In proteomic approach for draxin co-receptor, collected brain lysate supernatant was
pre-cleared by mixing with simple agarose A beads for 30 min at 4°C and centrifuge at
3000 rpm for 2 min. Pre-cleared sup was harvested to perform IP according to the

standard protocol followed by Western Blot.

2-8. In situ hybridization
Standard protocols were used for in situ hybridization with a digoxigenin-labeled
antisense RNA probe, as previously described (Islam et al., 2009; Ohta et al., 2011).

Embryos were dissected in diethyl pyrocarbonate (DEPC) treated phosphate buffered
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saline (pH 7.0) and fixed in 4% paraformaldehyde in PBS at 4 °C overnight. For section
in situ hybridization, fixed embryos were cryoprotected by immersion in 20% sucrose in
PBS and embedded in OCT compound (Sakura Fine Technical Co. Ltd, Tokyo, Japan).
Sixteen micrometer thick sections were cut on a cryostat and mounted on silanized glass
slides (DAKO Cytomation). In situ hybridization was performed using our previous
method with a little modification (Naser et al, 2009). Briefly, sections were treated with
10 pg/ml proteinase K and permeabilized with 1% Triton X-100 and then incubated with
herring sperm DNA. Hybridization was performed overnight at 65 °C with 400 ng/ml
probe in prehybridization solution. After hybridization, sections were washed in 0.2%
SSC at the hybridization temperature followed by blocking reagent treatment (Roche).
For immunochemical detection, alkaline phosphatase (AP)-conjugated anti-DIG Fab
fragment (Roche) diluted 1:5000 in blocking reagent and incubated for 5 hours at room
temperature. Samples were washed and signals were detected using 337.5pg/ml p-
nitroblue tetrazolium (NBT) and 175ug/ml 5-bromo-4-chloro-3-indolylphosphate (BCIP)
in AP buffer solution (0.1 M Tris—HCI (pH 9.5), 0.1 M NaCl, 50 mM MgCl,, 0.001%
Triton-X 100, 50 mg/ml Polyvinyl alcohol) overnight at 4°C in the dark. Slides were
washed and dried overnight, dehydrated in a graded series of ethanol and xylene, and

then mounted.

2-9. Explant cultures

Explants from E16.5 cortex were dissected as described previously (Shu and
Richards, 2001) and cultured in collagen gels for 48 hours in the presence of either TSK
conditioned medium (CM) or control CM (100nM) mixed with neurobasal medium
(GIBCO) supplemented with B27 (GIBCO), glutamax-I and penicillin/streptomycin

(GIBCO) at a 1:1 ratio. After 48 hours of culture, the TSK CM was removed, and fresh
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neurobasal medium with supplements was added and cultured for 48 hours at 37°C in a
5% CO; incubator. At least, five independent experiments were performed where four to
six explants were used in each experiment. Photographs were taken using an inverted

microscope (Model Eclipse E600, Nikon).

For co-culture experiments, mouse draxin cDNA or control vector was transfected into
COS7 cells using Lipofectamine 2000 (Gibco BRL). Forty-eight hours later, cell pellets
containing 1000-2000 cells were generated by hanging drop cultures (Ohta et al., 1999).
Explants from E16.5 mouse AON were dissected from wild type mice and were co-
cultured with cell aggregates in rat-tail collagen and placed at a distance of 200-300 pm
from each other and cultured in above-mentioned culture medium. Five independent
experiments were performed where at least four explants were used in each experiment.
Neurites were visualized by immunostaining with anti-neuron-specific B-tubulin (Tujl)
antibody (R&D systems, USA) and photographs were taken using Keyence (Biorevo)
inverted microscope. Explants were subdivided into four equal quadrants. The quadrant
nearest the aggregates was designated as the proximal side, and the opposite quadrant
was labeled distal. The number of neurites in these two quadrants was measured and the

Proximal/Distal ratio was determined.

2-10. Growth cone collapse and neurite outgrowth assays

AON and cortical neurons from E16.5 mouse embryos were dissociated by
trypsinization as described previously (Hata et al., 2006) and seeded at low density
(30,000 cells/4-well dish) in 4-well dishes containing coverslips coated with poly-L-

lysine (100 pg/ml).
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For the neurite outgrowth assays, AON and cortical neurons were cultured in
neurobasal medium (B27, glutamax-I, penicillin/streptomycin) with the desired
concentration of draxin and TSK conditioned medium for 40 to 48 hours at 37°C in a 5%
CO; incubator. Later, neurons were briefly fixed and stained with an anti-neuron-specific
B-tubulin (Tujl) antibody (R&D systems, USA). We quantified the length of the longest
neurite from two individual neurons within a randomly selected field using the ImageJ
software. Data were collected from five independent experiments and are expressed as

means + SEM. In each independent experiment, at least 20 fields were counted

per group.

For the growth cone collapse experiment, AON neurons were seeded at a low density
in 4-well dishes containing coverslips coated with poly-L-lysine (100 mg/ml) and
laminin (20 mg/ml) and cultured in neurobasal medium. Sixty hours after seeding, the
neurons were incubated with TSK CM and control medium alone for 1 hour at 37°C in a
5% CO, incubator to induce collapse. The cultures were later fixed in 4%
paraformaldehyde/10% sucrose for 1 hour. After the well was washed with PBS, the
growth cones were stained with phalloidin-Alexa 568 (Invitrogen) diluted in PBS and
0.3% Triton X100, and images were acquired on a microscope (Model Eclipse E600,
Nikon) to score the collapse. To calculate the percentage of the collapse, the number of
collapsed growth cones was divided by the total number of growth cones. Data were
collected from five independent experiments and are expressed as means = SEM. In each

independent experiment, at least 50 neurons were counted per group.

2-11. AP binding assay
AON and cortical explants were dissected at E16.5 as described above and cultured in

poly-L-lysine and laminin coated 4-well dishes in the presence of supplemented
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neurobasal medium for 48 hours at 37°C in a 5% CO, incubator. TSK-AP and control-AP
binding to neurites was performed as previously described (Islam et al., 2009). Five
independent experiments were performed using at least 4 to 5 explants in each
experiment. Quantification of AP binding was measured using Keyence Biorevo BZ-
9000 software. In brief, color images were converted into negative images. Then measure
the darkness intensity of the axons in compared to the closest background intensity.
Darkness intensity of the axon was divided by the closest background intensity to obtain

AP binding ratio.

2-12. Mouse draxin monoclonal antibody productions

At first mouse draxin (Fc fused) construct was created using P °

vector following
restriction digestion, ligation, transformation and plasmid amplification and performed
sequence PCR. COS7 cells were transfected using DEAE-dextran method and 4 hours
later the DNA mixture was washed by 1x CMF media two times and added 25 mL of
GIT:-DMEM (1:1) serum free medium to each 15 cm dish. Following day, 50 pL of
Gentamycin per 15 cm dish was added. After 4 days of transfection, the protein
production was checked by WB using conditioned medium (CM). One week of post
transfection CM was collected and stored at 4°C using preservative until the sufficient
amount of CM harvested. Then for purification, CM was passed through the column
contains Protein A beads for 2 times (20~24 hrs) followed by 2 times dialysis in PBS
(12-14 hrs). Dialyzed purified mouse draxin-Fc protein was concentrated using 50 K
centrifugal filter (Milipore) and the protein concentration was measured using BioRad

protein assay kit. Protein purity was checked by SDS-PAGE followed by Silver Staining

or coomassie blue staining.
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In each trial at least 2 ICR female Draxin KO mice were immunized 2 times (100
ug/mouse in each trial at 14 days interval) through footpad and after 10 days of 2™
immunization checked the antibody titer by western blot using immunized mice serum
compared with non immunized mouse serum. After 14 days of 2" immunization, booster
dose was performed through tail vein. Three days after booster dose, immunized mouse
was sacrificed and spleen cell suspension was fused with 653 Myeloma cells using HAT
medium supplemented with hybridoma cloning factor. Gradually, HAT medium was
replaced by HT medium. Next, mouse draxin monoclonal antibody was screened and
positive clones were further treated to make a single clone. Further single clone
producing antibody was checked by immunocytochemistry and reconfirming positive
single cloned antibody production was expanded and checked the subtype of the

monoclonal antibody by dot blot assay.

2-13. Transient global cerebral ischemia

Adult male mice were anesthetized with 1.5% fluothane (halothane) in a mixture of
30% O, and 70% N,O via a face mask with spontaneous breathing. A midline neck
incision was made and the bilateral common carotid arteries (CCAs) were gently exposed
without disturbing the vagus nerve. Both arteries were then occluded using aneurysm
clips for 15 minutes. The clips were then removed to restore the cerebral blood flow.
Rectal temperature was maintained at 37.0+0.5°C with a heating pad (Unique Medical,
Japan) during the operation. After 15 minutes occlusion, the clips were removed to
restore blood flow. After awakening from anesthesia, mice were returned to home cages
and allowed to take food and water before experiments. Control animals were sham-
operated and received the same experimental procedures except for occlusion of both

CCAs. Mice were deeply anesthetized using mixture of selecter and ketalar on 3, 5, 7 or
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10 days of post ischemia and the brains were perfused with PBS and then perfusion fixed
with 4% paraformaldehyde in PBS. The brains were decapitated and postfixes in the
same fixative overnight at 4°C. Each brain was then soaked overnight in 20% sucrose in
PBS. Finally, sample was frozen in OCT compound. Coronal sections (50um thick) were

prepared using a cryostat machine.

2-14. Focal cerebral ischemia (Middle cerebral artery occlusion)

Adult male mice were anesthetized with 1.5% fluothane (halothane) in a mixture of
30% O, and 70% N,O via a face mask with spontaneous breathing. Following induction,
anesthesia was maintained with 1.5% halothane in a 30% 0,/70% N,O mixture by means
of an open face mask. Pre-auditory skin incision was made, and the temporal muscle was
reflected rostrally. A vinyl tube (inner diameter of 1.0 mm, outer diameter of 3.0 mm, 3.0
mm in length) was attached to the skull bilaterally by gentle pressure, 1 mm superior and
posterior to the root of the zygomatic arch for measurement of cortical micro-perfusion
by laser Doppler flowmetry (LDF; Advance Laser Flowmetry, model ALF-21, Advance
Co., Ltd.,, Tokyo, Japan). Next rectal probe was inserted to maintain the body
temperature at 37.0+0.5°C with a heating pad (Unique Medical, Japan). The fur on the
ventral neck was shaved to expose the skin and disinfect the surgical site using 70%
ethanol. A midline neck incision was made and the bilateral common carotid artery
(CCA), external carotid artery (ECA), internal carotid artery (ICA) were carefully
separated from the surrounding nerves and fascia. Dissect the ECA further distally and
coagulate the ECA and its superior thyroid artery (STA) branch using a bipolar
coagulator. Cut the ECA and STA at the coagulated segment. Then, loosely tie two 8-0
silk sutures around the ECA stump. Apply a vascular clamp (Fine Science Tools) at the

bifurcation of the CCA into the ECA and ICA. Make a small incision at the end of ECA
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stump with Vannas-style spring scissors (Fine Science Tools). Measure and record the
length of a 5-0 monofilament suture rounded at the tip. Insert the suture into the incision
and advance to the clamp. Tighten the two silk sutures around the lumen just enough to
secure yet preserve mobility of the in-dwelling monofilament suture. Remove the clamp
from the bifurcation and cut a bit in ECA and gently advance the silicon coated
monofilament suture from the lumen of the ECA into the ICA for a distance of 9-10 mm
beyond the bifurcation of CCA to occlude the origin of MCA. About 30-40 min later
opens the clip of ECA and withdraws the suture gently and closes the incision area. Place
the mouse in a 35°C nursing box to recover from anesthesia, and return it to the cage. It
generally takes 5-10 min for the mice to recover from anesthesia. However, sometimes it
takes a bit longer time. Twenty-four hours after the induction of MCAO anesthetize the
mouse and decapitate the mouse and collect the brain. Slice the brain coronally into four
2-mm slices with a chopper. Incubate the brain slices in 1X PBS containing 2% 2,3,5-
triphenyltetrazolium chloride (TTC) (Sigma-Aldrich) for 20 min at room temperature to

determine the size and extent of the infarction.
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3. Results

Results section has been divided into three sections: Part A Part B and Part C. Part A
deals with the data, which suggest that draxin and Tsukushi genetically interact and their
combined repulsive guidance activity is essential for forebrain commissure formation. In
Part B, I have narrated our effort to identify the co-receptor of draxin. In Part C, I have

shown the up-regulation of draxin in ischemic brain.

3-1. Part A
3-1-1. CC and AC formation in draxin/TSK doubly heterozygous mice is severely
affected

Draxin or TSK single knockout mice show severe and common defects, i.e., the
misprojection of the CC and AC (Islam et al., 2009, Ito et al., 2010). To determine
whether there is a genetic interaction between these two molecules, we crossed draxin
and 7SK singly heterozygous mice and generated offspring with the following five
genotypes: draxin” TSK"" (WT); draxin™ TSK™"; draxin® TSK™"; draxin""TSK"™ and
draxin"TSK™". First, we compared all three forebrain commissure phenotypes in
postnatal mice with the draxin™ TSK" /+, draxin”~ TSK +/_, and draxin” TSK "~
genotypes. We performed L1 immunostaining and observed notable differences in the
severity of CC and AC defects between singly and doubly heterozygous mice (Fig. 6).
We classified the phenotypes into two categories depending on the severity of CC and
AC defects. In the strong phenotype group of mice, the CC axons were not connected.
Instead, they completely misprojected (Fig. 6C, arrow), and the ACp was completely
missing at the midline (Fig. 6F, I). Mice in the weak group showed slightly disorganized
bundles of axons in the CC (Fig. 6B, arrow) and a very thin ACp crossing the midline

(Fig. 6E, H arrow). Although the frequencies of the strong AC phenotype in the draxin
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and the 7SK singly heterozygous mice were 8% and 0%, respectively, the strong CC
phenotype was not observed in any of these singly heterozygous mice (Table 2). In

contrast, compared with the singly heterozygous mice, draxin/7SK doubly heterozygous
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Fig. 6. CC and AC formation are severely affected in draxin/TSK doubly
heterozygous mice. CCs and ACs immunostained with an antibody against L1 in
coronal and horizontal sections of P1 mice (A-I). A, D and G are normal mice. B, E
and H represent the weak CC and AC phenotypes, respectively. In the weak CC
phenotype, the CC was well connected but slightly disorganized (arrow in B). In the
weak AC phenotype, a very thin AC can be observed (arrowhead in B and arrow in E
and H). C, F, and I show strong CC and AC phenotypes, respectively. For the CC, the
strong phenotype was defined as being severely misprojected with no connection of
the CC between the two hemispheres (arrow in C). The strong phenotype in the AC
was defined as the absence of an AC in the midline (F, I). The arrowhead in C
indicates defasciculation in the anterior parts of the AC (ACa). Misprojection or

stopped of ACa was indicated by arrowheads (I). The scale bars indicate 500 um
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Genotype Normal Weak Strong

(n) n (%) n (%) n (%)
CcC 12 (92) 1(8) 0(0)
draxin +/- (13)
AC 11 (84) 1(8) 1(8)
CcC 13 (100) 0(0) 0(0)
TSK +/- (13)
AC 13 (100) 0(0) 0(0)
CcC 17 (65) 2(8) 7 (27)
draxin +/-
TSK +/- (26)
AC 3(12) 7 (27) 16 (61)

Tab. 2. Frequencies of CC and AC phenotypes in singly and doubly heterozygous P1

mice.

mice showed a markedly higher (CC = 27% and AC = 61%) frequency of the strong
phenotype (Table 2). The frequencies of the weak CC and AC phenotypes observed in
draxin and TSK singly heterozygous mice were 8 and 0%, respectively, whereas doubly
heterozygous draxin/TSK mice showed notably higher (CC = 8% and AC = 27%)
frequencies (Table 2). We also observed thin and defasciculated ACa’s (arrowhead in
Fig. 6B, C). Furthermore, we observed ACp was also misguided in the doubly
heterozygous draxin/TSK mice. Moreover, we investigated doubly homozygous mice
(n=5) and found much higher frequency of AC defect compared with either singly
homozygous draxin (n=5) or TSK mice (n=5). Whereas all doubly homozygous mice
showed strong AC defect, only 60% and 20% of singly homozygous draxin and TSK

mice, respectively displayed strong phenotype (Table 3).
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Genotype Normal Weak Strong

(n) n (%) n (%) n (%)
CcC 1 (20) 2 (40) 2 (40)
draxin -/- (5)
AC 0(0) 2 (40) 3 (60)
CC  5(100) 0(0) 0(0)
TSK -/- (5)
AC 0(0) 4 (80) 1 (20)
CcC 0(0 3 (60) 2 (40)
draxin -/-
TSK -/- (5)
AC  0(0) 0(0) 5(100)

Tab. 3. Frequencies of CC and AC phenotypes in singly and doubly homozygous P1

mice

Next, to assess the defects in the ACa clearly, we examined the Dil labeling (n=9) and
observed remarkable differences in the AC axonal projection of the doubly heterozygous,
but not the singly heterozygous mice. Depending on the misrouted pattern, we classified
the phenotype into two categories. In the strongly affected case, the ACa axons were
misprojected laterally from their beginning (Fig. 7C, arrow). In weakly affected cases,
ACa axons were misrouted dorsally after nearly reaching the midline area (Fig. 7B,
arrow). Fifty six percent of Dil labeled mice showed strong phenotype where as 33%
mice showed weak phenotype. Our Dil labeling data illustrated that the AC axons grew
normally out of the AON in both singly and doubly heterozygous mice; these axons later
misprojected in the doubly heterozygous mice. These data indicated that the AONs were
not affected in either the singly or the doubly heterozygous mice. It appeared that the
absence of the AC in the midline area was caused by axon pathfinding errors rather than

by the damage or death of neurons projecting toward the commissure. Overall, these data
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indicated that the severe AC defects in doubly heterozygous mice might be due to the

genetic interaction of the draxin and 7SK genes.

Normal Weak

AC axon

Fig. 7. AONs were not affected in the doubly heterozygous mice. Dil was injected
into the P6 olfactory bulbs (*) of singly and doubly heterozygous mice, and the
labeled AC axons were observed horizontally at P8. In the normal case, the AC axons
cross the midline (A), whereas in the weakly affected cases, the AC axons are
misrouted dorsally after reaching the midline area (arrow) (B). In strongly affected
cases (C), AC axons were misprojected laterally from the beginning (arrow). The

scale bars indicate 500 pm.

We also performed hematoxylin and Kluver—Barrera (KB) double staining to analyze
the axonal morphogenesis in the mouse adult brain (n=5). We observed significant new
defects in the draxin/TSK doubly heterozygous adult mice compare to either draxin or
TSK singly heterozygous adult mice which were not noticeable in the neonatal mice. We
observed very thin CC (Fig. 8B, arrowhead), as well as expanded sub ventricular zone
and lateral ventricle (Fig. 8D) in the draxin/TSK doubly heterozygous adult mice
compare to either draxin or TSK singly heterozygous adult mice. Furthermore, we
analyzed hippocampal size of the draxin/TSK doubly heterozygous adult mice brain.
Interestingly, we observed smaller size of hippocampus in the draxin/TSK doubly
heterozygous adult mice (Fig. 8F, arrow) compare to that of draxin or TSK singly

heterozygous mice.
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3-1-2. Draxin and TSK proteins do not interact biochemically

Because we observed severe commissure defects in the draxin/TSK doubly
heterozygous mice, we next investigated whether the draxin and TSK proteins interact
directly. To address this issue, we performed immunoprecipitation (IP) assays using
draxin-AP and TSK-Myc-His. We used Myc-tagged soluble DCC ectodomain as a
positive control. Draxin-AP was specifically immunoprecipitated by the DCC
ectodomain and not by TSK-Myc (Fig. 9). These data showed that there is no
biochemical interaction between draxin and TSK. Next, we investigated whether TSK
interacts with draxin receptor, DCC. To clarify this matter, we performed pull down
assays using TSK-Flag and DCC-Fc; but we didn’t observe any interaction between
these two molecules (Fig. 10). As both netrin and draxin are the ligands of DCC, there is
a possibility that TSK might interact with netrin. To address this issue, we performed
pull down assay using TSK-Flag and netrin-His. Interestingly, we found that TSK was
specifically pulled down by the netrin (Fig. 11). Taken together, these data indicate that

TSK interacts neither draxin nor DCC but with netrin.

3-1-3. Expression of draxin and TSK mRNA is observed in the strategic region of
AC and CC axons

The key molecules and their receptors that regulate CC and AC formation are expressed
in the neocortex, GW, IG, AON and/or piriform cortex (Lindwall et al., 2007). Because
we observed malformation of the CC and agenesis of the AC in draxin/TSK doubly
heterozygous mice, we investigated the expression of both draxin and TSK at specific
developmental stages. We investigated the mRNA expression pattern of both draxin and
TSK in singly heterozygous mice at different stages between E13.5 and P1. Between

these stages, the AC and CC develop to form their complete trajectories. We examined
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CC axon

SvVZ

Hippocampus

Fig. 8. CC, SVZ and hippocampus are malformed in draxin/TSK doubly heterozygous
adult mice. CC, SVZ and hippocampus was double stained with Hematoxylin and
Kluver—Barrera (KB) (A-F). A, C and E represent either draxin or TSK singly
heterozygous adult mice. B, D and F represent draxin/TSK doubly heterozygous adult
mice. In contrast to thinner CC (arrowhead in B), expanded SVZ and LV was
observed in draxin/TSK doubly heterozygous adult mice. Smaller hippocampus was
observed indraxin/TSK doubly heterozygous adult mice (F). The scale bars indicate
600 pm.
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the expression of draxin and TSK using B-galactosidase enzymatic reactions and
immunostaining (Islam et al., 2009; Ito et al., 2010). We observed strong expression of
both draxin and TSK in the olfactory bulb, AON, neocortex and piriform cortex at E13.5

(Fig. 12A-D). Moreover, both draxin and TSK are expressed in the GW (arrow in

- = 4+ TSK-Myc-His
- + = DCC-ecto-Myc-His
Mr (kDa)+ <4+ <+ draxin-AP

150= IP: anti-Myc
100— IB: anti-draxin

250= IB: anti-Myc

- IB: anti-Myc

150—
100—

IB: anti-draxin

Fig. 9. TSK does not interact with draxin. Conditioned medium (CM) of draxin
(alkaline phosphatase-tagged) was mixed either with TSK CM or with the
extracellular domain of DCC CM (both tagged with Myc), and IP was performed
using an anti-Myc antibody. Draxin was co-precipitated by DCC but not by TSK.

Fig. 13A, B; 3A°, B’), Midline zipper glia (Fig. 13A, A’’, B, B”’) and IG (arrowhead in
Fig. 13A, B; 13A”°, B’”). Next, we sought to determine whether 7SK and draxin
expression are observed in the AC. Accordingly, we performed double immunostaining
with antibodies against L1 and B-galactosidase on the horizontal sections of P1 singly

heterozygous mice. We observed strong, spot-like expression of both draxin and TSK
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mRNA in the AON, anterior and posterior piriform cortex, olfactory bulb (Fig. 14A, A”’,
B, B’’) and area surrounding the AC (Fig. 14A, A’, B, B’) including midline of AC
(arrow head in Fig. 14A, B; Fig. 15A-C), around the entorhinal cortex (* in Fig. 14A, B)
and the stria terminalis (**Fig. 14A, B) but not on AC axons. Moreover, draxin and TSK

expression pattern inferred from these -galactosidase staining follows precisely the

+ + TSK-Flag
Mr (kDa) + - DCC-Fc

250— IP: Protein G
150— IB: anti-Flag

S0= IB: anti-Flag
37—
250—

150—

IB: anti-Fc

Fig. 10. TSK does not interact with DCC. Conditioned medium (CM) of TSK (Flag
tagged) was mixed with DCC-Fc¢ CM, and pull down assay was done using Protein G-

Sepharose beads. No interaction was observed between TSK and DCC.

pattern of both transcripts detected by in situ hybridization (Zhang et al., 2010; Fig. 15).

Besides, we also investigated TSK and draxin expression in the midline of AC in
the doubly heterozygous mice. We observed similar expression pattern of both TSK and
draxin in the doubly heterozygous mice (Fig. 16B, E) compared with the singly
heterozygous mice (Fig. 16A, D). These expression patterns of draxin and 7SK in
strategic regions of the AC and CC imply that these molecules may have a specific role

in AC and CC formation.

39



+ + - TSK-Flag
Mr (kDa) - = 4+ + FGF1-Flag
+ - Netrin-His

-_25 IP: Probond resin
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Fig. 11. TSK specifically binds with netrin. Conditioned medium (CM) of TSK- Flag

50—
37—

—25
50—

37—
7S =

IB: anti-Flag

IB: anti-His

50—

was mixed with or without purified Netrin-His protein, and pull down assay was
performed using Probond resins; specific interaction of TSK with netrin was clearly
observed. As a negative control, an unrelated protein, FGF1-Flag CM was mixed with
or without purified Netrin-His and no specific interaction was observed between

FGF1 and netrin.

3-1-4. TSK inhibits neurite outgrowth

We previously reported that draxin is a chemorepulsive guidance protein. To address
the guidance error that we observed in draxin/TSK doubly heterozygous mice, we
examined whether TSK has guidance activity for commissural axons in the forebrain. We
cultured cortical explants from wild-type E16.5 mouse embryos in collagen gel (Fig.
17A, B) in the presence of either control medium (Fig. 17A) or TSK-conditioned
medium (TSK CM) (Fig. 17B). Neurite outgrowth from cortical explants was greatly
inhibited in TSK CM (Fig. 17B), whereas there was robust neurite outgrowth in the
control medium (Fig. 17A). When we replaced TSK CM with fresh culture medium, we
observed robust neurite growth within 48 hours from the explant shown in Fig. 17B (Fig.

17C). Thus, the possibility that TSK may have caused cell death in this experiment
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Fig. 12. Expression of draxin and TSK.draxin and TSK mRNA expression in
horizontal sections of the AON region and cortex of draxin and 7SK singly
heterozygous E13.5 embryonic mouse brains (A—D). Scale bars = 300 um in A &B;
600 um in C & D.

draxin +/-

CC/B-gal
=

B-gal / GFAP

Fig. 13. Both draxin and TSK mRNA are expressed in the strategic region of the CC

axons. Expression of draxin and TSK was observed in the glial wedge (arrows
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in A, B; A’, B’), Midline zipper glia (A, A’,B, B’’) and indusium griseum
(arrowheads in A, B; A’”, B’”) of coronal sections of draxin and TSK singly

heterozygous mouse brains(A—B). Scale bars = 300 um in A, B; 100 um in A’-B””".

draxin +/-

B-gal / L1

p-gal

Fig. 14. draxin and TSK mRNA are expressed in the strategic region of the AC axons.
Horizontal sections of P1 draxin and TSK singly heterozygous mouse brains were
processed for double anti-B-gal (red) and anti-L1 (green) immunohistochemistry (A—
B). Both draxin and TSK mRNA were expressed in the AON region, and strong,
punctate expression was observed in the area surrounding AC axons, but not on the
axons. Higher magnification of the areas in white squares in A and B (’,”) are
represented in A’, A” and B’, B”, respectively. Scale bars = 900 um in A-B, 150 um

in A’-B”.

can be excluded, and the data confirm the notion that TSK does indeed function to inhibit
neurite outgrowth. Moreover, AON explants from wild-type E16.5 mouse embryo were
co-cultured with COS cell aggregates expressing mouse TSK in three dimensional

collagen gels. After 48 h in culture, neurites extended radially from explants in control
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Fig. 15. TSK mRNA expressed in AC midline. TSK B-gal and in situ hybridization on
neonatal and postnatal horizontal sections (A-D). Detection of TSK mRNA
transcripts at E16.5 by B-gal enzymatic reaction (A). TSK was detected by anti-p-gal
immunostaining at P1 (B). In situ hybridization was performed to detect TSK mRNA
transcripts at P1. TSK is not detected in sections from TSK knockout mice (D). Scale
bars = 60 um in A, 150 pm in B, 80 um in C, D. 3V= 3« ventricle.

experiments (Fig. 18A, C). In contrast, the number of neurites was significantly reduced
from the explants facing towards the COS cell aggregates expressing TSK (Fig. 18B, C).
These differences were quantified in Fig. 18C. The P/D (proximal/distal) ratio was
determined by dividing the number of neurites in the proximal site by that of distal site in

relation to the COS cell aggregate (Fig. 18C).

Next, we examined the effects of TSK CM on dissociated neurons. We cultured
AON and cortical dissociated neurons from E16.5 wild-type mouse embryos on poly-L-

lysine coated dishes in the presence of either control medium (Fig. 19 A, C, E, F) or
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Fig. 16. TSK and draxin mRNA expressed in the single heterozygous and double
heterozygous mice. TSK and draxin in situ hybridization on postnatal horizontal
sections (A—F). Both TSK and draxin mRNA expressed in the midline of AC (A, D).
Similar expression pattern was observed in the double heterozygous mice (B, E).
TSK or draxin mRNA transcripts was not detected in sections from TSK or draxin

knockout mice, respectively (C, F). Scale bars = 50 pum. 3V= 3 ventricle.

TSK CM (Fig. 19 B, D, E, F). Neurons were fixed and stained with an anti-B-tubulin
antibody. Then, we quantified the length of the longest neurite from two individual
neurons within a randomly selected field using the Imagel software and quantified the
average maximal length. Representative figures show that TSK inhibited AON and
cortical neurite outgrowth (Fig. 19 B, D, E, F) compared with the control (Fig. 19 A, C,
E, F). Furthermore, we investigated the dose-dependency of the effects of TSK on neurite
outgrowth. To obtain this information, we performed AON and cortical neurite
outgrowth inhibition assays in different concentrations (10 nM, 30 nM, 60 nM, and 100
nM) of TSK CM. We found that TSK-mediated neurite outgrowth inhibition was
enhanced with increasing concentrations of TSK protein. At 100 nM, TSK significantly

inhibited both AON and cortical neurite outgrowth to 9% of control levels (Fig. 19E, F)
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Cortex

Fig. 17. TSK inhibits neurite outgrowth from cortical neurons. Cortical explants from
wild-type E16.5 mouse embryos were cultured in collagen gel in the presence of
either control medium (A) or TSK conditioned medium (TSK CM) (B). After 48
hours, the TSK CM was replaced by fresh culture medium. Robust outgrowth was

observed within 48 hours (C). Scale bars =300 pm in A—C.

3-1-5. TSK protein directly binds to both AON and cortical axons

To test whether TSK inhibited axon outgrowth by directly binding to the neurites,
AON and cortical explants from wild-type E16.5 mouse embryos were cultured in poly-
L-lysine and laminin coated dishes and incubated with TSK-AP fusion protein, and AP
protein alone was used as a negative control. We observed that TSK-AP bound to the
AON and cortical neurites (Fig. 20C, D, E, F), whereas control AP protein did not bind

to the AON or cortical neurites (Fig. 20A, B, E, F).

3-1-6. Growth cone collapse is induced by TSK protein

Because bath application of TSK inhibited neurite outgrowth, it is likely that the acute
addition of TSK induces growth cone collapse. To test this possibility, we seeded AON
dissociated neurons from E16.5 WT mouse embryos at a very low density in dishes

coated with poly-L-lysine and laminin. Sixty hours after seeding, the neurons were
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Fig. 18. TSK repulse AON neurite outgrowth from AON. AON explants from wild-
type E16.5 mouse embryo were co-cultured with mock transfected COS cell aggregate
and mouse TSK transfected COS cell aggregate (A, B). Axons grew radially when co-
cultured with mock transfected COS cell aggregates (A), while co-cultured with TSK
transfected cell aggregates, axons were inhibited (B). The number of axons in
proximal, P and distal, D in relation to the COS cell aggregate was counted (n=10 for
each group) and the total number of axons in P site was divided by that of D to get the
P/D ratio (C). Significant repulsion was observed when explants were co-cultured
with TSK compared with control cases. **P <0.0001. **P <0.0001 (P values were

calculated by comparing with control). Scale bars = 200 um in A-B.
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Fig. 19. TSK inhibits neurite outgrowth from AON and cortical dissociated neurons.
AON and cortical dissociated neurons from E16.5 wild-type mouse embryos were
cultured on poly-L-lysine coated dishes in the presence of either control medium (A,
C) or TSK-conditioned medium (B, D) for 40 hours. Neurons were fixed and stained
with anti-B-tubulin antibody. The length of the longest neurite from two individual
neurons within a randomly selected field (n=20 for each experiment) was quantified
using the Image] software, and the average maximal length was measured.

Quantification of neurite outgrowth inhibition was conducted in 5 independent
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experiments (mean + SEM) (E, F). Compared with the control (A, C, E, and F), TSK
inhibited neurite outgrowth in a dose-dependent manner (B, D, E, and F). **P

<0.0001 (P values were calculated by comparing with control). Scale bars = 60 um in

A-D.

incubated with TSK CM (100 nM) or control medium alone for 1 hourat 37°C to induce
collapse. The neurons were stained with phalloidin-Al 568 to visualize the growth cones.
Representative pictures are shown in Fig. 21A and B. We found that the growth cones in
this culture system had a high baseline level of collapse (~33%) that was further
increased (to ~82%) after treatment with TSK (Fig. 21C). Taken together, these data
indicated that TSK might function as a repulsive axon guidance molecule for

subpopulations of neurons in vivo.

3-1-7. The effects of TSK and draxin on neurite outgrowth inhibition are additive
Because we observed an inhibitory function of TSK on dissociated neurons, we next
asked whether the inhibitory function of TSK is synchronized with the inhibitory
function of draxin. To address this issue, we cultured AON dissociated neurons from
E16.5 wild-type mouse embryos in the presence of either draxin-conditioned medium (30
nM) (Fig. 22B), TSK CM (30 nM) (Fig. 22C) or in a combination of draxin (30 nM) and
TSK CM (30 nM) (Fig. 22D). The mean average maximal axonal length was95.3+£3.7
um in the control condition (Fig. 22A, E); this value was reduced to 32.9+1.2 or 41.6+1.9
um when AON neurons were cultured in the presence of either TSK (Fig. 22C, E) or
draxin (Fig. 22B, E), respectively. Strikingly, we observed an additive effect of the
combination of TSK and draxin-conditioned medium on neurite outgrowth inhibition

(mean average maximal axonal length =10.3£0.7 um).
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Fig. 20. TSK protein binds to both AON and cortical axons. AON and cortical
explants from wild-type E16.5 mouse embryos were cultured inpoly-L-lysine-
laminin-coated dishes. Binding of TSK protein (TSK-AP) to AON and cortical
neurites (A—D). Control-AP protein did not bind (A, B), whereas TSK-AP protein
bound to the AON neurites (C, D). 5 independent experiments were carried out to
quantify the TSK-AP binding intensity to the neurites (error bar indicates mean =+
SEM) (E, F). Strong binding was observed in case of TSK-AP (n=10) compared with
the control (n=10). Scale bars = 120 um in A—D.**P <0.0001.
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Fig. 21. TSK protein induces growth cone collapse. AON neurons from WT mice
were treated with either control medium alone or 100 nM TSK for 1 hour at 37°C to
induce collapses and stained with phalloidin-Al 568 to visualize the growth cones.
Representative pictures are shown in A and B, and the quantified results are shown in
C. The data were obtained from five independent experiments, and, on average, the
growth cones of 50 neurons were counted in each group in each experiment. The
arrows in A and the arrowheads in B indicate the intact and collapsed growth cones,

respectively. The scale bars indicate 20 pm. The error bars indicate means £SEM. **P

<0.0001.
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The combination of draxin and TSK exaggerated the inhibition of neurite outgrowth by
69% and 75% of TSK-induced and draxin-induced inhibition, respectively (Fig. 22D, E).

These data indicated that the effects of TSK and draxin were additive.

3-2. PartB
3-2-1. Mouse draxin monoclonal antibody productions

Mouse draxin (Fc fused) construct was created and COS7 cells were transfected using
DEAE-dextran method followed by the replacement of serum free medium. Four days of
post transfection, the protein production was checked and one week after transfection
CM was harvested. Later, CM was passed through the Protein A beads column followed
by 2 times dialysis in PBS. Dialyzed concentrated purified mouse draxin-Fc protein was
checked by SDS-PAGE followed by Silver Staining or coomassie blue staining.

In each trial at least 2 ICR female Draxin KO mice were immunized 2 times (100
pug/mouse in each trial at 14 days interval) and after 10 days of 2" immunization the
antibody titer was checked by western blot using immunized mice serum compared with
non immunized mouse serum. After 14 days of 2" immunization, booster dose was
performed through tail vein. Three days after booster dose, immunized mouse was
sacrificed and spleen cell suspension was fused with 653 Myeloma cells. Then after 2-3
weeks later (depending on the cell growth condition) we screened mouse draxin
monoclonal antibody. Later, we treated the initially positive clones to make a single
clone. Further, we checked whether the single clone can produce antibody by
immunocytochemistry (Fig. 23). Later, we checked the sub-type of the monoclonal
antibody by dot blot assay. In the first trial, we found two clones, IgG1 and IgM. Later,

we succeeded for only IgM type (Fig. 24). In the nd attempt, we found 5 good
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Fig. 22. TSK and draxin inhibit neurite outgrowth in an additive manner. AON
dissociated neurons from E16.5 wild-type mouse embryos were cultured on poly-L-

lysine-coated dishes in the presence of control medium (A), draxin-conditioned
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medium (30 nM) (B), TSK-conditioned medium (30 nM) (C), or draxin (30 nM) and
TSK (30 nM) conditioned medium (D) for 40 hours. The neurites were stained with
an anti-B-tubulin antibody, and the length of the longest neurite from two individual
neurons within a randomly selected field (n=20 for each experiment) was quantified
using the ImageJ software. The combination of TSK and draxin inhibited neurite
outgrowth more strongly (D, E) than either TSK (C, E) or draxin alone (B, E). The
quantification of neurite outgrowth inhibition was conducted in 5 independent

experiments (mean = SEM, **P <(0.0001) (E).

o-m Draxin

Fig. 23. Mouse draxin monoclonal antibody screening. A. 293 cells were
transfected with mDra-Tm-IRES GFP and GFP expression of transfected cells; B.
Anti-mouse Draxin monoclonal antibody staining; C. Co-localization of GFP
expressing cells and anti-mouse Draxin monoclonal antibody stained cells. Sacle

bar= 60 um.

sub-clones (two IgG1, two igG2a and one igG2b) (Fig. 25). Unfortunately, we couldn’t
rescue all of them. In the 3™ challenge, initially we obtained 4 clones (one IgG1 and 3
IgG2a) but finally not succeeded. We also tried two more times but we couldn’t get the

desired end product.

3-2-2. Immunoprecipitation assay followed by mass spectrometry
In proteomic approach for draxin co-receptor, E 17.5 WT mouse brains lysate was

prepared. Next, we added chick draxin (Alkaline phosphatase tagged) conditioned
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Fig. 24. Dot blot assay to identify mouse draxin monoclonal antibody subtype.

Five clones show IgM positive whereas one clone shows IgG1 positive.
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Fig. 25. Dot blot assay to identify mouse draxin monoclonal antibody subtype.

Two clones showed IgG1 positive, two were IgG2a positive and one clone

showed IgG2b.

medium in different concentration to these brain lysate and rotate for 1 hour at 4°C. After
mixing the detergent followed by lhour rotation at 4°Ccentrifuge at high speed. Later,

brain lysate supernatant was pre-cleared by mixing with simple agarose A beads for 30
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min at 4°C and harvested the supernatant. Meanwhile, Protein A sepharose beads was
treated by binding buffer followed by antibody reaction either with anti-DCC pAb or
anti-cDra MAD or anti-hIgG for each for 30 minutes. After triethanolamine treatment,
cross linker was used to each tube and rotate for 1 hour. At this step, specific antibody
tightly bound to the protein A beads. After washing by ethanolamine, we treated the
beads with elution buffer to remove the unbound antibody with the crosslinker. At this
step, we added the pre-cleared mouse brain lysate to this antibody bound protein A beads
and rotate for O/N. Next day after treating the sample by lysis buffer, several times

washed by washing buffer and transferred the beads to the low adhesive tubes.

We sent one part of the above treated samples to our collaborator for mass spectrometry
analysis. We have checked the remaining part of the samples either by western blot
and/or silver staining. After mass spectrometry analysis, we have found 126 hits (Tab. 4)
among them 4 unique types of proteins i) ELKS/Rab6-interacting/CAST family member
1 (Gene name: Ercl), ii) Neogenin (Gene name: Neol), iii) Potassium/sodium
hyperpolarization-activated cyclic nucleotide-gated channel 4 (Gene name: Hcn4),

Lethal(2) giant larvae protein homolog 1 (Gene name: Lilgll) are promising.

3-3. Part C
3-3-1. Establishment of transient global ischemia

To perform the transient global ischemia, adult male mice were anesthetized and a
midline neck incision was made and the bilateral common carotid arteries (CCAs) were
gently exposed without disturbing the vagus nerve. Both arteries were then occluded

using aneurysm clips as shown in fig. 26 and the physiological temperature was
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Tab. 4. Data obtained from mass spectrometry analysis

Serial Gene Molecular
number DCC Dra 1eG Name Weight
1 31 Dcc 158 kDa
2 13 Ercl 128 kDa
3 9 Neol 163 kDa
4 7 Hcn4 127 kDa
5 2 Llgl1 113 kDa
6 36 40 34 Hspa9 74 kDa
7 29 26 30 Dhx9 149 kDa
8 29 28 27 Hspa8 71 kDa
9 22 22 23 Tubb3 50 kDa
10 20 20 20 Tubala 50 kDa
11 22 23 19 Hnrnpa2bl | 37 kDa
12 16 14 19 Actb 42 kDa
13 17 20 17 Hnrnpk 51 kDa
14 16 15 17 Hnrnpa3 40 kDa
15 15 15 16 Hspa$5 72 kDa
16 11 10 16 Hnrnpu 88 kDa
17 15 18 14 Hnrnphl 49 kDa
18 15 14 13 Hnrnpal 34 kDa
19 12 13 13 Gapdh 36 kDa
20 12 13 13 Tubb2b 50 kDa
21 14 13 12 Hnrnpull 96 kDa
22 8 10 12 Ddx5 69 kDa
23 10 9 12 Hnrnpm 78 kDa
24 11 11 10 Hnrnpd 38 kDa
25 7 10 10 Ddx3x 73 kDa
26 10 9 10 Hnrnpf 46 kDa
27 8 9 10 Camk2b 60 kDa
28 7 9 10 Matr3 95 kDa
29 9 8 10 Tardbp 45 kDa
30 10 11 9 Hnrnpab 31 kDa
31 10 9 9 Hnrpdl 34 kDa
32 5 9 9 Eeflal 50 kDa
33 6 8 9 Hnrnpl 64 kDa
34 7 4 9 Tnc 232 kDa
35 9 8 Puf60 60 kDa
36 5 8 8 Sec23a 86 kDa
37 5 7 8 Hnrnpc 34 kDa
38 5 7 8 Hnrnpul2 85 kDa
39 6 3 8 Vim 54 kDa
40 8 10 7 Fus 53 kDa
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Tab. 4. Data obtained from mass spectrometry analysis (Cont.)

n?l(:;lli:r DCC Dra IgG Gene Name &2;;::1”
41 10 8 7 Akap8 76 kDa
42 5 7 7 Khsrp 77 kDa
43 5 6 6 Tubb4 50 kDa
44 6 3 6 Maplb 270 kDa
45 4 3 6 Tiall 43 kDa
46 1 3 6 Hsp90ab1 83 kDa
47 5 8 5 Ddx17 72 kDa
48 4 6 5 Tubb5 50 kDa
49 4 6 5 Elavl3 40 kDa
50 4 5 5 Hnrnph2 49 kDa
51 5 5 U2af2 54 kDa
52 3 3 5 AtpSal 60 kDa
53 2 2 5 Eif2c2 97 kDa
54 2 2 5 Dpysl3 62 kDa
55 3 1 5 D10Wsu52e | 55 kDa
56 0 5 Clte 192 kDa
57 2 11 4 Krt6a 59 kDa
58 3 6 4 Krt10 58 kDa
59 3 5 4 Syncrip 70 kDa
60 4 4 4 Tubb2c 50 kDa
61 4 4 4 Hbb-b2 16 kDa
62 3 4 4 Elavll 36 kDa
63 4 4 Srsf2 0 kDa
64 2 3 4 113 96 kDa
65 3 4 Rbm39 59 kDa
66 2 2 4 Atpla3 112 kDa
67 1 2 4 Slc25a4 33 kDa
68 4 7 3 12 kDa
69 2 5 3 37 kDa
70 3 4 3 Ybx1 36 kDa
71 3 4 3 Khdrbsl 48 kDa
72 4 3 3 Ewsrl 68 kDa
73 3 3 3 Igh-3 44 kDa
74 3 3 3 Znf326 65 kDa
75 3 3 3 Myef2 63 kDa
76 3 3 3 Krtl 66 kDa
77 3 3 3 Tubb2a 50 kDa
78 2 2 3 Secl13 36 kDa
79 1 2 3 Dclk1 84 kDa
80 2 3 Luc712 47 kDa




Tab. 4. Data obtained from mass spectrometry analysis (Cont.)

Serial Gene Molecular

number DCC Dra IeG Name Weight
81 4 1 3 Cttn 61 kDa
82 3 1 3 Eef2 95 kDa
83 2 1 3 Idh1 47 kDa
84 2 1 3 Cspg5 60 kDa
85 1 3 Hadha 83 kDa
86 1 0 3 Elavi2 40 kDa
87 2 10 2 Krt14 53 kDa
88 2 8 2 Ighgl 43 kDa
89 3 6 2 44 kDa
90 1 3 2 Hspdl 61 kDa
91 1 3 2 Krt17 48 kDa
92 0 3 2 Krt73 59 kDa
93 3 2 Dhx15 91 kDa
94 2 2 2 Hba 15 kDa
95 1 2 2 Gnaol 40 kDa
96 1 2 2 Crbn 51 kDa
97 1 2 2 Tubb6 50 kDa
98 1 2 2 Actcl 42 kDa
99 0 2 2 12 43 kDa
100 0 2 2 Krtl16 52 kDa
101 1 1 2 Ddbl 127 kDa
102 1 1 2 Prdx2 22 kDa
103 1 1 2 Cct3 61 kDa
104 1 1 2 Dnajal 45 kDa
105 1 1 2 Ncan 137 kDa
106 1 1 2 Dcx 41 kDa
107 1 1 2 Dpysl2 62 kDa
108 1 2 Cct8 60 kDa
109 1 2 Crmpl 62 kDa
110 1 2 Raly 33 kDa
111 1 2 Npepps 103 kDa
112 1 2 28 kDa
113 1 2 Ywhaq 28 kDa
114 0 0 2 Ddx1 83 kDa
115 0 2 Ywhaz 28 kDa
116 2 Prdx1 22 kDa
117 2 Dnaja2 46 kDa
118 0 4 1 Krt5 62 kDa
119 4 1 12 kDa
120 1 3 1 Cirbp 19 kDa
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Tab. 4. Data obtained from mass spectrometry analysis (Cont.)

Serial Gene Molecular

number DCC Dra IgG Name Weight
121 0 3 1 Krt2 71 kDa
122 3 1 Rsrc2 44 kDa
123 3 1 Srsf3 ?
124 1 2 1 13 kDa
125 2 1 Mapt 76 kDa
126 4 0 13 kDa

maintained during the surgery. Control animals were sham-operated and received the
same experimental procedures except for occlusion of both CCAs arteries. Mice were
sacrificed on 3, 5, 7 or 10 days of post ischemia and the brains were fixed by

paraformaldehyde followed by sucrose treatment. Coronal sections were prepared.

Fig. 26. Surgical technique for inducing global cerebral ischemia. A. Schematic
illustration of arteries demonstrating the two points of clipping (arrows). B. Surgical
view of two-vessel occlusion. C. A miniature clip for the CC artery was made of
stainless steel with a diameter of 0.2 mm. CC: common carotid; Ao: aorta; Tr: trachea.

(Modified from Yonekura et al., 2004)
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CAL cells in the hippocampus are vulnerable to ischemia and thus we have analyzed the
CAL cell death using Nissl staining. We found that all CA cells (CA1, CA2, CA3) were
loss in the ischemic mouse hippocampus (Fig. 27) which suggest that transiently global

ischemia method was successful.

Control

et
M/’:.;\t!m> :

\

Fig. 27. Global cerebral ischemia induced CA cell death in the hippocampus. A. Nissl
staining of non-ischemic CA region of wild type mouse hippocampus. B. CA region

cell death of ischemic wild type mouse hippocampus. Scale bar=600 um

3-3-2. draxin expressions is up regulated after transient global ischemia

Although draxin is established as a repulsive axon guidance molecule, there is a
possibility that it might have different functions in addition to axon guidance. To explore
this idea we performed transient global ischemia using draxin KO adult male mice
(postnatal 97 days) to see whether draxin has any role during ischemia or post ischemic
condition. Mice were sacrificed on 3, 5, 7 or 10 days of post ischemia and the brains

were fixed followed by cryo-protection. Fifty-micrometer thicknesses of sequential
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coronal sections were prepared and LacZ enzymatic reaction was performed.
Interestingly, we observed that ischemia induced higher amount of draxin in the dentate
gurus of hippocampus, sub ventricular zone and olfactory bulb (n=8) (Fig. 28). We didn’t
notice any significant difference of draxin expression among the above-mentioned
specified groups. Adult Draxin KO mice without ischemia were used as control (n=4).
This data clearly indicate that draxin might have some function during ischemia or post

ischemic situation.

3-3-3. Establishment of Focal cerebral ischemia

Focal cerebral ischemia is one of the important tools for clinical trial because of its
mimicry to regional stroke in humans. To understand whether draxin plays any role
during stroke situation, we need to establish the middle cerebral artery occlusion
(MCAO) model. Adult male mice were anesthetized with fluothane (halothane) via a
facemask with spontaneous breathing. A midline neck incision was made and the
bilateral common carotid artery (CCA), external carotid artery (ECA), internal carotid
artery (ICA) were carefully separated from the surrounding nerves and fascia. Dissect the
ECA further distally and coagulate the ECA and its superior thyroid artery branch using a
bipolar coagulator. Cut the ECA and STA at the coagulated segment. Then, loosely tie
two silk sutures around the ECA stump. Apply a vascular clamp (Fine Science Tools) at
the bifurcation of the CCA into the ECA and ICA. Make a small incision at the end of
ECA stump with Vannas-style spring scissors. Measure and record the length of a 5-0
monofilament suture rounded at the tip. Insert the slilicon coated suture into the incision
and advance to the clamp (Fig. 29A). Tighten the two silk sutures around the lumen just
enough to secure yet preserve mobility of the in-dwelling monofilament suture. Remove

the clamp from the bifurcation and cut a bit in ECA and gently advance the silicon coated
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Fig. 28. draxin mRNA expression is up regulated in transient global cerebral
ischemia. Post ischemic draxin up regulation was observed in DG of the hippocampus
(B), SVZ (D) and OB (F) in the draxin KO mice compared to the non-ischemic draxin
KO mice (A, C and E, respectively). DG: dentate gyrus; SVZ: sub ventricular zone;
OB: olfactory bulb. Scale bar=600 pm.

mono-filament suture from the lumen of the ECA into the ICA for a distance of 9-10 mm
beyond the bifurcation of CCA to occlude the origin of MCA. About 30-40 min later
open the clip of ECA and withdraw the suture gently and close the incision area. Place
the mouse in a 35 °C nursing box to recover from anesthesia, and return it to the cage.
We performed 2,3,5-triphenyltetrazolium chloride (TTC) treatment to the dissected brain
sample 1 day after the induction of MCAO, to check whether the surgery is successful.

We found that MCAO operated mice showed pink shading to half side of the brain
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Fig. 29. TTC staining of MCAO model. A. MCAO in mouse was induced by
introducing a silicon-coated suture into the external carotid artery and advancing it to
block the original of the artery. The pink shading in (B) represents the region of brain
normally blood supplied by this artery. Following MCAO, cerebral blood flow to this
region is severely reduced, resulting in cell death (pale white region in B). ECA:
external carotid artery; ICA: internal carotid artery; MCA: middle cerebral artery
(Ref. for fig. A: Macrae and Carswell, 2006)

section where as other half showed pale white color (Fig. 29B) after TTC treatment.
This result indicates that the cells of one side of the brain were damaged due to lack of

blood supply during MCAO and hence it shows pale white color.
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4. Discussion

4-1. Part A

Our previous reports (Islam et al., 2009; Ito et al., 2010) show that both draxin and
TSK single mutant mice have malformations of the AC and CC. The
immunohistochemical analysis and Dil labeling of the present study showed that the
frequency of severe malformation of both the AC and the CC were significantly higher in
draxin/TSK doubly heterozygous mice compared with either singly heterozygous. While
examining the reasons for the phenotypes observed in transheterozygotes, our study
revealed a novel function for TSK as a repulsive axon guidance molecule for AC and CC
axons. TSK inhibited the neurite outgrowth of dissociated AON and cortical neurons in a
dose-dependent manner. Moreover, TSK and draxin showed an additive inhibitory effect
on AON and cortical neurite outgrowth. Taken together, our data demonstrate that draxin

and TSK function in concert to control the navigation of AC and CC axons.

The genetic analyses presented in this study provide strong support for the hypothesis
that both TSK and draxin function in a similar pathway to regulate AC and CC
formation. In general, reducing the gene dose by one copy reduces the protein production
by 50%, which causes little or no phenotypic effects. However, when the doses of two
genes with protein products that function together are simultaneously reduced,
exacerbation of the impairment of their combined function may produce an increase in
the incidence of strong phenotypes in the transheterozygotes. This effect may be one of
the reasons why we observed higher frequencies of AC and CC malformation in the
draxin/TSK double heterozygotes and homozygotes. The observation of such phenotypic
severity in the double heterozygotes is reminiscent of earlier studies (Artavanis-

Tsakonas, et al., 1995; Winberg, et al., 1998; Kidd, et al., 1999; Strickland, et al., 2006;
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Ahmed et al., 2011). This genetic interaction provides strong evidence that draxin and

TSK function together to form the AC and CC.

Both draxin and TSK mRNA are highly expressed in the GW, IG, anterior and
posterior piriform cortex, olfactory bulb, AON and areas surrounding the AC and CC.
Guidance proteins for which the knockout mice show agenesis of the forebrain
commissures are expressed in these regions (Lindwall et al., 2007). We previously
hypothesized that TSK might be involved in the navigation of AC axons independently
or might interact with the known guidance molecules and/or their receptors and modulate
their activity in guiding the AC axons (Ito et al., 2010). In this study, we explored these
possibilities and found that TSK inhibits neurite outgrowth from dissociated AON and
cortical neurons in a dose-dependent manner (Fig. 19). Although, TSK binds BMP and
inhibits its activity (Ohta et al., 2004), we found that TSK does not interact directly with
draxin rather it interacts with netrin. Therefore, it is unlikely that these proteins modulate
each other’s function directly. Furthermore, the inhibition was additive when draxin and
TSK were present together compared with the presence of either draxin or TSK protein
alone. There is a possibility that both the common and the independent functions of these
two proteins are essential for guiding AC and CC axons, and due to the reduction of
protein product, doubly heterozygous and homozygous mice exhibited higher frequencies

of malformations of the AC and CC axonal tracts.

The combinatorial chemoattractive and chemorepulsive activities of guidance
molecules contribute to the proper navigation of the commissural axons. In situ
hybridization of neonates has revealed Sema3B expression in the SVZ and at the ventral

levels. Both in vivo analysis and functional assays suggest that ACa axons are attracted
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by a dorsal source of Sema3B that emanates from the SVZ (Julien et al., 2005). Netrin-1
mRNA distributions have also been observed in the SVZ, along the paths of the
commissural axons and at the points where they cross the midline (Serafini et al., 1996).
Wnt5a (Keeble et al, 2006) and TSK mRNA expression has also been detected in the
SVZ. Thus, ACa axons might be guided by the combined activity of a dorsal source of
chemoattractive Sema 3B, chemorepulsive TSK, and Netrin-1 (through either

chemoattraction or chemorepulsion).

The functional activities of the guidance molecules and certain factors (e.g., cell
adhesion molecules) in the ventral forebrain are essential for steering of the ACp.
Repulsive cues, such as Sema 3B and Sema3F are expressed in the ventral forebrain
during the formation of the anterior commissure (Sahay et al., 2003; Julien et al., 2005).
Both draxin and TSK were also expressed in the ventral forebrain, suggesting that ACp
axons might also be guided by draxin and TSK. Moreover, the expression of draxin and
TSK along the forebrain commissural axons suggests a role for these molecules in the

proper guidance of these axons.

The decussation of the commissural axons at the midline is one of the critical events
for the proper channeling of the forebrain commissure. Although in neuron-specific
Sema 3F conditional KO mice the decussation of the AC is largely disorganized, a
minuscule fraction of AC axons still cross the midline, indicating that other guidance
cues must be functional in this region (Sahay et al., 2003). Indeed, anterior commissure
defects have been observed in netrin-1, Sema 3F, Sema 3B, Nrp2, plexin-A4, Racl
(conditional), draxin and TSK mutant mice (Serafini et al., 1996; Chen et al., 2000;

Sahay et al., 2003; Julien et al., 2005; Suto et al., 2005;Kassai et al., 2008; Islam et al.,
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2009, Ito et al., 2010). The AC midline crossing occurs in close association with the
ependymal layer of the third ventricle, and the AC is surrounded by a tunnel of
extracellular matrix molecules, glial cells, netrin, draxin and TSK that may provide cell
contact guidance for AC fibers (Pires-Neto and Lent, 1993; Henkemeyer et al., 1996;
Serafini et al., 1996; Cummings et al., 1997; Lent et al., 2005; Islam et al., 2009, Ito et
al., 2010, present work). Taken together, attractive and repulsive double signaling may
be needed to achieve fine control of axonal trajectories and may guide the progressive
lateromedial turning of AC fibers that directs the tract toward the midline. A simplified
schematic diagram showing the different axon guidance molecules that are responsible

for formation of the AC is shown in Fig. 30B.

Although netrin-1 and DCC mutant mice lack a CC and midline cortical tissues and
callosal axons express netrin-1 and DCC, respectively, no direct evidence currently exists
to support a role for netrin-1/DCC signaling in the attraction of callosal axons toward the
midline (Serafini et al., 1996; Fazeli et al., 1997; Molyneaux et al., 2009; Izzi and
Charron, 2011; Chédotal, 2011). However, Sema 3C has been recently reported to be a
midline attractant for callosal axons (Niquille et al., 2009; shown in Fig. 30A). The GW
assists the guidance of callosal axons across the midline by preventing their ventral
growth into the septum, and the IG is thought to act as a dorsal repulsive barrier for
callosal axons. These boundaries were thought to be due to anatomical position and their
expression of the repulsive guidance molecules Slit2, Ephrins and draxin (Bagri et al,
2002; Shu et al., 2003; Mendes et al., 2006; Islam et al., 2009). Interestingly, TSK is also
expressed in a zone similar to that of the above-mentioned repulsive guidance molecules
around the GW and IG (Fig. 3F, Fig. 8A); that is, the strategic area of CC axon

formation. This observation suggests that TSK also has a guiding effect on CC
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development. Because netrin-1, Sema3C, Slit, draxin and TSK are secreted molecules,
one could question whether and how they are maintained close to their sources to
establish a gradient strong enough to be perceived by the growing commissural axons.
One possibility is that adjacent cellular or molecular barriers limit their diffusion away
from the midline. Similarly, the question of what makes the callosal and commissural
axons remain within their tracts may be answered by the existence of organizing, growth-
inhibiting structures at the borders of these tracts that may not only maintain diffusible
molecules within the tracts but also inhibit axonal deviation from the main path of
growth. Glial cells and their extra cellular matrix (ECM) are good candidates for this
function because they form tunnels, lanes, or simply borders around the AC (Pires-Neto
et al., 1998; Lent et al., 2005) and the CC (Shu and Richards, 2001; Lent et al., 2005),
through which the efferent fibers grow. Both draxin and TSK are expressed in glial cells.
Furthermore, our previous studies have shown that draxin has a high affinity for
basement membranes (Islam et al., 2009), which are part of the ECM. Moreover, the
SLRP family (of which TSK is a member) participates in the organization of the ECM
and has important effects on cells (McEwan et al., 2006). Taken together, the functions

of both draxin and TSK are required to form the commissural axons.

It is not yet clear why switching off a single ligand/receptor complex is sufficient to
fully prevent the crossing of the commissural axons, given the redundancy of
chemorepulsive molecules and their receptors. One possibility is that these repellents and
their receptors might share some common downstream signaling. For instance, neucrin
(an alternative name for draxin) and TSK bind to Wnt receptor LDL receptor-related
protein 6 (LRP 6) and Fzd4, respectively, and both inhibit the Wnt signaling pathway

(Miyake et al., 2009; Ohta et al., 2011). Moreover, TSK binds to netrin and both draxin
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and netrin share the common receptor, DCC. Thus, draxin and TSK might exert their
functions through a common downstream signaling pathway. Alternatively, multiple
signaling pathways might be involved in commissural axon formation, and draxin and
TSK could follow independent pathways. Although DCC is one of the functional
receptors for draxin that partially regulates the formation of the CC, other receptors must
be involved in mediating draxin’s function in the formation of the AC and CC. Further
research is necessary to identify the functional receptors of both draxin and TSK that are
required for the formation of forebrain commissures and to elucidate the downstream

signaling components of draxin and TSK.

4-2. Part B

Netrin exerted its chemoattractive function through interacting with DCC, whereas
draxin shows its chemorepulsive activity via binding to the same receptor (Ahmed et al.,
2011). As different ligands interacted with the same receptor, DCC; and shows opposite
functions of axon guidance, there might be some other molecule(s) that also interact with
DCC to perform the opposite signaling pathway. To identify the receptor-associated
molecules through proteomics approach we need a good antibody against draxin to
perform immunoprecipitation (IP). So far there was no good antibody commercially
available against mouse draxin to fulfill our requirement. Thus, we went for the
production of mouse draxin monoclonal antibody. We were successful after several trials
to raise the antibody against mouse draxin using draxin knockout mice as a host. Later,
we confirmed that the produced antibody is mouse draxin IgM monoclonal antibody

which could be used for immunocytochemistry (Fig. 23) but not for IP experiments.

As an alternative way, we mixed draxin-conditioned medium to the wild type mouse
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E17.5 brain lysate and perform IP using anti-DCC and anti-chick Draxin antibody.
Excessive draxin might boost up the interaction with higher numbers of DCC and thus
other interacting molecules to the DCC will make complex. Therefore, IP by anti-DCC
antibody precipitated DCC as well as the interacting molecules to DCC. As, draxin CM
was mixed with brain lysate; it will interact with DCC, and anti-CDra MAb could pull
down the chick draxin as well as DCC with its interacting molecule(s). As a negative
control anti-human IgG antibody was used. Later, our collaborator performed mass
spectrometry analysis. We found 4 unique prominent candidates. We carefully need to

screen these candidate molecules to identify the real interacting partner protein.

4-3. Part C

Draxin is a chemorepulsive axon guidance molecule required for development of
all forebrain commissures: the corpus callosum, hippocampal commissure and anterior
commissure (Islam et al., 2009). Hippocampus is one of the best-analyzed parts of the
brain due to its involvement in the higher functions of learning and memory and in
various mental diseases. Hippocampus is particularly vulnerable to ischemia, which
selectively affects CA1l pyramidal neurons and destroys hippocampal circuitry by
inducing cell death. Draxin is expressed from differentiating neurons, astroglia and radial
glia in the developing hippocampus (Zhang et al., 2010). Draxin might have different
functions other than axon guidance in the brain. As hippocampus is a very important part
of the brain, in the present study we tried to elucidate the effects of global cerebral
ischemia and also middle cerebral artery occlusion (MCAO) on draxin gene expression
as well as neurogenesis in the adult mouse brain hippocampus. Global cerebral ischemia
was confirmed by CAl cell death analysis by Nissl staining where as MCAO was

confirmed by TTC staining.
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Draxin gene is replaced by LacZ gene in the Draxin KO mice. Lac Z (draxin)
expression is almost disappeared in 3-4 months old mice. Thus, ischemic experiment was
performed on 3-4 months adult draxin KO mice and we found that draxin is either up
regulated or reappeared in dentate gyrus of hippocampus as well as SVZ and olfactory
bulb after 3 days of ischemia. This data provided us a very important clue about draxin
that might have other significant function besides the axon guidance activity. In the
present study, we have experienced higher mortality rate of ischemic mice like other
researchers (Ueda, 2009). One reason might be the hypothermia during the surgery or in
the post surgery environment. Another reason might be the severe disturbance of vagus
nerve while performing the operation. Furthermore, it seemed that draxin KO mice are

weaker than that of wild type mice.

Draxin is expressed from differentiating neurons, astroglia and radial glia in the
developing hippocampus (Zhang et al., 2010). We need to perform
immunohistochemistry to check which cells express draxin using neuronal and glial cell
marker in ischemic dentate gyrus. As it is certain that draxin is re-expressed or up
regulated after ischemia; at this stage one burning question is that, what is the function
this newly formed draxin? More simply we can find out the answer of the following
question; does draxin has a role in the adult neurogenesis? Several researchers
established the fact that ischemia induces neurogenesis in the DG and SVZ (Liu et al.,
1998, Jin et al., 2001, Kee et al. 2001, Yagita et al. 2001, Yoshimura et al. 2001, Zhang
et al. 2001, Arvidsson et al. 2002, Iwai et al. 2002, Parent et al. 2002, Schmidt and
Reymann 2002, Iwai et al. 2003, Tonchev et al. 2003, Zhu et al. 2003, Tanaka et al.
2004, Zhang et al., 2004). As draxin is up regulated in the DG as well as SVZ following
ischemia and ischemia induced neurogenesis in these regions; there is a high possibility

that draxin might play an important role in neurogenesis.
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5. Conclusion

e Tsukushi (TSK) is a novel repulsive axon guidance molecule for cortical and AON
axons; and the combinatorial guidance activity of draxin and TSK is essential for

forebrain commissure formation.

¢ Four unique types of protein (i) ELKS/Rab6-interacting/CAST family member 1 (Gene
name: Ercl), i1) Neogenin (Gene name: Neol), ii1) Potassium/sodium hyperpolarization-
activated cyclic nucleotide-gated channel 4 (Gene name: Hcn4), Lethal(2) giant larvae
protein homolog 1 (Gene name: Llgll) are identified by proteomics approach which are

promising candidates as co-receptor(s) of draxin.

e Both MCAO and global cerebral ischemia methods are established and most
importantly draxin mRNA expression is up regulated or re-expressed after ischemia

which might have role in adult neurogenesis.
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6. Future perspectives

6-1. Part A

Our next challenge is to elucidate the common signaling mechanism of draxin and TSK.
Although, TSK does not bind to DCC, there is a possibility that it could bind with other
receptors of draxin - Neogenin, Unc5 and Dscam. Moreover, we also need to check
whether draxin binds with TSK receptor frizzled 4. After attainment of any positive

interaction, we could further proceed to explore the common signaling mechanism.

6-2. Part B

Further careful investigation is obligatory to screen these candidate molecules. In
brief, COS-7 cell will be seeded and will be transfected by individual candidate clone.
Two days later of transfection, cells will be stained by Draxin-AP. If signal is observed
any of individual clones, we could proceed for cell surface binding analysis. Cell surface
Binding analysis experiment will be done to check whether the screened clone is true
receptor for Draxin or not. COS-7 cells will be transfected with an expression vector
encoding Draxin receptor candidates. After 48 hrs of transfection COS-7 cell will be used
for binding assay for Draxin protein according to the standard protocol. Later, we need to
analyze the mRNA expression pattern of these candidate receptor proteins by in situ
hybridization in different region of chick and mouse embryo, especially where Draxin
sensitive neurons exist. Further, to compare the receptor mRNA pattern with that of
protein expression, immunohistochemistry need to be performed. Besides, functional
analysis of the Draxin receptor candidate could be performed. The aim of this experiment
is to confirm whether the Draxin receptor candidate is truly receptor for Draxin.
Functional analysis could possible by i) siRNA approach:siRNA-IRES-GFP construct

against Draxin receptor candidate mRNA would be made and then would be
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electroporated in the dorsal spinal cord. Explant from the siRNA-GFP electroporated site
would be cut and cultured in the collagen gel either in presence of Draxin and Netrin
protein or in presence of Draxin only. If GFP positive neurite growth is not inhibited in
presence of Draxin, it means the candidate mRNA must be the receptor for draxin; ii)
Functional antibody approach: After getting the receptor’s sequence, receptor protein
would be purified and would be used to immunize the rabbit several times. Then, explant
from dorsal spinal cord will be made and cultured in collagen gel both in presence of
Draxin with its immunized serum and Draxin with non-immunized serum. If neurite
growth inhibition by Draxin is not occurred in presence of immunized serum, it indicates
that the antibody is function blocking which in turn indicates that the immunized protein

1s receptor protein.

6-3. Part C

As, there is a high possibility that draxin might play an important role in neurogenesis, it
would be interesting to check the «cell proliferation. To check the cell
proliferation/neurogenesis in hippocampus in adult mice, after 9 days of post ischemia,
BrdU (thymidine analog) need to be administered intra-peritoneally for consecutive 3
days (twice daily) and analyzed on 150 day of post ischemia. By comparing the number
of BrdU positive cells of post-ischemic WT and draxin KO mice, it would be possible to
determine whether draxin has any role in the cell proliferation. If the BrdU positive cell
number is higher in WT than KO mice, it will be clear that draxin has a role in

neurogenesis.
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