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Abstract
mDia is an actin nucleator and polymerization factor regulated by the small GTPase
Rho and consists of three isoforms. Here, we found that mice lacking mDial and mDia3,
two isoforms expressed in the brain, in combination (mDia-DKO mice) exhibit
impaired left-right limb coordination during locomotion, and aberrant midline crossing
of axons of corticospinal neurons and spinal cord interneurons. Given that mice lacking
Ephrin-B3-EphA4 signaling exhibit the similar impairment in locomotion, we examined
whether mDia is involved in Ephrin-B3-EphA4 signaling for axon repulsion. In primary
cultured neurons, the mDia deficiency impairs growth cone collapse and axon retraction
induced by chemo-repellants including EphA ligands. In mDia-DKO mice, the
Ephrin-B3-expressing midline structure in the spinal cord is disrupted, and axons
aberrantly cross the spinal cord midline preferentially through the region devoid of
Ephrin-B3. Therefore, mDia plays multiple roles in the proper formation of the neural

network in vivo.



Toyoda et al.
Roles of mDia’s in axon path finding
Introduction

For proper formation of neuronal networks, extracellular guidance cues either
attract or repel axons of certain types of neurons at genetically determined locations in
the brain (Kolodkin & Tessier-Lavigne 2011). Axons sense extracellular cues at their
growing tips called the growth cone, and reorganize the cytoskeleton to steer themselves
to appropriate directions.

The small GTPase Rho is critical for actin reorganization in various cell types, and
mediates axon repulsion induced by several repulsive cues (Hall & Lalli 2010). Rho
acts at least two effector molecules, ROCK and mDia, and induces actomyosin stress
fibers in cultured fibroblasts (Narumiya et al. 2009). ROCK is a Rho-associated kinase
that induces phosphorylation of myosin light chain and regulates myosin-based
contractility. mDia is a formin family protein, and upon being activated by Rho,
catalyzes actin nucleation and polymerization to produce long straight actin filaments
(Higashida et al. 2004). Of these Rho effectors, ROCK has been established as a
mediator of axon retraction (Hirose et al. 1998; Bito et al. 2000). Notably, inhibitors for
Rho and ROCK abolish axon repulsion induced by ephrins and semaphorins in primary
cultured neurons (Wahl et al. 2000; Shamah et al. 2001; Swiercz et al. 2002; Cheng et
al. 2003; Gallo 2006). These findings have led to an idea and preclinical attempts to
employ ROCK inhibitors for axon regeneration after nerve injury (Kubo et al. 2007).
Thus, injection of ROCK inhibitors or genetic deletion of ROCK-II facilitates axon
sprouting and functional recovery after spinal cord injury in rodents (Fournier et al.
2003; Chan et al. 2005; Duffy et al. 2009).

In contrast, a role for mDia in axon retraction remains unknown. Previous studies

demonstrated that mDia mediates axon elongation in response to SDF-1a in the primary
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culture of cerebellar granule cells and cerebral cortical neurons (Arakawa et al. 2003;

Ohshima et al. 2008). Thus, mDia mediates actions apparently opposite to ROCK in

neuronal morphogenesis in some in Vvitro situations. However, whether mDia functions

physiologically in axon elongation or retraction in vivo, and if so, how it functions in
neural development remain unknown.

Among three mDia isoforms, mDial and mDia3 are expressed in the mouse brain
during and after development (Shinohara et al. 2012). We therefore generated mice
lacking mDial and mDia3 (Sakata et al. 2007; Shinohara et al. 2012). Since mice
lacking either of these two isoforms alone did not have apparent abnormality, we
generated mice lacking mDial and mDia3 in combination (mDia-DKO) by crossing
mDial " ;mDja3™" pairs. As we recently reported, these mice exhibit several
abnormalities in neural development. First, mDia deficiency disrupts the integrity of
apical surface of the neuroepithelium of developing brain, and this deficit appears to
cause periventricular dysplasia, which eventually leads to hydrocephalus (Thumkeo et
al. 2011). Second, mDia-DKO mice show impairment in tangential migration of
olfactory and cortical inhibitory interneuron precursors, while radial migration of
cortical excitatory neurons is intact (Shinohara et al. 2012). Besides these findings,
mDia-DKO mice exhibit abnormal gait pattern during locomotion, suggesting an
abnormal formation of the neural network. Here we have examined how mDia functions

in axon guidance in vivo and in vitro.
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Results
Mice lacking mDial and mDia3 in combination exhibit impaired left-right limb
alternation during locomotion

We noticed rabbit-like hopping gait of mDia-DKO mice first in their home cages.
We therefore examined their gait pattern by recording footprints of mice of various
mDia genotypes during locomotion. Whereas wild-type mice showed a normal
alternating pattern of left and right hindlimb movement during locomotion, mDia-DKO
mice showed abnormal synchrony of left and right hindlimb movement (Fig. 1A; Movie
S1). Abnormal left-right synchrony was also observed in forelimb movement of
mDia-DKO mice (data not shown). For quantitative analysis, we determined the ratio of
the distance between adjacent footprints of left and right hindlimbs (‘B’) and the
distance between adjacent footprints of the same hindlimb (‘A’) (Fig. 1B). The B/A ratio
indicates the degree of left-right hindlimb alternation, such that left-right limb
alternation and synchrony correspond to 0.5 and 0.0, respectively. In wild-type mice, the
B/A ratio was 0.48 £ 0.03, indicating normal left-right hindlimb alternation (Fig. 1B). In
contrast, this ratio was significantly reduced to 0.10 £ 0.01 in mDia-DKO mice (Fig.
1B). These data showed that the loss of mDial and mDia3 in combination leads to
defective left-right limb coordination during locomotion. Such a deficit was absent in
either mDial-KO (mDial”;mDia3"Y), mDia3-KO (mDial”*;mDia3™") or

mDial-heterozygous, mDia3-KO (mDial”";mDia3™"

) mice (Fig. 1A) as confirmed by
the B/A ratio (Fig. 1B). Therefore, mDial and mDia3 play redundant roles in formation

of neuronal circuits underlying gait control.

mDia-DKO mice exhibit aberrant midline crossing of axons of spinal cord
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interneurons and corticospinal neurons

Several knockout mice lacking molecules involved in axon guidance, such as
Eprhin-B3 and EphA4, have similar synchronous pattern of the left-right limbs during
locomotion (Kullander et al. 2001; Kullander et al. 2003; Wegmeyer et al. 2007). Since
those mice exhibited aberrant midline crossing of axons of spinal cord interneurons and
corticospinal neurons, we examined whether similar anatomical abnormalities exist in
mDia-DKO mice in the following manners. First, we examined axonal projections of
spinal cord interneurons in mDia-DKO mice by unilateral injection of RDA to the
ventral side of the spinal cord of wild-type and mDia-DKO neonates. Wild-type mice
showed anterogradely labeled axons contralateral to the injection side only at the most
ventral region of the spinal cord (upper panels in Fig. 2A, dashed circle). This is
consistent with the presence of commissural axons of spinal cord interneurons, as
previously reported (Kiehn & Butt 2003). Similar ventral commissural fibers were also
observed in the spinal cord of mDia-DKO mice (lower panels in Fig. 2A, dashed circle).
However, in addition to these axons, a larger number of anterogradely labeled axons
projected to the side contralateral to the injection in mDia-DKO mice (Fig. 2A). Such
aberrant midline crossing of axons in mDia-DKO mice was observed dorsal to the
location of normal commissural axons in both genotypes (Fig. 2A, arrowheads). The
dorso-ventral distribution of RDA-labeled axons that crossed the midline significantly
differed between wild-type and mDia-DKO mice (Fig. 2A, B). These findings indicate

that mDia deficiency causes aberrant midline crossing of spinal cord interneurons.
We next examined whether aberrant midline re-crossing of corticospinal tract
occurs in mDia-DKO mice. To this end, we unilaterally injected BDA into the primary

motor cortex of adult wild-type and mDia-DKO mice and examined the projection of
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these axons in the pyramidal decussation and in the spinal cord (Fig. 3A). In both
wild-type and mDia-DKO mice, BDA-labeled corticospinal axons that arose from
neurons of the motor cortex crossed the midline and projected toward the dorsal
funiculus at the level of the pyramidal decussation (Fig. 3B-3D). In the spinal cord of
wild-type mice, BDA-labeled axons that entered the gray matter from the dorsal
funiculus were confined to the contralateral side of the BDA injection, and rarely
re-crossed the midline (Fig. 3E, F). In contrast, in mDia-DKO mice, many of these
axons aberrantly re-crossed the midline and projected to the gray matter of the spinal
cord at the side ipsilateral to the injection side (Fig. 3G). The percent of sections
showing aberrant recrossing of corticospinal axons was significantly larger in
mDia-DKO mice than wild-type mice (Fig. 3H).
These data together suggest that mDia deficiency impairs axon repulsion of both

spinal cord interneurons and corticospinal neurons at the midline of the spinal cord.

mDia is critical for axon retraction in primary cultured neurons

To examine whether mDia is involved in EphA signaling for axon retraction, we
employed primary culture of hippocampal neurons, which has been used as a model for
EphA-dependent axonal retraction (Knoll et al. 2006). We examined effects of
Ephrin-B3 that is present at the midline and prevents aberrant crossing at the spinal cord
(Kullander et al. 2001) and those of Ephrin-A5 that similarly binds to EphA receptors
and causes neurite retraction (Wahl et al. 2000; Cheng et al. 2003; Knoll et al. 2006).
We also tested effects of semaphorin 3A (Sema-3A) that also induces axon retraction in
a Rho-ROCK signaling-dependent manner (Gallo 2006). Since mDia promotes de novo

formation of actin filaments, we stained filamentous actin with fluorescent phalloidin in
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wild-type and mDia-DKO neurons without or with the stimulation. Without the
stimulation, no apparent abnormality was observed in the growth cone in mDia-DKO
neurons: enrichment of filamentous actin and lamellipodial formation were similarly
observed in wild-type and mDia-DKO neurons (Fig. 4A). Bath application of
Ephrin-B3, Ephrin-AS or Sema3A induced growth cone collapse and axon retraction in
wild-type neurons (Fig. 4A, B), as previously reported (Knoll et al. 2006; Iwasato et al.
2007; Yue et al. 2008). Notably, these stimuli abolished actin-rich lamellipodial and
filopodial extensions, although signals for filamentous actin were maintained at the
collapsed tip of the axon (Fig. 4A). On the other hand, while these stimuli induced loss
of lamellipodial structure of the growth cone also in mDia-DKO neurons, they failed to
induce the growth cone collapse: several actin-rich filopodial extensions remained intact
(Fig. 4A, B). These findings suggest that mDia plays a role for axon retraction induced
by multiple chemo-repellants through actin reorganization at the growth cone.

We then analyzed how mDia deficiency affects axon retraction by time-lapse
imaging. In wild-type neurons, bath application of Ephrin-AS5 immediately halted the
membrane ruffling of the growth cone, and subsequently induced collapse of the growth
cone followed by axon retraction (Fig. 4C-4F; Movie S2). Ephrin-A5 treatment
similarly halted the membrane ruffling at the growth cone in mDia-DKO neurons,
whereas growth cone collapse and axon retraction did not occur in a significant
proportion (Fig. 4C-4F; Movie S3). These results show that EphA-dependent axon
retraction consists of at least two processes, halting membrane ruffling with the loss of
lamellipodial actin filaments at the growth cone followed by its collapse and axon

retraction, and suggest that mDia functions critically in the latter process.
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mDia deficiency disrupts the midline localization of Ephrin-B3 that avoids
aberrant midline crossing of axons

It is proposed that the Ephrin-B3 is localized along the midline and this localized
accumulation prevents axons from aberrant midline crossing (Kullander et al. 2001;
Yokoyama et al. 2001). We therefore analyzed whether mDia deficiency could affect the
midline localization of Ephrin-B3 expression by immunofluorescent staining using an
antibody to Ephrin-B3 previously reported (Nakamura et al. 2012). Consistent with the
expression of Ephrin-B3 mRNA (Kullander et al. 2001), Ephrin-B3 signals were
observed in wild-type E14.5 embryos as a continuous band along the midline except for
the region around the central canal, which was devoid of the signal (Fig. 5A). In
mDia-DKO embryos, this Ephrin-B3-devoid region around the central canal expanded,
and nuclear staining revealed disrupted tissue architecture in this region (Fig. 5A).
Notably, axon tracer injection combined with Ephrin-B3 immunostaining revealed that
most of axons aberrantly crossing the midline of mDia-DKO mice passed through the
region devoid of Ephrin-B3 signals (Fig. 5B).

To examine the abnormality of tissue architecture in mDia-DKO mice further, we
carried out histological analysis with H&E staining. This study revealed that
neuroepithelial cell lining of the central canal was severely disorganized in mDia-DKO
mice at E14.5, and that abnormal cellular dysplasia obstructed the central canal (Fig.
6A). We previously reported that loss of mDia results in disruption of neuroepithelium
integrity in developing brain, leading to periventricular dysplasia (Thumkeo et al. 2011).
We therefore suspected that a similar abnormality could occur in the developing spinal
cord. Indeed, the periventricular dysplasia was found stochastically at multiple levels of

the developing spinal cord, and was frequently observed as early as E9.5, which is
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before the midline structure of the spinal cord is formed (Fig. 6B). Consistent with a
role for mDia in neuroepithelium integrity in the spinal cord, mDia3 immunoreactivity
was enriched at the apical surface of the ventricular zone in the developing spinal cord
(Fig. 6C), similarly to mDia3 localization in the developing forebrain (Thumkeo et al.,
2011) as well as mDial localization in the developing spinal cord, as previously
reported (Herzog et al., 2011). These findings suggest that periventricular dysplasia
develops and obstructs in the central canal and interferes with the subsequent formation

of the midline structure expressing Ephrin-B3 for axon retraction in the spinal cord.
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Discussion

Here we found abnormal synchrony of the left-right limb movement during
locomotion in mDia-DKO mice. Histological examination using axon tracer injection
revealed aberrant midline crossing of corticospinal neurons and spinal cord interneurons,
two neuronal populations involved in gait control (Asante et al. 2010). These findings
thus illustrate critical roles of mDia in axon guidance in vivo.

Abnormal alternation of left-right limb movements and aberrant crossing of axons
at the midline of the spinal cord observed in mDia-DKO mice were reminiscent of the
phenotypes previously reported in mice lacking Ephrin-B3 or EphA4 (Kullander et al.
2003; Kiehn 2006). Consistent with this notion, mDia deficiency impairs axon
retraction induced by EphA stimulation. Notably, mDia deficient neurons also fail to
respond to Sema-3A, suggesting a role of mDia for axon retraction induced by multiple
chemorepellants. Our time-lapse imaging of primary culture neurons further revealed
two distinct processes of axon retraction induced by EphA stimulation: the
mDia-independent halting of membrane ruffling and the mDia-dependent growth cone
collapse and axon retraction. Interestingly, it was reported that pharmacological
inhibition of ROCK, another Rho effector that regulates myosin activity, prevents axon
retraction, but not the concomitant loss of growth cone lamellipodia, upon EphA
stimulation in retinal ganglion cells (Harbott & Nobes 2005). Thus, mDia and ROCK
together are involved in EphA-mediated axon retraction, but not in the loss of
lamellipodia in the growth cone. Consistent with a role for mDia in actin nucleation and
polymerization, our finding showed that mDia deficiency affects actin reorganization at
the growth cone upon EphA stimulation. It is plausible that de novo synthesis of straight

actin filaments is necessary for EphA-dependent growth cone collapse and axon
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retraction, and actin filaments produced by the action of mDia are used for

ROCK-mediated actomyosin-based contractility, leading to axon retraction. It should be

noted that the action of mDia in EphA-induced axon retraction found in this study is

apparently opposite to that reported in SDF-1a-induced facilitation of axon elongation.

Since ROCK activity suppresses mDia-mediated axon elongation by SDF-1a in primary

cerebellar granule cells (Arakawa et al. 2003), we speculate that concomitant activation

of ROCK switches the mode of action of mDia from chemoattraction to
chemorepulsion.

As described above, mDia deficiency abolished growth cone collapse and axon
retraction, but not halting of membrane ruffling, induced by EphA stimulation. How
mbDia is selectively involved in one of these processes, but not the other, remains to be
clarified. Since Ephexin is known to act as a guanine nucleotide factor (GEF) for Rho
downstream of EphA (Shamah et al. 2001), Rho activated by Ephexin could activate
mDia. However, simultaneous Rac inactivation is also apparently required for
EphA-mediated axon retraction, because mice deficient in a-chimerin, a Rac-specific
GTPase activating protein activated upon Ephrin-B3-stimualtion, display abnormal
left-right locomotor phenotype associated with aberrant midline crossing of axons of
corticospinal neurons and spinal cord interneurons (Iwasato et al. 2007). Furthermore,
conditional deletion of Racl in the brain disrupts lamellipodia formation in growth
cones of cerebellar granule neurons (Tahirovic et al. 2010). Therefore, it is likely that
inactivation of Racl by a-chimerin mediates EphA-induced loss of lamellipodial actin
filaments at the growth cone, independently of mDia, which is followed by

Rho-ROCK/mDia pathway to complete growth cone collapse and axon retraction.
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Besides the defective axon retraction, we noted that the midline localization of
Ephrin-B3 in the spinal cord was disturbed in mDia-DKO mice. This phenotype is
consistent with the localization of mDial and mDia3 at the apical surface of the
ventricular zone in the developing spinal cord (Herzog et al., 2011; this study). Since
mDia deficiency causes both disrupted midline localization of Ephrin-B3 and partial
impairment in EphA signaling, we could not specify which of these two deficits
underlies aberrant midline crossing of axons in mDia-DKO mice. However, disrupted
midline localization of Ephrin-B3 could be more important than the other, because
axons that aberrantly crossed the midline mostly passed the midline through the region
devoid of Ephrin-B3 expression in mDia-DKO mice (see Fig. 5B). It is plausible that
EphA-mediated halting of membrane ruffling at the growth cone might be sufficient to
mediate the barrier function of EphrinB3 along the midline.

We previously reported that mDia deficiency disrupts the actin belt at the apical
surface of neuroepithelial cells, leading to the periventricular dysplasia in the
developing brain (Thumkeo et al. 2011). We found in this study that periventricular
dysplasia similarly occurs in the spinal cord of mDia-DKO mice from E9.5, much
earlier than the midline structure of the spinal cord is formed. Therefore, abnormal
periventricular dysplasia could interfere with the subsequent formation of the midline
structure expressing Ephrin-B3 of the spinal cord. Our finding is consistent with a
recent report that genetic deletion of RhoA, a regulator for mDia, in neural progenitors
causes periventricular dysplasia in the spinal cord, thereby disrupting the midline
localization of Ephrin-B3 and causing aberrant midline crossing of axons of

corticospinal neurons and spinal interneurons (Katayama et al. 2012). Therefore, the
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integrity of the neuroepithelium that is maintained by the Rho-mDia pathway appears to
be critical for the proper formation of the midline barrier for axon guidance.

In conclusion, our findings show that the loss of mDia impairs EphA-dependent

axon retraction and disrupts the midline localization of its ligands in the spinal cord.

Therefore, our study paves the way for revealing multiple roles of mDia-mediated

cytoskeletal reorganization for proper axon guidance in vivo.
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Experimental procedures
Animals
Wild-type CS57BL/6NCrSlc mice were purchased from Japan SLC (Hamamatsu,
Shizuoka, Japan). mDial” mice were generated as previously described (Sakata et al.
2007). mDia3™" (mDia3”" or mDia3”") and mDia-DKO (mDial”;mDia3™") mice were
generated as described (Shinohara et al. 2012). Mutant mice used in this study were
backcrossed to CS57BL/6N genetic background for more than 10 generations.
Genotyping of mDial and mDia3 deficient allele was performed as described (Sakata et
al. 2007; Shinohara et al. 2012). Embryonic stages were calculated with the noon of the
vaginal plug as E0.5. All animal care and use was in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals and was
approved by the Institutional Animal Care and Use Committee of Kyoto University
Graduate School of Medicine and Graduate School of Comprehensive Human Sciences

in University of Tsukuba.

Analysis of gait pattern

The gait pattern was analyzed as previously described (Kullander et al. 2001) . Briefly,
the front or rear paws of mice were painted with blue nontoxic acrylic paint. Mice were
placed at one end of a corridor of 45-cm long, 5-cm wide with 10-cm height walls on
both side, and were encouraged to walk through the corridor. Seven to fourteen steps of
each mouse were used for quantitative analysis of gait pattern, as described in the

Results section.

Histological analyses
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To make embryonic and neonatal spinal cord sections, after decapitation, fresh spinal
cords were rapidly dissected and immersed in 4% paraformaldehyde in 0.1 M sodium
phosphate buffer (PB, pH 7.4) for overnight. For paraffin sections, the spinal cords were
embedded in paraffin and cut into sections at 5- um thickness. For frozen sections, the
spinal cords were cryoprotected with 0.1 M PB containing 30% sucrose, and were
frozen in Tissue-Tek OCT compounds (Sakura Finetek, Alphen aan den Rijn,
Netherlands). Coronal sections of 30-um thickness were then made using the cryostat
(HM500 OM, Zeiss). Hematoxylin and eosin (H&E) staining were performed using the
standard protocol.

Immunostaining was performed as previously described (Kitaoka et al. 2007).
Briefly, sections were incubated in blocking buffer (3% or 10% normal donkey serum
and 0.3% Triton X-100 in phosphate-buffered saline (PBS)) for 1 h at room temperature
(RT), and then with rabbit anti-Ephrin-B3 antibody (1:100, 34-3600, Life Technologies)
or rabbit anti-mDia3 antibody (1: 200, Sigma) in the blocking buffer overnight at 4°C.
After several washes in PBS containing 0.3% Triton X-100 (PBS-T), the sections were
incubated with Alexa Fluor 488-conjugated secondary antibody (1:200 dilution, Life
Technologies, Carlsbad, CA, USA) in the blocking buffer for 2 h at RT. Nuclei were
counterstained with DAPI (Life Technologies) or Hoechst (Life Technologies). The
spinal cord sections were mounted on MAS-coated glass slides (Matsunami, Osaka,
Japan) using ProLong Gold Antifade Reagent (Life Technologies). Fluorescent images

were acquired using a TCS SP5 confocal microscope (Leica Microsystems).

Tracing of the corticospinal tract (CST) and the spinal-cord local circuit

Axons projecting to the contralateral side in the spinal cord were analyzed as previously
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described (Kullander et al. 2003). Briefly, after decapitation, fresh spinal cords were

rapidly taken. A unilateral cut was made on the ventral side of the L1/L2 segment in the

spinal cord of PO-P3 mice, and small crystals of rhodamine dextran amine (RDA, 3000

MW, Life Technologies) were placed in the cut. The spinal cords were incubated in

oxygenated Ringers solution at RT for 5-8 h, then immersed in 4% paraformaldehyde in

0.1 M PB overnight. Sections of 30-um thickness were then made using the cryostat.

Fluorescent images were acquired using a TCS SP5 confocal microscope (Leica
Microsystems).

Anterograde tracing of CST was performed as previously described (Egea et al.
2005) with minor modifications. Adult mice were anesthetized with an intraperitoneal
injection of ketamine (90 mg/kg) and xylazine (10 mg/kg), and biotin dextran amine
(10% BDA-300 in PBS, Life Technologies) was pressure-injected to 5-7 sites in the left
motor cortex through a glass pipette connected to the Pneumatic PicoPump (World
Precision Instruments, Sarasota, FL, USA). The injection volume was 0.5 pl for each
injection. After postsurgical recovery for 2-3 weeks, the mice were deeply anesthetized
and transcardially perfused with ice-cold PBS and 4 % paraformaldehyde in 0.1 M PB
(pH 7.4). Spinal cords were removed and post-fixed, cryoprotected, and sectioned at
60-um thickness using the cryostat. Sections were incubated with 2% H,0O, in PBS for
30 min, washed with PBS-T, and then incubated with an avidin-biotin-complex (1:100
in PBS-T, Vectastain ABC Elite Kit, Vector Laboratories, Burlingame, CA, USA) for 1
h at RT. After washing with PBS-T, the sections were rinsed with 50 mM Tris-HCI (pH
7.6) and incubated with 0.02% diaminobenzidine-4HCI (DAB) and 0.001% H,O; in 50

mM Tris-HCI (pH 7.6).
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Growth cone collapse assay
Primary hippocampal neurons were prepared as described previously (Togashi et al.
2002) with minor modifications. Briefly, E17.5 embryos were taken from a pregnant
mouse after cervical dislocation. Developing hippocampus was dissected from these
embryos, and digested with trypsin-EDTA (Life Technologies). After trituration using
fire-polished Pasteur pipette, dissociated cells were plated on glass-bottom dishes or
coverslips coated with poly-L-lysine (Sigma) and laminin (Sigma) at the density of
8000-10000 cells/cm?, and cultured in Neurobasal medium (Life Technologies)
supplemented with 0.5 mM L-glutamine and 2% B-27 (Life Technologies). After
culture for 2 days, the neurons were stimulated for 30 min with 5 pg/ml Ephrin-AS5-Fc
(374-EA, R&D Systems, Minneapolis, MN, USA), 5 ug/ml Ephrin-B3-Fc (395-EB,
R&D Systems), 2.5 ug/ml Sema-3A (R&D Systems, 1250-S3), or Fc (009-000-008,
Jackson Immunoresearch Laboratories, West Grove, PA, USA) that had been
pre-clustered with anti-Fc antibody (1/10 w/w anti-Fc/Fc; Life Technologies) for 1 h at
RT. For experiments in Figures 4C-4F and Movies S2 and S3, a time-lapse,
phase-contrast images of an axonal growth cone was acquired at 3-min intervals
through a 20x, 0.40 N.A. objective lens attached to an inverted microscope (Leica
Application Solution Multi-Dimensional Workstation, Leica Microsystems). For
composite time-sequential images in Figure 4D, each of three consecutive images taken
at 3-min intervals was assigned to different color channels using Photoshop CS2

(Adobe Systems).

For immunostaining for pIll-tubulin, the neurons were fixed with 4%
paraformaldehyde for 30 min, and permeabilized with 0.1% Triton X-100 in PBS for 10
min at RT. Fixed neurons were then incubated in the blocking buffer (3% normal
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donkey serum in PBS) for 1 h at RT, and then with anti-BIII-tubulin antibody (1:1000,
MAB1195, R&D Systems) in the blocking buffer overnight at 4°C. After several washes
with PBS, they were finally incubated with Alexa Fluor 488-conjugated secondary
antibody (1:200, Life Technologies), and Alexa Fluor 546-conjugated phalloidin (1:100,
Life Technologies) in the blocking buffer. Fluorescent images were acquired using a

TCS SP5 confocal microscope (Leica Microsystems).

Statistical analyses

All data are shown as means + SEM. Comparison of two groups was analyzed using
unpaired two-tailed Student’s t-test. For comparison of more than two groups, one-way
or two-way ANOVA was performed and followed by Bonferroni’s post hoc test for
evaluation of pairwise group differences. A P value of less than 0.05 was considered
statistically significant. The analyses were performed by Prism 4.0 software (GraphPad

Software, La Jolla, CA, USA).
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Figure legends
Figure 1 mDia-DKO mice exhibit abnormal synchrony of left-right limb movements
during locomotion. (A) Representative hindlimb footprint patterns of various mDia

genotypes, such as wild-type mice, mDial knockout mice (mDial'/ “mDia3" ¥), mDia3

+/+ 3[11111

knockout mice (mDial " ;mDia3™"), mDia3 knockout mice with mDial heterozygous
deletion (mDial"";mDia3™"), and mDia-DKO mice (mDial”;mDia3™"). Hindlimbs
were painted with ink, and the mice were placed on white paper. (B) Quantification of
the degree of left-right synchrony of the hindlimb in various mDia genotypes. The ratio
of the distance between adjacent footprint of left and right hindlimbs (‘B’) and the
distance between two consecutive footprints of the same hindlimb (‘A’) were
determined, and then the B/A ratio was compared across mDia genotypes. The number
of mice is shown in each bar. The genotypes (wt, wild-type; ht, heterozygous; ko,

knockout) are shown below each bar. *** P < (0.0001 for a Bonferroni’s post hoc test

following one-way ANOVA.

Figure 2 Aberrant midline crossing of axons of spinal cord interneurons in mDia-DKO
mice. (A) Representative fluorescent images of RDA-labeled axons that crossed the
midline in the spinal cord of wild-type and mDia-DKO mice. Crystals of RDA were
applied at the L2 segment of the spinal cord of wild-type and mDia-DKO mice at PO.
Photographs of the transverse sections of the L2 segment from wild-type and
mDia-DKO spinal cords are shown. Regions of dashed squares in left images are
magnified and shown in middle images. Commissural fibers at the most ventral region
were similarly observed in wild-type and mDia-DKO spinal cords (dashed circles in

middle images). Axons that aberrantly crossed the midline are highlighted by
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arrowheads. Scale bar, 250 um. Right panels show the signal intensities of RDA along
the midline (dashed lines in the middle images) in the corresponding images. RDA
signals corresponding to axons that aberrantly crossed the midline in the mDia-DKO
spinal cord are highlighted by a black line. Horizontal and vertical axes are shown in
arbitrary units. (B) The dorso-ventral distribution of RDA signals that crossed the
midline of the spinal cord in wild-type and mDia-DKO mice (n = 4 and n = 3,
respectively). RDA signals were scanned similarly to Fig. 2A, and were normalized to
the overall average in each scanned profile. Resultant values were averaged across mice
of each genotype and are shown. Horizontal and vertical axes are shown in arbitrary
units. Note that the distribution of RDA signals is significantly different between the
two genotypes (P = 0.0004 for the Genotype x Bin interaction in repeated-measure

two-way ANOVA).

Figure 3 Corticospinal axons aberrantly re-cross the midline of the spinal cord in
mDia-DKO mice. (A) A diagram that illustrates injection sites of an anterograde tracer
in the primary motor cortex (M1) and a path of the corticospinal tract (CST) axons (red
line) from the cortex across the pyramidal decussation (C, D) into the spinal cord (F, G).
(B) A diagram of cross-sectioned pyramidal decussation. A red line indicates a path of
the labeled CST axons. (C, D) Unilateral labeled CST axons at the pyramidal
decussation in wild-type (C) and mDia-DKO mice (D). The region enclosed by a
dashed square in Fig. 3B is shown for each genotype. Blue and red arrows indicate CST
axons before and after midline crossing, respectively. The dashed line denotes the
midline. Note that CST axons form proper pyramidal decussation in both wild-type and
mDia-DKO mice. (E) A diagram of cross-sectioned spinal cord. A red line indicates a
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path of the labeled CST axons. (F, G) Unilateral labeled CST axons at the cervical level
of the spinal cord in wild-type (F) and mDia-DKO (G). The region enclosed by a
dashed square in Fig. 3E is shown for each genotype. The dashed line denotes the
midline. Note that many CST axons re-crossed the midline and projected to the side
ipsilateral to the tracer injection in mDia-DKO mice (black arrows). (H) Quantification
of the proportion of sections with axons re-crossing the midline of the cervical spinal
cord in wild-type (WT) and mDia-DKO (DKO) (9-25 sections per mice). Sections with
axons re-crossing the midline were more frequently observed in mDia-DKO mice. The

number of mice is shown in each bar. ** P < 0.01 for unpaired t-test. Scale bar, 100 um.

Figure 4 Axon retraction is impaired in mDia-DKO hippocampal neurons. (A)
Wild-type and mDia-DKO hippocampal neurons treated with either preclustered Fc
(control), Ephrin-B3-Fc or Ephrin-A5-Fc for 30 min. The treated neurons were
subjected to immunostaining for BIII-tubulin (green) and phalloidin staining (red). Scale
bar, 20 um. (B) Quantification of the growth cone collapse induced by Ephrin-A5-Fc,
Ephrin-B3-Fc and Sema-3A-Fc in wild-type (WT) and mDia-DKO (DKO) hippocampal
neurons. The proportion of collapsed growth cone in neurons from each embryo was
determined for statistical analyses. 474 growth cones from 6 wild-type embryos and 334
growth cones from 8 mDia-DKO embryos for Fc control; 553 growth cone from 6
wild-type embryos and 291 growth cones from 6 mDia-DKO embryos for
Ephrin-A5-Fc; 435 growth cones from 3 wild-type embryos and 346 from 4 mDia-DKO
embryos for Ephrin-B3-Fc; 347 growth cones from 3 wild-type embryos and 424
growth cones from 4 mDia-DKO embryos for Sema-3A-Fc. *P < 0.05; **P < 0.01;

*#*¥P < (0.001; n.s., not significant (unpaired t-test). (C) Time-lapse, phase-contrast
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imaging of the growth cones of wild-type and mDia-DKO hippocampal neurons before
and after bath application of preclustered Ephrin-A5-Fc (5 pg/ml). Phase-contrast
images were acquired at 3-min intervals indicated by the number in each frame. (D)
Composite time-sequential images shown in (C). Each of these images is composites of
three consecutive images taken at 3-min intervals in different color channels. Immobile
structure should appear in gray. (E, F) Quantification of Ephrin-A5-induced immobility
of membrane ruffling and axon retraction in wild-type and mDia-DKO hippocampal
neurons. The proportion of growth cones that exhibited immobility of membrane
ruffling (E) or axon retraction (F) in neurons from each embryo was determined for
statistical analyses. 159 neurons from 3 wild-type embryos and 116 neurons from 3
mDia-DKO embryos were examined for quantification. Two-way ANOVA showed
statistical significance for the Genotype x Treatment interaction in axon retraction (P <
0.001). *** P < 0.001; n. s., not significant for Bonferroni’s posttests following

two-way ANOVA.

Figure 5 Disrupted midline barrier of Ephrin-B3 is associated with aberrant axon
crossing of spinal cord interneurons. (A) Immunostaining for Ephrin-B3 in the spinal
cord of wild-type and mDia-DKO embryos at E14.5 (n = 3 for each genotype). In the
merged images, Hoechst and Ephrin-B3 are shown in blue and green, respectively. Note
that a midline segment devoid of Ephrin-B3 expression was broadened in mDia-DKO
embryos (arrowheads). Scale bar, 250 um. (B) RDA axon tracing combined with
Ephrin-B3 immunostaining in the spinal cord of wild-type (n = 4) and mDia-DKO (n =
3) embryos at PO. Arrowheads indicate axons that aberrantly cross the midline in

mDia-DKO embryos. In the merged images, Hoechst, Ephrin-B3 and RDA are shown in
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blue, red and green, respectively. Scale bar, 250 um. Rightmost panels show line-scan
profiles of Ephrin-B3 and RDA signals along the midline in the corresponding images.
To assess aberrant midline crossing of axons, RDA signals were measured along the line
parallel to the midline and contralateral to the injection side, as illustrated by dotted
lines in the adjacent left images. Horizontal and vertical axes are shown in arbitrary

units.

Figure 6 Periventricular dysplasia occurs in the spinal cord of mDia-DKO neurons. (A)
H&E staining in the spinal cord of wild-type and mDia-DKO embryos at E14.5 (n = 4
for each genotype). Representative images of coronal sections of spinal cord are shown
at lower (top) and higher (bottom) magnification. Scale bars, 250 um and 100 pum,
respectively. (B) Nuclear staining with Hoechst in the spinal cord of wild-type and
mDia-DKO embryo at E9.5 (n = 3 for each genotype). Scale bars, 100 um. (C) mDia3
immunostaining in the spinal cord of wild-type embryos at E13. Signals for mDia3 and
nuclear staining with Hoechst are shown in green and blue, respectively. A magnified
image of the apical surface is shown in insets. Note that mDia3 signals are enriched in

the apical surface of the ventricular zone. Scale bar, 100 pm.

Movie S1 Abnormal synchrony of left and right limb movements in a representative

mDia-DKO mouse.

Movie S2 Time-lapse imaging of the growth cone of a representative wild-type neuron

before and after Ephrin-AS treatment.
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Movie S3 Time-lapse imaging of the growth cone of a representative mDia-DKO

neuron before and after Ephrin-AS treatment.
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