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Draxin Is Involved in the Proper Development
of the dI3 Interneuron in Chick Spinal Cord
Yuhong Su,1,2,3,4 Sanbing Zhang,1,3,4 Shahidul M. Islam,1,3,5 Yohei Shinmyo,1,3 Iftekhar Bin Naser,1,3,4

Giasuddin Ahmed,1,3,4 and Hideaki Tanaka1,3,4*

Generation of the appropriate types, numbers and distribution of neurons during the development of the
nervous system requires the careful coordination of proliferation, differentiation, and patterning. In this
work, we analyzed the roles of a repulsive axon guidance protein, draxin, on the development of chick spi-
nal cord dI3 interneuron. draxin mRNA and/or protein were detected in the roof plate at first and then
the boundary region between the ventricular and the mantle zones in chick spinal cord and dorsal base-
ment membrane of the chick spinal cord. Overexpression of draxin caused the decreased and delayed
migration of the dI3 interneuron, the reduction of progenitor cell proliferation, and abnormal localization
of some ectopic progenitor-like cells in the mantle zone of the spinal cord. Our data reveal that draxin
may be involved in the proper development of the dI3 interneuron in chick spinal cord. Developmental Dy-
namics 239:1654–1663, 2010. VC 2010 Wiley-Liss, Inc.
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INTRODUCTION

Neurogenesis in the embryonic spinal
cord is marked by the emergence of
distinct classes of neurons at sharply
delineated positions along the dorso-
ventral (DV) axis of the neural tube
(Jessell, 2000). Cell types arising from
progenitor domains in the dorsal
half of the spinal cord are dedicated
to processing sensory signals between
the periphery and the brain. The
ventral progenitor populations give
rise to motor neurons and interneur-
ons essential for the control of posture
and locomotion. Roof plate–derived

signals establish regional identities

in the dorsal neural progenitors of

the ventricular zone by inducing

the expression of the proneural basic

helix loop helix (bHLH) factors

Math1 (or its chick homolog Cash1),

Ngn1/2 and Mash1 (or its chick homo-

log Cash1) (Gowan et al., 2001;

Timmer et al., 2002). These progeni-

tors differentiate into six classes of

early dorsal interneurons (dI1–6).

The six populations can be divided

into two classes: class A and class B

neurons. Class-A neurons, dI1–3, give

rise to commissural and other inter-

neurons of the deep dorsal horn
(Müller et al., 2002), and their gener-
ation is largely roof plate–dependent
(Lee et al., 2000; Millonig et al.,

2000). The generation of class-B neu-
rons, dI4–6, appears to be roof plate–
independent (Gross et al., 2002; Mül-
ler et al., 2002).
Interkinetic nuclear migration

(INM) is the proliferative cell behav-
ior in which the nuclei of neuroepi-
thelial cells migrate in an apical-to-
basal and then basal-to-apical man-
ner. INM has been documented in
multiple systems, including the
developing spinal cord, cerebral cor-
tex, and retina. Inside these systems,
the neural progenitors make cyto-
plasmic connections with both the
apical and the basal sides of the neu-
ral epithelium, whereas the position
of the nucleus along the apical-basal
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axis varies depending on the stage of
the cell cycle (Frade, 2002; Buchman
and Tsai, 2008). Following cell-cycle
exit, progenitors migrate via nuclear
translocation, a mode of cellular
migration in which the soma of the
neuroepithelial cell moves by way of
nuclear migration while maintaining
apically and basally directed proc-
esses (Ghashghaei et al., 2007). INM
may serve as a mechanism for
increasing the density of the prolifer-
ative pool while still maintaining ad-
herence junctions during mitosis
(Frade, 2002). Preservation of the
apical and basal processes allows for
the maintenance of localized protein
signaling complexes, such as the ad-
herence and tight junction-associated
protein complexes at the apical end
of neuroepithelial cells (Chenn et al.,
1998), and distinct signaling com-
plexes, including those associated
with focal adhesions at the basal
surface (Li and Sakaguchi, 2002;
Wozniak et al., 2004). Therefore, the
displacement of interphase nuclei
throughout the epithelium allows ap-
ical-basal localized signaling com-
plexes to be maintained throughout
the cell cycle in the densely packed
proliferative neuroepithelium (Baye
and Link, 2008).

We recently identified a novel
secreted repulsive axon guidance
molecule that we named draxin,
which stands for ‘‘dorsal repulsive
axon guidance protein’’ (Islam et al.,
2009). Draxin is required for the de-
velopment of the spinal cord and
forebrain commissures (Islam et al.,
2009) and may also function as a
regulator of chick neural crest
migration (Su et al., 2009). In the
present study, we localized the
draxin protein and mRNA during de-
velopment of the chick spinal cord
dI3 interneuron. Ectopic overexpres-
sion of draxin caused the decreased
and delayed migration of dI3 inter-
neurons. Furthermore, we found
some ectopic progenitor-like cells
that localized to the mantle zone of
the spinal cord abnormally after the
ectopic overexpression of draxin.
This might cause a reduction of the
progenitor cell pool and cell prolifer-
ation. Our data reveal that draxin
may be involved in the development
of the dI3 interneuron in chick spi-
nal cord.

RESULTS

Draxin Is Expressed in the

Roof Plate, Basement

Membrane, and Dorsal Part

of the Chick Spinal Cord

Anti-draxin immunohistochemistry
was carried out by transverse section
staining (Fig. 1A, D, and G) to exam-
ine the distribution pattern of draxin
protein in the chick spinal cord. At
HH (Hamburger and Hamilton, 1951)
stage 17–18 of the chick spinal cord,
draxin was detected in the roof plate,
the most lateral part of the basement
membrane, and the dorsal lip of the
dermomyotome (Fig. 1A). At stage
22–23, draxin was similarly detected
except for additional strong staining
in the dorsolateral basement mem-
brane and absence in the dorsal der-
momyotome (Fig. 1D). At the same
stage, we performed draxin in situ
hybridization experiment. The draxin
mRNA was detected strongly in the
roof plate, the boundary region
between the ventricular and mantle
zones, and weakly in the dorsal part
of spinal cord (Fig. 1D0). This result
indicated that at this stage some cells
in the dorsal central part of the spinal
cord had already started to express
draxin. At stage 25–26, many cells in
the dorsal central part of the spinal
cord expressed draxin in addition to
the earlier expression (Fig. 1G).

Formation and Migration

Pattern of the dI3

Interneuron in the Chick

Spinal Cord

Immunostaining of Islet-1/2 at differ-
ent stages of chick spinal cord devel-
opment was carried out to show the
formation and migration pattern of
chick dI3 interneurons by transverse
section staining (Fig. 1B, E, and H)
and a lateral view of the whole-mount
open-book preparation (Fig. 1C, F,
and I). The floor plate is located in the
middle and the roof plate is located in
the upper and lower edge in whole-
mount open-book preparation. At
stage 17–18, the Islet-1/2-positive dI3
interneuron was not formed in the
dorsal part of the spinal cord (white
arrowheads in Fig. 1B and C). Many
Islet-1/2-positive cells were detected
in the DRG and motor neuron column
(Fig. 1B and C). At stage 22–23, some

dI3 interneurons were formed in the
dorsal part of the spinal cord (Fig.
1E). Whole-mount open-book prepara-
tion and Islet-1/2-HRP immunostain-
ing showed that the newly formed dI3
interneurons formed a single straight
band near the roof plate (Fig. 1F).
Many Islet-1/2-positive cells were also
detected in the DRG and motor neu-
ron column (Fig. 1E and F). At stage
25–26, many dI3 interneurons were
formed in the dorsal part of the spinal
cord (Fig. 1H). Some dI3 interneurons
started to migrate ventrally (white
arrowheads in Fig. 1H). Whole-mount
open-book preparation and Islet-1/2-
HRP immunostaining showed that
the cells in the dorsal spinal cord
form a straight band near the roof
plate. The migrating dI3 interneurons
formed another straight band near
the motor neuron column (Fig. 1I).
The draxin expression in the dorsal
middle part of the spinal cord started
at a slightly later stage (stage 22–23).
At the same time, the draxin signal
became stronger and concentrated to
the dorsolateral region of the basement
membrane. These changes happen to-
gether with the commencement of dI3
interneuron differentiation. From this
correlation, we speculate that draxin,
especially draxin expressed in the dor-
sal middle part of the spinal cord and
the dorsolateral basement membrane,
may be involved in the development of
dI3 interneurons.

dI3 Interneurons Can Bind

Draxin-AP Protein

To determine whether trunk dI3
interneurons express a draxin recep-
tor, a draxin-AP-binding assay was
performed. When sections from the
trunk spinal cord region of stage 21–
22 chick embryos were incubated
with draxin-AP protein, positive sig-
nals were detected in the roof plate,
dorsal basement membrane, and dor-
solateral spinal cord (Fig. 2D). Islet-1/2
immunostaining in the same section
showed that almost all the dI3 inter-
neurons could bind draxin-AP protein
(Fig. 2E and F). But when control-AP
protein was incubated with spinal cord
sections, no signal was detected inside
the spinal cord (Fig. 2A–C). This
result indicates that dI3 interneurons
express a draxin receptor and have
the ability to respond to draxin.
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Fig. 1.

Fig. 2.
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Overexpression of Draxin

Causes a Delay in Migration

and a Decreased Number of

dI3 Interneurons

To determine the in vivo function of
draxin during the development of dI3
interneurons, we overexpressed
secreted draxin or trans-membrane
form draxin cDNA in the chick spinal
cord by in ovo electroporation. The
empty vector was electroporated as
the control. Electroporation effec-
tively induced ectopic expression of
draxin by the co-induced EGFP
(Islam et al., 2009). The trans-mem-
brane form of draxin or vector was
first overexpressed in chick spinal
cord at stage 18–19 and then Islet-1/2
immunostaining was checked at
stages 25–26 by transverse section
(Fig. 3A, B, D, and E) and by the lat-
eral view of the whole-mount open-
book preparation (Fig. 3C and F).
When the vector was overexpressed,
dI3 interneuron formation and migra-
tion were normal in both the control
and the electroporated side of the spi-
nal cord (Fig. 3A–C). When the trans-
membrane form of draxin was overex-
pressed, the migration of dI3 inter-
neurons was delayed and the number
of dI3 interneurons also seemed to be
reduced in the electroporated side
compared with the control side (Fig.

3D–F). Whole-mount open-book prep-
aration and Islet-1/2-HRP immuno-
staining showed clearly that the
migration was delayed, so the
straight band formed by migrating
dI3 interneurons was further toward
the motor neuron column compared to
the control side (black arrowhead in
Fig. 3F). The black arrow (Fig. 3F)
shows that some cells were located
between the two bands because of the
delay in migration. The cell density
was also reduced compared with the
control side so that the two dI3 inter-
neuron bands were lighter than the
two bands in the control side (Fig.
3F).

To get detailed information about
the effects of ectopic draxin in the de-
velopment of dI3 interneurons in the
chick spinal cord, we overexpressed
the secreted or trans-membrane
forms of draxin at different stages of
spinal cord development and counted
the number of dI3 interneurons. We
found that ectopic secreted draxin
also caused a decrease of dI3 inter-
neurons (Fig. 4A and B). The effect of
secreted draxin was slightly weaker
than that of the trans-membrane
form of draxin. The relative dI3 inter-
neuron number (the number of dI3
interneuron in the electroporated side
of spinal cord/ the number of dI3 in
the control side) was counted and

compared (Fig. 4C). Overexpression of
vector did not cause a change in the
number of dI3 interneurons, so the
relative dI3 interneuron number was
1.0160.05 (mean6SD, n>12). When
secreted draxin was overexpressed
from stage 12–13 to stage 24–25, the
relative dI3 interneuron was reduced
to 0.8360.08 (mean6SD, n>12).
When the trans-membrane form of
draxin was overexpressed from stage
12–13 to stage 24–25, the relative dI3
interneuron was reduced to
0.5460.12 (mean6SD, n>12). When
secreted draxin was overexpressed
from stage 18–19 to stage 24–25, the
relative dI3 interneuron was reduced
to 0.9260.12 (mean6SD, n>12).
When the trans-membrane form of
draxin was overexpressed from stage
18–19 to stage 24–25, the relative dI3
interneuron was reduced to
0.7260.08 (mean6SD, n>12). Com-
pared with the control, overexpres-
sion of the secreted or trans-mem-
brane forms of draxin both caused a
decrease in the number of dI3 inter-
neurons (Fig. 3C). Under the same ex-
perimental condition, the trans-mem-
brane form of draxin caused a greater
reduction in dI3 interneurons than
the secreted draxin (P<0.001, t-test).
When the overexpression of secreted
draxin is performed at an earlier
stage (stage 12–13), the dI3 inter-
neuron is decreased more compared
with overexpression performed at a
later stage (stage 18–19) (P<0.05,
t-test). The same is true for the trans-
membrane form of draxin (P<0.001,
t-test).

Draxin May Cause a

Reduction of Progenitor

Proliferation in the Chick

Spinal Cord

To determine why draxin caused a
reduction of dI3 interneurons, the
proliferation of progenitor cells in the
chick spinal cord was monitored by
PH3 (phosphorylated form of histone
H3, present in the G2/M phase of the
cell cycle) immunostaining. Given
that the overexpression of the trans-
membrane form of draxin at younger
stages had the strongest effects in the
reduction of dI3 interneurons, we
focused our analysis on the overex-
pression of the trans-membrane form

Fig. 1. Draxin distribution and migration pattern of dI3 interneurons. A: Draxin is detected in
the roof plate (RP), lateral basement membrane of the spinal cord, and dorsal lip of the dermo-
myotome (arrowheads). B: dI3 interneurons are not formed in dorsal spinal cord (arrowheads).
C: dI3 interneurons are not detected near RP. D: Draxin is detected in RP, thick bands of lateral
basement membrane, some cells in dorsal spinal cord. D0: draxin mRNA is detected strongly in
RP and dorsal central spinal cord at stage 23. E: Some dI3 interneurons are formed in dorsal
spinal cord. F: dI3 interneurons are formed in a straight band near RP. G: Draxin is detected in
RP, lateral basement membrane, many cells in the dorsal middle spinal cord. H: Many dI3 inter-
neurons are formed dorsally. Some dI3 interneurons have started to migrate ventrally (arrow-
heads). I: Newly formed dI3 interneurons form a straight band near RP (arrowheads). Migrating
dI3 interneurons form another straight band near MN. RP, roof plate; DRG, dorsal root ganglion;
MN, motor neuron column; FP, floor plate; dI3, dI3 interneuron; St, stage. Scale bars ¼ 100 mm
in A, B, D, and G; 200 mm in C, E, F, H, and I.

Fig. 2. dI3 interneurons can bind draxin-AP protein. A: Control-AP binding assay on stage-21–
22 chick trunk spinal cord. No AP signal can be detected inside of the spinal cord. B: Control-
AP binding assay and anti-Islet-1/2 immunostaining in the same section with A. C: Higher
magnification of the boxed region in B. At this stage, many dI3 interneurons were formed in the
dorsal spinal cord. Among them, no cells bound control-AP protein. D: Draxin-AP binding assay
on stage-21–22 chick trunk spinal cord. Many AP signals can be detected inside of the spinal
cord, such as in the roof plate, dorsal basement membrane, and dorsolateral part of the spinal
cord. E: Draxin-AP binding assay and anti-Islet-1/2 immunostaining in the same section with D.
F: Higher magnification of the boxed region in E. At this stage, many dI3 interneurons were
formed in the dorsal part of the spinal cord. Almost all of the dI3 interneurons can bind draxin-
AP protein. Arrows mark some of the double-stained dI3 interneurons. NT, neural tube; RP, roof
plate; DRG, dorsal root ganglion; MN, motor neuron column. Scale bars ¼ 100 mm in A, B, D
and E; 50 mm in C and F.
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Fig. 3. Overexpression of trans-membrane draxin causes delayed migration and a decrease in the number of dI3 interneurons. A: Vector overex-
pression. B: EGFP expression in the same section with A shows the left side is overexpressed. C: Vector overexpression. EGFP-AP staining (data
not shown) confirmed that the bottom side was overexpressed. dI3 interneuron formation and migration are normal in both sides of the spinal
cord after vector overexpression. D: Trans-membrane draxin overexpression. E: EGFP expression in the same section with D shows that left side
is overexpressed. The migration of dI3 interneurons is delayed (arrowhead), and the number of dI3 interneuron also seems to be decreased on the
overexpressed side. F: Trans-membrane draxin overexpression. EGFP-AP staining (data not shown) confirmed that the bottom side was overex-
pressed. The straight band formed by migrating dI3 interneurons was further from the MN in the overexpressed side (arrowhead). Some cells are
located between the two bands because of the delay of migration (black arrows). Therefore, the two dI3 interneuron bands are lighter than those
on the control side. DRG, dorsal root ganglion; MN, motor neuron column; FP, floor plate; dI3, dI3 interneuron; EP, electroporation; Tm, trans-
membrane. Scale bar ¼ 100 mm.

Fig. 4. The effect of secreted draxin is slightly weaker than that of trans-membrane draxin. A: Secreted draxin is overexpressed in stage-12–13,
and Islet-1/2 immunostaining was examined around stage 24. B: EGFP signal in the same section with A shows that draxin is overexpressed on
the right side. The migration of dI3 interneurons is slightly delayed (white arrowhead). C: Relative dI3 cell number (the number of dI3 interneurons
in the electroporated side of the spinal cord/the number of dI3 in the control side) at different experimental conditions. Vector EP: EGFP vector
was overexpressed from stage 12–13 to stage 25. Secreted E2–5: secreted draxin was overexpressed from stage 12–13 to stage 25. Draxin-TM
E2–5: trans-membrane draxin was overexpressed from stage 12–13 to stage 25. Secreted E3–5: secreted draxin was overexpressed from stage
18–19 to stage 25. Draxin-TM E3-5: trans-membrane draxin was overexpressed from stage 18–19 to stage 25. Ectopic expression of draxin
caused the decrease of dI3 interneurons. *P<0.05, **P<0.001. The decrease of dI3 interneurons was significantly enhanced by trans-membrane
draxin and by overexpression at younger stages than older stages. DRG, dorsal root ganglion; MN, motor neuron column; EP, electroporation; dI3,
dI3 interneuron. Scale bar ¼ 100 mm.
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of draxin from stage 12–13 to stage
18–19. After overexpression of the
vector, the cell number of PH3-posi-
tive cells was not changed (Fig. 5A
and E). After overexpression of the
trans-membrane form of draxin, the
cell number of PH3-positive cells was
reduced (Fig. 5C and E). After overex-
pression of the control vector, the rel-
ative PH3 cell number (the number of

PH3-positive cells in the electropo-
rated side of the spinal cord/the num-
ber of PH3-positive cells in the control
side) was 0.98460.132 (mean6SD,
n>12). After overexpression of the
trans-membrane form of draxin, the
relative PH3 cell number was reduced
to 0.79760.128 (mean6SD, n>12,
P<0.01, t-test). This result indicated
that ectopic draxin could cause a

reduction of progenitor cell prolifera-
tion in the chick spinal cord.

Overexpression of the Trans-

Membrane Form of Draxin

Causes Ectopic Progenitor-

Like Cells in the Mantle Zone

of the Spinal Cord

To trace the proliferation and migra-
tion of the progenitor cells in the ven-
tricular zone of the spinal cord, BrdU
incorporation was performed after
trans-membrane draxin was overex-
pressed at stage 12–13 or stage 18–
19. We first noted that when BrdU
was incorporated for 3 hr, some BrdU-
positive ectopic progenitor-like cells
were located in the mantle zone of the
spinal cord (arrows in Fig. 6A). Very
few BrdU-positive cells were also
found in the mantle zone of the con-
trol side (arrowhead in Fig. 6A). At
the same time, some dI3 interneurons
were already forming at the near
region (arrowheads in Fig. 6B), so
these ectopic BrdU-positive cells may
be the differentiated cells that incor-
porated BrdU before exiting the cell
cycle and leaving the ventricular zone
or progenitor cells ectopically located
in the mantle zone that continue to
proliferate. To clarify the source of the
ectopic BrdU-positive cells in the
mantle zone, we performed 1-hr BrdU
incorporation experiments after
trans-membrane draxin was overex-
pressed from stage 18–19 to stage 24–
25. In the electroporated side, some
ectopic BrdU-positive cells were found
(arrows in Fig. 6D) and the dI3 inter-
neuron formation and migration were
clearly delayed (arrowhead in Fig.
6E). No such changes were found in
the control side (Fig. 6D and E). To
determine whether the ectopic BrdU-
positive progenitor-like cells can
differentiate into dI3 interneurons,
we also performed anti-BrdU and
anti-Islet-1/2 double staining using 30
min of BrdU incorporation. There
were no BrdU and Islet-1/2 double
positive cells in the electroporated
side after trans-membrane draxin
was overexpressed from stage 12–13
to 18–19 (Fig. 6G) and from stage 12–
13 to stage 24–25 (Fig. 6J). There
were no ectopic BrdU-positive cells in
the control side (Fig. 6G and J). BrdU
incorporation during a short time

Fig. 5. Draxin causes the proliferation reduction of progenitor cells in chick embryonic spinal
cord. Overexpression was performed at stage 12–13 and PH3 immunostaining was performed
at stage 18–19. Nuclei were stained by DAPI. A: Vector is overexpressed. B: EGFP signal in the
same section with A shows that overexpression is on the right side. The number of PH3-positive
cells is not changed. C: Trans-membrane draxin is overexpressed. D: EGFP signal in the same
section with C shows that overexpression is on the right side. The number of PH3-positive cells
is reduced in the overexpressed side. E: Relative PH3 cell number (the number of PH3-positive
cells in the electroporated side of the spinal cord/the number of PH3-positive cells in the control
side) is reduced after overexpression of trans-membrane draxin (*P<0.01, t-test, n>12). Control
EP: only EGFP vector was overexpressed. Draxin-TM EP: trans-membrane draxin was overex-
pressed. EP, electroporation; Tm, trans-membrane. Scale bar ¼ 100 mm in A–D.
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exposure, such as 30 min or 1 hr,
always showed cell proliferation
in the mantle zone. We concluded
that after overexpression of trans-
membrane draxin, some progenitor
cells were ectopically located in the

mantle zone, and they could not dif-
ferentiate into dI3 interneurons but
continued to proliferate at this
abnormal position. The few ectopic
BrdU-positive cells in the control side
after 3 hr of BrdU incorporation

might be the differentiated cells that
incorporated BrdU before exiting the
cell cycle and leaving the ventricular
zone because such cells were not
observed after a short period of BrdU
uptake.

Fig. 6. Overexpression of trans-membrane draxin causes ectopic progenitor-like cells in the mantle zone of the spinal cord. Trans-membrane
draxin was overexpressed in stage 12–13 (A–C, G–L) or stage 18–19 (D–F). The white dashed line outlines the boundary of spinal cord. A–C: Three
hours of BrdU incorporation at stage 18–19 and (D–F) 1 hr at stage 24–25. Ectopic progenitor-like cells were localized in the mantle zone of the
overexpressed side (arrows in A and D) and in the control side (arrowhead in A). B and E: Islet-1/2 immunostaining in the adjacent section of A
and D, respectively. C and F: EGFP expression in the same section with B and E, respectively, shows the overexpression side. G–L: Thirty minutes
of BrdU incorporation at stage 18–19 (G–I) and at stage 24–25 (J–L). H and K: Higher magnification of the boxed region in G and J, respectively. I
and L: EGFP expression in the adjacent section with G and J, respectively. Ectopic BrdU-positive progenitor-like cells are not Islet-1/2-positive
(arrows). DRG, dorsal root ganglion; MN, motor neuron column; EP, electroporation; Tm, trans-membrane. Scale bar ¼ 50 mm in H and K, 100 mm
in A–G, I, J, and L.
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DISCUSSION

We examined the role of draxin dur-
ing the development of dI3 interneur-
ons in the chick spinal cord. Genera-
tion of the appropriate types and
numbers of mature neurons during
the development of the spinal cord
requires the careful coordination of
patterning, proliferation, and differ-
entiation. Thus, first we checked the
temporal correlation between the dis-
tribution pattern of draxin and the
development of dI3 interneurons in
the chick spinal cord (Fig. 1). During
the development of dI3 interneurons,
draxin protein was detected in the
roof plate and dorsal basement mem-
brane. Before the differentiation of
dI3 interneurons, draxin was also
detected in the dorsal dermomyotome.
This distribution may be involved in
the development of chick neural crest
cells, such as the migration of early
born neural crest cells (Su et al.,
2009). When the differentiation of dI3
interneurons had already started,
draxin protein and draxin mRNA
were detected in the dorsal part of the
spinal cord. draxin mRNA was just in
the junction zone between the ventric-
ular and mantle zones. Draxin-AP
protein can bind to the entire surface
of cultured living neural crest cells
(Su et al., 2009). At the same develop-
mental stage with the onset of dI3
interneuron differentiation and
migration, we performed draxin-AP
protein binding assay to the unfixed
frozen sections. The result showed
that almost all of the dI3 interneur-
ons had draxin-binding activity (Fig.
2). When numerous dI3 interneurons

were formed, the expression of draxin

became very strong in all localiza-

tions. This temporal correlation sug-

gested that draxin, especially the

draxin expressed in the junction zone

between the ventricular zone and the

mantle zone, might be involved in the

migration of progenitor cells, which

undergo their final mitosis, from the

ventricular zone to the mantle zone.
To check the probable function of

draxin during the development of dI3
interneurons, we performed in vivo
experiments and confirmed further
that draxin plays an important role in
dI3 interneuron development. First
we found that the overexpression of
both secreted and trans-membrane

draxin caused the reduction and the
delayed migration of dI3 interneurons
(Figs. 3 and 4). We found that trans-
membrane draxin had a stronger
function than secreted draxin. This
may be due to the difference of effec-
tive time. After secreted draxin is
overexpressed, it will be distributed to
the surrounding area, especially to
the dorsal basement membrane,
because of the high affinity of draxin
to the dorsal basement membrane
(Islam et al., 2009). But when trans-
membrane draxin is overexpressed, it
will move together with the overex-
pressing cells. Thus, the effective time
of trans-membrane draxin is much
longer than that of secreted draxin; as
a result, trans-membrane draxin has
a stronger effect than secreted draxin.

The result that overexpression of
draxin at younger stages caused a
greater reduction of dI3 interneurons
than that overexpressed at a little later
stage suggested that overexpressed
draxin might function in progenitor
cells at a younger stage to cause
reduced and/or delayed migration of
dI3 interneurons. To demonstrate this
hypothesis, we performed PH3 staining
(progenitor cell proliferating marker)
and BrdU incorporation experiments
in younger stage chick embryos after
trans-membrane draxin was overex-
pressed. The PH3-positive cell number
was reduced, suggesting that dividing
progenitor cells in the ventricular zone
were decreased after overexpression of
trans-membrane draxin (Fig. 5). Three
hours of BrdU incorporation at the
same stage showed some BrdU-positive
cells ectopically located in the mantle
zone of the spinal cord. These ectopic
BrdU-positive cells may be the differ-
entiated cells that incorporated BrdU
before exiting the cell cycle and leaving
the ventricular zone or progenitor cells
ectopically located in the mantle zone
that continue to proliferate. One-hour
BrdU incorporation experiments at
later stages showed some ectopic
BrdU-positive cells located in the man-
tle zone (Fig. 6). We also found that no
ectopic BrdU-positive cells were also Is-
let-1/2-positive (Fig. 6). Combining
these results, we conclude that after
overexpression of trans-membrane
draxin, some progenitor cells ectopi-
cally localize to the mantle zone and
continue to proliferate at this abnormal
position. These results suggest that

overexpression of draxin at younger
stages can cause some progenitor cells
to leave the ventricular zone
prematurely.
During nervous system develop-

ment, neurons are generated from
progenitors located in the ventricles.
The size of the progenitor pool is a
key determinant of the total number
of neurons produced during the entire
neurogenesis period (Caviness et al.,
1995; Bond and Woods, 2006; Rakic,
2006). Neurons arise during develop-
ment from a pseudostratified colum-
nar epithelium composed of mitoti-
cally active neuroepithelial cells.
These cells have an elongated shape,
with cytoplasmic connections to both
the apical (ventricular) and the basal
surfaces (Del Bene et al., 2008). The
neural progenitors make cytoplasmic
connections with both the apical and
the basal sides of the neural epithe-
lium. At the onset of neurogenesis,
neuroepithelial cells differentiate into
radial glial cells that exhibit reduced
tight junctions and a reduced extent
of interkinetic nuclear migration (Bal-
slev et al., 1997; Götz and Huttner,
2005). Radial glial cells divide asym-
metrically to produce two different
types of daughter cells, progenitor
cells, and postmitotic neural precur-
sor cells (Fishell and Kriegstein,
2003). Following cell-cycle exit, post-
mitotic neural precursors migrate out
and differentiate into mature neu-
rons. There are two distinct migration
modes: somal translocation or locomo-
tion. The somal translocation cells first
extend a long, basal process from the
ventricular zone up to the pial surface,
which is followed by rapid nucleokine-
sis and shortening of the basal process.
Locomoting cells have a free leading
process and move in a saltatory man-
ner (Ghashghaei et al., 2007). Thus,
the apically and basally directed proc-
esses and connections play an impor-
tant role during progenitor cell prolif-
eration and differentiation.
A small proportion of precursors

were ectopically located in the cortical
parenchyma of laminin g1III4�/�

mice, possibly because of the loosen-
ing of both the basal and the apical
anchoring of some progenitor cells at
earlier developmental stages (Haubst
et al., 2006).
Overexpression of draxin caused

some progenitor-like cells to ectopically
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localize to the mantle zone of the chick
spinal cord. This may also be caused
by the disturbed connections between
the progenitor cells and the basal and/
or apical surface at early developmen-
tal stages. As a result, the progenitor
pool inside of the ventricular zone was
reduced to some extent. Immunostain-
ing of ssDNA (single stranded DNA)
was also performed to check the cell
death. After overexpression of draxin,
no significant increase of cell death
was detected. This result excluded the
possibility that reduction of progenitor
pool was caused by cell death. On the
other hand, draxin is identical to Neu-
crin, which is a secreted antagonist to
canonical Wnt signaling (Miyake et al.,
2009). Therefore, we could not exclude
the possibility for the reduction in the
progenitor pool, which is that draxin
can reduce the proliferation of progeni-
tor cells as an antagonist to canonical
Wnt signaling. As a result, the reduc-
tion of the progenitor pool caused the
reduction of progenitor cells that are
undergoing cell division. Finally, the
number of differentiated dI3 inter-
neurons was reduced, and the develop-
ment of dI3 interneurons was also
delayed. This may happen not only to
the dI3 interneuron progenitor cells
but also to other subtype interneuron
progenitors. Therefore, the examina-
tion of changes in the other subtypes of
interneurons after draxin overexpres-
sion will be a next interesting step in
the understanding of the function of
draxin during dorsal spinal cord inter-
neuron development.

EXPERIMENTAL

PROCEDURES

Chick Embryos

Fertilized White Leghorn chick eggs
were obtained from local commercial
sources. All eggs were incubated at
38�C until embryos reached the
desired HH (Hamburger and Hamil-
ton, 1951) stages. Embryos were
removed from the eggs, stripped of
membranes, and fixed in 4% parafor-
maldehyde (PFA) at 4�C for 2 hr.

In Situ Hybridization and

Immunohistochemistry

Transverse section in situ hybridiza-
tion of draxin at stage 22–23 chick

spinal cord was performed using
digoxygenin (DIG)-labeled RNA anti-
sense probes as previously described
(Schaeren-Wiemers and Gerfin-
Moser, 1993; Okafuji and Tanaka,
2005). For immunohistochemistry
staining, fixed embryos or sections
were treated with blocking solution
for 2 hr before being incubated in pri-
mary antibody (anti-Islet-1/2, 39.4D5,
Developmental Studies Hybridoma
Bank; anti-chick draxin monoclonal
antibody; phosphorylated form His-
tone H3, rabbit, upstate, 1:400; BrdU,
mouse IgG1, mAb G3G4, Develop-
mental Studies Hybridoma Bank)
overnight at 4�C or for 2 hr at RT. To
check the cell death, anti-ssDNA anti-
body was used as previously described
(Naruse et al., 1994; Zhang et al.,
2010). Mouse anti-chick draxin mono-
clonal antibody was produced as pre-
viously described (Islam et al., 2009).
After being washed extensively,
embryos were detected with HRP-con-
jugated anti-mouse IgG (1:100 diluted
in blocking solution), Cy3-conjugated
anti-rabbit IgG (1:500 diluted in
blocking solution), or Cy3-conjugated
anti-mouse IgG (1:500 diluted in
blocking solution). For the cell num-
ber comparison, the relative cell num-
ber was used for a standard t-test.
First, three or four serial sections
from one embryo were counted, and
the average value was the absolute
cell number of this embryo. The rela-
tive cell number is defined as the
absolute cell number in the experi-
mental side of the spinal cord divided
by the absolute cell number in the
control side of the spinal cord. Using
this kind of treatment, the difference
between the anterior and the poste-
rior parts of the spinal cord or
between the embryos at slightly dif-
ferent stages in the same time experi-
ment was reduced.

In Ovo Electroporation

Electroporation of expression vectors
into the chick neural tube was per-
formed as previously described (Funa-
hashi et al., 1999; Odani et al., 2008).
draxin cDNA tagged with myc and His
was cloned into the pMES-IRES-
EGFP vector. The following cDNAs
were used: pMES-IRES-EGFP, pMES-
draxin-IRES-EGFP, and pMES-
draxin-Tm-IRES-EGFP. A membrane-

bound form of draxin was constructed
by fusing the trans-membrane domain
of SC1 (Tanaka et al., 1991) at the C-
terminal end. Plasmid DNA was con-
centrated to 4 mg/ml and supplemented
with 0.1% fast green.

BrdU (Bromodeoxyuridine)

Incorporation Experiment

The BrdU-labeling experiment was
performed to estimate proliferation in
the chick spinal cord. One hole was
made in the blood vessels surround-
ing the embryo and a 20-mM BrdU so-
lution (20 ml) was added near this
hole for different times. The BrdU
detection was performed by a modifi-
cation of published methods (Dominov
et al., 1998). Briefly, sections were
blocked for 1 hr at RT, incubated in 2
N HCL for 10 min on ice, 10 min at
RT, and 10 min at 37�C continuously
and then neutralized in 0.1 M sodium
borate buffer (PH 8.5) at RT for 15
min. Then sections were incubated
with anti-BrdU (IgG1) and/or anti-Is-
let-1/2 (IgG2b) at 4�C overnight. After
being washed, sections were incu-
bated with anti-mouse IgG-cy3 for 1
hr and observed. Al546-conjucated
anti-mouse IgG2b (1:300 diluted in
blocking solution) and Al488-conju-
cated anti-mouse IgG1 (1:200 diluted
in blocking solution) were used for
BrdU and anti-Islet-1/2 double
staining.

Draxin-AP Binding Assay to

Spinal Cord Section

AP-tagged draxin protein was pro-
duced as previously described (Islam
et al., 2009). For the binding assay,
forelimb region spinal cord sections
from stage 21–22 chick embryos were
used. The same protocol was used as
previously described (Su et al., 2009).
After the binding assay, anti-Islet-1/2
immunostaining was performed in
the same sections.
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