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The rhombic lip, a dorsal stripe of the neuroepithelium lining the edge of the fourth ventricle, is the site of
origin of precerebellar neurons (PCN), which migrate tangentially towards the floor plate. After reaching
the floor plate, they project their axons to the cerebellum. Although previous studies have shown that the
guidance molecules Netrin/DCC and Slit/Robo have critical roles in PCN migration, the molecular
mechanisms underlying this process remain poorly understood. Here, we report that draxin, a repulsive
axon guidance protein, is involved in PCN development. We found that draxin is expressed in the rhombic
lip and migratory stream of some PCN in the developing hindbrain of mice. In addition, draxin inhibited
neurite outgrowth and nuclei migration from rhombic lip explants. These results suggest that draxin
functions as a repulsive guidance cue for PCN migration. However, we observed no significant differences
in PCN distribution between draxin~ and wild type embryos. Thus, draxin and other axon guidance cues
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may have redundant roles in PCN migration.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

In the development of the central nervous system, there are
two main modes of neural migration; radial migration and tan-
gential migration [1]. In vertebrates, hindbrain precerebellar
neurons (PCN) represent an excellent model of tangential migra-
tion [2]. PCN consist of neurons that will form the external cune-
ate nucleus (ECN), the lateral reticular nucleus (LRN), the inferior
olivary nucleus (ION), and the pontine nucleus (PN). All originate
from the germinative neuroepithelium in the caudal hindbrain
called the rhombic lip (RL) [3-5]. Although all PCN originate
from the RL, they have a distinct temporal pattern of birthdates.
They also differ according to migratory routes: PCN that will
form the ION migrate through the submarginal stream, while
those forming the LRN and ECN migrate through the marginal
stream [3,4,6,7].

During their tangential migration, all PCN first extend a pro-
cess that leads the way, directing the migratory route, until they
reach and cross the floor plate [6]. The nuclei then translocate
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inside this leading process [8,9]. Upon reaching the floor plate,
PCN exhibit distinct behaviors. ION neurons stop while their
leading processes extend to the contralateral cerebellum. In con-
trast, LRN and ECN neurons keep moving across the floor plate
until reaching their proper destination in the contralateral
rhombencephalon. The floor plate exerts considerable influence
on migrating PCN by expressing chemotropic factors. Several
studies have revealed that Netrin-1, through the deleted in colo-
rectal cancer (DCC) receptor, functions as an attractive cue in the
migration of several types of PCN [9-16]. Slit-Robo signaling also
plays an important role in directing PCN to cross the midline
[17,18].

We previously reported that draxin, a chemorepulsive axon
guidance molecule, has critical roles in formation of forebrain
commissures and spinal cord commissure [19]. Indeed, draxin
inhibits axonal outgrowth from several types of neurons, includ-
ing spinal cord commissural [19], tectal [20], neocortical [19]
and lateral olfactory bulb [21] neurons in vitro. In this study,
we have focused on draxin functions in the migration of PCN.
The expression of draxin in the rhombic lip at different develop-
mental stages suggests that draxin might have a role in the
migration of PCN. We investigated draxin activity for migratory
potential and axon outgrowth of PCN in vitro, and analyzed
different types of PCN migration in wild type and draxin~/~
littermate.
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Fig. 1. Expression of draxin mRNA in the developing hindbrain. Draxin mRNA
expression was revealed by in situ hybridization in coronal sections of wild type
hindbrain at E11.5 (A and B) and E13.5 (C). Draxin was strongly expressed in the
rhombic lip (RL, arrow) at E11.5 (A, higher magnification B). At E13.5, draxin
expression was evident in the RL (arrow, C) and in the migratory stream of ECN/LRN
neurons (arrowheads, C). The migratory stream (arrowheads) of LRN/ECN neurons
is shown in the adjacent section using Barhll expression (D). draxin—-AP protein
bound to the neurites originating from E11.5 RL explants (E), but control-AP protein
did not (F), indicating the presence of draxin receptor/s in the neurites. Scale bars;
A, C, D, 200 um; B, E, F, 100 pm.

2. Materials and methods
2.1. Mice

All animals were treated according to protocols approved by the
Committee on Animal Research at the University of Kumamoto.
The procedure to generate draxin knockout (draxin~~) mice was
described previously [19]. Mice heterozygous for draxin were
crossed to generate draxin homozygous and wild type littermates,
which were used for phenotype analysis. Appearance of the vaginal
plug was designated as embryonic day 0.5 (E0.5).

2.2. Histological analyses and in situ hybridization

For histological analyses, timed pregnant mice, at the appropri-
ate embryonic age, were used. Immunohistochemistry on brain
sections was performed according to a previously described proto-
col [22], using a rabbit primary antibody against Forkhead box pro-
tein P2 (FoxP2, 1:1000; Abcam).

We used a digoxigenin-labeled (DIG) antisense RNA probe for
draxin to assess draxin expression patterns in the hindbrain and a
digoxigenin-labeled antisense RNA probe for Barhll to identify

LRN and ECN neurons. We used standard protocols for in situ
hybridization, as described previously [19,23].

2.3. Preparation of control and draxin-alkaline phosphatase
conditioned medium

To prepare control and draxin-alkaline phosphatase (draxin-
AP) conditioned medium, cDNAs encoding chick draxin-AP conju-
gate and unconjugated AP (control-AP) tags were used, according
to previously described protocols [19]. Synthesis of proteins
was verified with western blot using an anti-chicken draxin
monoclonal antibody.

2.4. Explant cultures and Draxin-AP binding

RL explants were collected from E11.5 and E12.5 wild type
embryos as previously described [9] and cultured in Matrigel (BD
Bioscience). Briefly, explants were embedded in Matrigel solution
and allowed to set for 30 min. Explants were then cultured using
neurobasal supplemented media containing either control-AP or
draxin-AP, for 72 h at 37 °C in 5% CO,. Neurobasal supplemented
media composed of neurobasal medium, B27, glutamax-I, and
penicillin/streptomycin, 1:1 ratio (Gibco® Life Technologies), For
co-culture experiments, RL explants were co-cultured with HEK-
293 cell aggregates transfected with either an empty vector or with
cDNA encoding mouse draxin, as described previously [19,24].
Explants and cell aggregates were embedded in Matrigel 200-
300 pum apart and cultured using neurobasal supplemented media
for 60 h at 37 °C in 5% CO,. For both bath and co-cultures, three
independent experiments were performed, with at least five
explants used in each condition.

To visualize neuronal processes, cultures were fixed for 1 h in
4% paraformaldehyde, rinsed several times, and incubated with a
neuronal specific anti-B-III tubulin primary antibody (R&D sys-
tems, 1:1000). 4',6-diamidino-2-phenylindole (DAPI) staining was
used to visualize cell nuclei. Photographs were taken using an
inverted fluorescence microscope (Keyence, Biorevo).

To assess draxin-AP binding to neurites, RL explants were cul-
tured for 72 h followed by draxin-AP and control-AP binding
experiments, which were performed using a previously described
protocol [19] and in the conditioned media described above.

2.5. Quantification of axon outgrowth and nucleokinesis

For bath culture experiments, the longest 40 neurites per
explant were measured using Keyence BZ software. Average neu-
rite length was determined for each explant. Cell migration from
explants was assessed using Sholl analysis [28]. Briefly, 10 concen-
tric circles of gradually increasing radius (spaced every 40 um from
the edge of the explants) were drawn on digitized pictures of
explants. Cell migration from the explants was estimated by count-
ing the number of concentric circles that the cells reached after
incubation. For co-culture experiments, explants were subdivided
into four equal quadrants. The quadrant closest to the aggregates
was designated as proximal, and the opposite quadrant was
labeled distal. Neurite length in these two quadrants was mea-
sured using Keyence BZ software and the proximal/distal (P/D)
ratio was determined.

2.6. Statistical analysis

Three pairs of E18 wild type and draxin~/~ embryos (litter-
mates) were used for in vivo analysis. For the ION, FoxP2-positive
neurons were counted in at least five sections per embryo. For
the LRN and ECN, areas positive for Barhll were measured in at
least five sections per embryo. We calculated the mean and
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Fig. 2. Draxin inhibits ION axonal outgrowth and nuclei migration. E11.5 rhombic lip (RL) explants containing ION neurons were cultured in Matrigel for 72 h with either
control-AP (A, D) or draxin-AP conditioned media (B and E). After culture, the explants were immunostained for B-III tubulin (A and B) and the cell nuclei were visualized
with DAPI (D and E). Compared to control-AP (A and C), neurite outgrowth was significantly inhibited by draxin-AP (**p < 0.001, B and C). Nuclei migration was significantly
inhibited by draxin-AP (**p < 0.001, E and F) compared with control-AP (D and F). The total number of nuclei migrating from the explant was also reduced in the presence of
draxin-AP (G). E11.5 RL explants were co-cultured in Matrigel with mock-transfected (H and K) and draxin-transfected 293 cell aggregates (I and L). In control samples,
neurites emanating from the explants grew radially (H), while the growth of neurites in the proximal side of draxin expressing cell aggregates was markedly inhibited (I). The
asymmetry in the neurite outgrowth in draxin-transfected 293 cell aggregates was indicated by the proximal/distal (P/D) ratio (**p < 0.001, Student’s t-test, ]). Radial nuclei
migration was observed from the explant facing the mock-transfected 293 cell aggregates (K) whereas nuclei migration to the proximal area was inhibited in the explant
facing the draxin-transfected 293 cell aggregates (L). Error bars indicate the mean + SEM. Scale bars: A, B, D, E, 300 um; H, I, K, L, 200 pm.

standard deviation (SD) for all data. Statistical analysis was per-
formed using Student’s t-test. p < 0.05 was considered statistically
significant, p < 0.001 was considered highly significant (**p).

3. Results
3.1. Expression of draxin during the migration of PCN in mice

To determine the role of draxin during PCN development, we
analyzed draxin expression in the developing hindbrain using

in situ hybridization. PCN start to migrate from the RL at E11.5.
At E13.5, ION neurons stop migrating and remain close to the floor
plate, whereas LRN/ECN neurons migrate and cross the floor plate
ventro-marginally to localize contralaterally to their origin. Draxin
was highly expressed in the RL at E11.5 (Fig. 1A and B) and E13.5
(Fig. 1C). At E13.5, we also observed draxin expression in the
LRN/ECN migratory stream (Fig. 1C), which was identified by posi-
tive expression of Barhl1 (Fig. 1D). Thus, it appears that the expres-
sion pattern of draxin is of special interest for investigating cues
that direct PCN migration.
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Fig. 3. Nuclei migration and axon outgrowth of LRN/ECN neurons is inhibited by draxin. E12.5 rhombic lip explants containing LRN/ECN neurons were cultured for 72 h either
in the presence of control-AP (A, C) or draxin-AP conditioned media (B and D) and analyzed for axon outgrowth and nucleokinesis using BIlI-tubulin (A and B) and DAPI
staining (C and D) respectively. Draxin-AP exerted inhibitory effects on neurite outgrowth (B and E) and on nuclear migration (D and F) compared with control-AP condition
media (A, C, E, and F). Error bars indicate the mean + SEM. Scale bars: in (A-D), 300 pum.

To investigate the distribution of draxin receptors, we per-
formed draxin-AP binding assay on neurites derived from E11.5
RL explant cultures. We found strong draxin-AP binding in the
neurites (Fig. 1E), compared with control-AP (Fig. 1F). This result
suggests the presence of draxin receptor/s in PCN.

3.2. ION axon outgrowth and migration inhibited by draxin

In vitro culture experiments were carried out to assess the role
of draxin in axon outgrowth and migration of ION neurons. RL
explants from E11.5 embryos were used for this experiment, as
they are an enriched source of ION neurons over other PCN at that
stage [9,15]. RL explants were cultured in the presence of either
control-AP or draxin-AP. Robust neurite outgrowth was observed
from RL explants when cultured in control-AP conditioned med-
ium (Fig. 2A and C), whereas neurite outgrowth was significantly
reduced when explants were incubated with draxin—-AP condi-
tioned medium (Fig. 2B and C). To assess the migratory potential
of ION neurons, we quantified cell movement away from the
explants by applying a Sholl analysis [28]. We observed a signifi-
cant reduction in the migration of ION from RL explants in the
presence of draxin-AP compared to control-AP (Fig. 2D-F). Total
number of nuclei migrating from the explant was significantly
reduced in the presence of draxin-AP compared to control-AP
(Fig. 2G).

We co-cultured RL explants from E11.5 wild type mouse
embryos with 293 cell aggregates expressing draxin in Matrigel
for 60 h. We used mock-transfected 293 cell aggregates as a con-
trol. We observed symmetrical neurite outgrowth from explants
cultured with control-293 cell aggregates (Fig. 2H and ]) whereas
asymmetrical neurite outgrowth, mostly in the distal quadrant,
was observed when confronted with 293-cells expressing draxin
(Fig. 21 and ]). This asymmetry is reflected by the P/D ratio
(Fig. 2]). We also observed asymmetry in nuclei migration mainly
in the distal quadrant when assessing cultures containing draxin-
293 cell aggregates (Fig. 2K and L).

3.3. Draxin inhibits axon outgrowth and migration of LRN and ECN

To assess the influence of draxin on LRN and ECN neuronal
migration, we used RL explants from E12.5 embryos; at E12.5, all
ION neurons have left the lower RL. Thus, the majority of cells in
these explants are LRN and ECN neurons [10]. We observed robust
neurite outgrowth and nuclei migration when explants were cul-
tured in the presence of control-AP (Fig. 3A, C, E). However, in
the presence of draxin-AP, neurite outgrowth and nuclei migration
were greatly inhibited (Fig. 3B, D, E). The total number of migrating
nuclei was reduced in the presence of draxin—-AP compared with
control-AP (Fig. 3F).

3.4. PCN migration is unaltered in draxin~/~ mice

To investigate whether PCN migration was defective in draxin™
~ mice, we used E18 wild type and draxin/~ littermate embryos.
To identify ION neurons, we used anti-FoxP2 antibody, which uni-
formly stained all ION neurons; ION markers such as Brn3.2 and
Er81 cannot identify all ION neurons [17,22]. FoxP2 immunoreac-
tivity was also observed in the ambiguus nucleus (AN) and dorsal
nucleus of the twelfth nerve (N12n) [22].

We counted FoxP2-positive neurons in the floor plate and in the
ION migratory stream of wild type (Fig. 4A, C, F) and draxin/~
(Fig. 4B, D, G) embryos. Although we observed a small reduction
in the number of ION neurons in the floor plate of draxin”/~
embryos (Fig. 4D) compared to wild type embryos (Fig. 4C), this
difference was not statistically significant (Fig. 4E). However, in
the ION migratory stream, we observed more FoxP2-positive cells
in draxin~/~ embryos (Fig. 4G and 4H) compared to wild type
(Fig. 4F and H).

We also examined LRN and ECN neuronal distribution in drax-
in~/~ embryos using in situ hybridization for Barhl1 [23]. The posi-
tion of the LRN and ECN neurons was unchanged in draxin™”/~
embryos compared to wild type and there were no significant dif-
ferences in the distribution of ECN (Fig. 41-K) and LRN (Fig. 4L-N)
neurons between draxin~~ and wild type embryos (Fig. 4K and N).



M.A. Riyadh et al./Biochemical and Biophysical Research Communications 449 (2014) 169-174 173

Wild type ] B

draxin”

J

ns

t

1600

1200

800

400 -

Number of FoxP2 positive
ION in floor plate area

Wild type draxin™

T

*#p<0.001
1

|

&
<
s

w
=]
L

—
=]
L

FoxP2 positive cell in the
migratory stream of ION
[

]

<

Wild type

ns

(=)
L

ECN area (x102 mm?)
TN

Wild type draxin *

ns

LRN area (x102 mm?)
=)

Wild type draxin *

Fig. 4. Development of precerebellar nuclei in draxin~~ mice. Coronal sections of the inferior olive of E18 wild type (A, C, F) and draxin~/~ (B, D, G) embryos were stained with
anti-FoxP2 antibody. The total number of FoxP2-positive ION neurons in the floor plate was quantified; no significant difference was found between wild type (C and E) and
draxin~/~ embryos (D and E). Higher magnification images of the ION migratory stream (arrowheads) in wild type (F) and draxin~ embryos (G) showed that more FoxP2-
positive cells were observed in the ION migratory stream in draxin~~ embryos compared to wild type (H). FoxP2 immunoreactivity was also observed in the ambiguus
nucleus (AN) (arrows, F and G). Coronal sections of the ECN from E18 wild type (I) and draxin~/~ embryos (J) were hybridized with a Barhl1 riboprobe to identify ECN cell
bodies (arrow). LRN cell bodies were visualized using Barhl1 expression in E18 wild type (L) and draxin/~ embryos (M). Both ECN and LRN size was reduced in draxin~/~
embryos but no significant differences were found (K and N). Error bars indicate the mean + SEM. Scale bars: A, B, 500 um; F, G, 200 um; C, D, [, ], L, M, 300 pm.

4. Discussion

Previous studies have demonstrated that various guidance mol-
ecules regulate the development of PCN. Several lines of evidence
indicate that Netrin/DCC and Slit/Robo are the key modulators of
PCN migration in the midline [12,14,16-18]. However, in knockout
mice for these molecules, ION and LRN neurons still migrate away

from the RL, suggesting that other repellents may be present in RL
which initiates the migration towards floor plate [12,17].

Our expression data and culture experiments suggest that drax-
in is repulsive for axon outgrowth and nuclei migration of PCN
subtypes. We also observed the presence of the draxin receptor
in neurites derived from RL explants. Thus, draxin might directly
regulate the development of these neurons in vivo. We observed
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more FoxP2 positive cell in the migratory stream of ION neuron in
draxin™/~ compared with wild type embryo. However, we found no
significant differences in overall distribution of ION, LRN and ECN
neurons between draxin/~ and wild type embryos. One possible
explanation for this is that draxin and other axon guidance cues
may have redundant roles in PCN migration (Supplementary
Fig. 1). For example, Slit-1 and Slit-2 double knockout mice show
more significant PCN migration defects than single knockout mice,
indicating multiple guidance cues working together [17]. From the
expression pattern it is found that Slit-2 expressed both in floor
plate and roof plate and have repulsive role in migration of ION
[9]. Slit-1 is also expressed near the RL [9]. In addition, bone mor-
phogenetic proteins (BMP) and growth/differentiation factors
(GDF), which function as repellents for spinal cord commissural
neurons [25-27], are also expressed in the RL. Thus, draxin may
cooperate with other repulsive cues to regulate the development
of PCN.
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