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ABSTRACT
The guidance of axonal projections to ipsilateral and

contralateral regions is essential for integration of bilat-

eral sensory information and coordination of movement.

In the development of olivocerebellar projections, new-

born neurons of inferior olivary (IO) nuclei ventrally

migrate from the hindbrain rhombic lip to the floor plate

(FP). The cell bodies of IO neurons cannot cross the FP

but their axons can, and thus IO neurons project their

axons only to the contralateral cerebellar cortex. The

molecular mechanisms determining the contralateral

axonal projections of IO neurons, however, are obscure.

The IO neurons and their axons express EphA4,

whereas the FP expresses an EphA4 ligand, EphrinB3,

from embryonic day 12.5. Therefore, we tested whether

EphA4-deficient mice (EphA4�/�) would show impair-

ment in the development of olivocerebellar projections.

We found that, in EphA4�/� embryos, some of the IO

neurons projected their axons to the ipsilateral cerebel-

lar cortex because the cell bodies of the IO neurons

abnormally crossed the FP. Furthermore, even in adults,

EphA4�/� cerebella were bilaterally innervated by uni-

lateral IO subnuclei. These observations indicate that

EphA4 is involved in the contralateral axonal projections

of IO neurons by preventing their cell bodies from

crossing the midline FP. J. Comp. Neurol. 520:1702–

1720, 2012.
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The cerebellar cortex is innervated by two major types

of axons: climbing fibers (CFs) and mossy fibers (MFs),

each having a distinct target. MFs originate from several

disparate locations, including the pontine gray matter

(PG) and several nuclei in the hindbrain, and make synap-

ses on granule and Golgi cells in the granule cell layer of

the cerebellum. CFs, however, originate exclusively in the

contralateral side of inferior olivary (IO) nuclei in the cau-

doventral hindbrain, and make synapses on Purkinje cells

(PCs) in the molecular layer. During development, IO neu-

rons are generated from the neuroepithelium of the hind-

brain rhombic lip (HRL) in the dorsal hindbrain (Bourrat

and Sotelo, 1988; Bourrat and Sotelo, 1990b; Altman and

Bayer, 1997; Wingate, 2001).

Newborn IO neurons first extend long leading process

to the floor plate (FP) along the surface of the hindbrain,

and then the cell bodies of IO neurons ventrally migrate

from the HRL to the FP through the leading process (Bour-

rat and Sotelo, 1990b; Altman and Bayer, 1997). The long

leading processes of IO neurons (which later become

CFs) can go through the FP, whereas the cell bodies of IO

neurons cease migrating before the FP and form IO nuclei

(Bourrat and Sotelo, 1990b; Altman and Bayer, 1997).

Consequently, IO neurons develop a specific projection

only to the contralateral side of the cerebellar cortex.

Therefore, the arrest of IO neurons before the FP is essen-

tial for establishment of the contralateral olivocerebellar

projection. In rat, IO neurons are born during embryonic

day 12 (E12)–E13, which corresponds to E10.5–E11.5 in

mouse, the leading processes of IO neurons have already

crossed the FP at E15 (E13.5 in mouse), and the cell

bodies of IO neurons form immature IO nuclei in the cau-

doventral hindbrain at E16 (E14.5 in mouse) (Bourrat and

Sotelo, 1988; Bourrat and Sotelo, 1990a).
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The FP expresses several short- and long-range chemo-

attractants and chemorepellents, including Netrin-1 and

Slit1/2/3, and IO neurons respond to these molecules

through the Netrin receptor DCC (Deleted in Colorectal

Cancer) and Slit receptor roundabout (Robo)1/2/3,

respectively (Bloch-Gallego et al., 1999; Causeret et al.,

2002; Marillat et al., 2004; Di Meglio et al., 2008). The

Netrin/DCC and Slit/Robo signaling between the FP and

IO neurons is involved in the guidance of both leading

processes and cell body migration of IO neurons, and fur-

thermore, controls the midline crossing of the leading

processes and the arrest of the cell body migration before

the FP (Bloch-Gallego et al., 1999; Causeret et al., 2002;

Marillat et al., 2004; Di Meglio et al., 2008). In addition, it

is thought that different signaling is required for control-

ling the midline crossing and the arrest of cell body migra-

tion of IO neurons (Di Meglio et al., 2008). However, the

Netrin/DCC and Slit/Robo signaling is not enough to

explain the molecular mechanisms that control the mid-

line crossing and the arrest of cell body migration of IO

neurons, and it is assumed that an unknown factor is also

involved (de Diego et al., 2002; Di Meglio et al., 2008).

The interaction of membrane-bound ligands, Ephrins,

with their tyrosine kinase receptors, Ephs, is involved in

a repulsive or attractive axonal guidance as well as

Slit/Robo signaling (Kullander and Klein, 2002; Reber

et al., 2007). In vertebrates, 9 Ephrins and 14 Ephs have

been identified, and Ephrins and Ephs are divided into

two subgroups, EphrinA1–A6 and EphrinB1–B3, and

EphA1–A8 and EphB1–B6, respectively. It is well known

that Ephrins/Ephs signaling controls the topographic

projections of retinal axons (for reviews, see Flanagan and

Vanderhaeghen, 1998; McLaughlin and O’Leary, 2005;

Lemke and Reber, 2005). Furthermore, EphA4 and

EphrinB3 are required for the development of the cortico-

spinal tract (CST), which coordinates alternating left–right

movement during locomotion (Dottori et al., 1998;

Kullander et al., 2001a,b). We found that EphA4 was

expressed by IO neurons from E12.5, whereas EphrinB3,

which is an EphA4 ligand, was expressed by the FP. There-

fore, we hypothesized that EphA4/EphrinB3 signaling is a

candidate for modulation of the midline crossing of the

leading process or inhibitory action to the migration of IO

neurons before the FP.

To examine this hypothesis, we investigated impair-

ment in the olivocerebellar projections of EphA4-deficient

(EphA4�/�) mice. In EphA4�/� embryos, the leading pro-

cess and cell bodies of IO neurons crossed the FP, and as

a result, the IO neurons projected their axons to the ipsi-

lateral side of cerebellar cortex. Furthermore, we found

that, in the adult EphA4�/� mouse, the unilateral IO

nuclei projected their axons to the bilateral cerebellar

cortex. This observation indicates that EphA4 is involved

in the midline crossing of IO neurons at the FP and the

contralateral projections of CFs from IO neurons to PCs.

MATERIALS AND METHODS

Animals
EphA4�/� mice (Dottori et al., 1998) were back-

crossed with ICR mice (Slc:ICR; Nippon SLC, Shizuoka, Ja-

pan) 12 times; as a result, the genetic background of

EphA4�/� mice was changed from C57BL/6 to ICR. In

EphA4�/� mice, exon III (217–880 bp of EphA4 cDNA)

was replaced with the neomycin selection gene, thereby

causing a frame shift and stop codon in the EphA4 gene.

EphA4�/� mice were maintained as heterozygotes

(EphA4þ/�) because EphA4�/� mice have a serious

motor disorder. EphA4�/� mice were genotyped by poly-

merase chain reaction (PCR) from tail DNA by using

primer pairs (Dottori et al., 1998). Animals were housed

in a controlled environment (RIKEN BSI Animal Facility)

under a regulated 12-hour light/dark cycle. All animal

experiments were performed in compliance with the rele-

vant laws and institutional guidelines and were approved

by the RIKEN Animal Committee. The day when the vagi-

nal plug was detected was counted as E0.5.

Preparation of the recombinant adenoviral
vector

AdexCAG-mCherry-WPRE expresses a variant of a red

fluorescent protein (mCherry) under the control of the

CAG promoter (Niwa et al., 1991). WPRE is a Woodchuck

hepatitis virus posttranscriptional regulatory element that

Abbreviations

AN ambiguus nucleus
beta beta subnucleus
CF climbing fiber
cMAO caudal part of medial accessory olive
DAO dorsal accessory olive
DCK dorsal cap of Kooy
dDAO dorsal fold of the DAO
DM dorsomedial group subnucleus
ECN external cuneate nucleus
FP floor plate
GL granule cell layer
icp inferior cerebellar peduncle
IO inferior olive
IRN intermedial reticular nucleus
LRN lateral reticular nucleus
ML molecular layer
MVN medial vestibular nucleus
N7n nucleus of the seventh nerve (facial)
N10n dorsal nucleus of the 10th nerve (motor, vagus)
N12n nucleus of the 12th nerve (hypoglossal)
PG pontine gray matter
PL Purkinje cell layer
PO principal olive
PRN parvicellular reticular nucleus
rMAO rostral part of medial accessory olive
Sim simplex lobule
Sp5 spinal trigeminal nucleus
V—IX lobule V—IX
vDAO ventral fold of the dorsal accessory olive
Vla lobule VIa
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enhances the stability of viral transcripts. AdexCAG-

mCherry-WPRE was constructed as follows: 1) a 0.75-kbp

NheI-HindIII fragment (mCherry) from pmCherry-C1

(Takara Bio, Shiga, Japan) was inserted into the SwaI clon-

ing site of the SwaI-WPRE/pBlue plasmid, and then the

mCherry-WPRE/pBlue plasmid was constructed; 2) a

1.35-kbp EcoRI fragment (mCherry-WPRE) from mCherry-

WPRE/pBlue was inserted into the SwaI cloning site of

pAdex1pCAw (Kanegae et al., 1995), and then the

mCherry-WPRE/pAdex1pCAw cosmid vector was con-

structed; and 3) the adenoviral (Ad) vector AdexCAG-

mCherry-WPRE was derived from mCherry-WPRE/

pAdex1pCAw by using a modification of the COS-TPC

method (Miyake et al., 1996). Ad vectors are based on

human adenovirus type 5, but they cannot replicate

because they lack the E1A, E1B, and E3 regions of their

genome. The structure of AdexCAG-mCherry-WPRE is

illustrated in Figure 9. To prevent contamination of parent

adenoviruses, each of the clones was checked for E1A by

restrictive enzymatic digestion (restriction analysis) and

PCR (Zhao et al., 1998). Ad vectors were purified and con-

centrated by double cesium step gradient centrifugation

(Hashimoto and Mikoshiba, 2004). A high-titer viral stock

(1� 1011 plaque-forming units [pfu]/ml in 10% [v/v] glyc-

erol/phosphate-buffered saline [PBS]) was stored at

�80�C. The viral stock titers were determined by a pla-

que assay with HEK293 cells.

Neuronal tract tracing in embryonic brain
A female EphA4þ/� mouse was crossed with a male

EphA4þ/� mouse. At E18.5, the embryos were quickly

delivered by caesarian section and fixed with intracardiac

perfusion by using 4% paraformaldehyde (PFA) in 0.1 M

phosphate buffer (PB; pH 7.4). The brains were removed

and further fixed in the same fixative for 1 hour at 4�C.

Each embryo was genotyped by PCR of tail DNA (Dottori

et al., 1998). To label the neuronal tract retrogradely, we

used NeuroVue Dye Filters (Polyscience, Warrington, PA),

which are nylon filters coated with a lipophilic and fluores-

cent dye (Fritzsch et al., 2005). A small strip of NeuroVue

Jade (green emitting dye; excitation maximum, 478 nm;

emission maximum, 508 nm) or a small strip of NeuroVue

Red (red emitting dye; excitation maximum, 567 nm;

emission maximum, 588 nm) was inserted into a unilat-

eral side of the cerebella (EphA4þ/þ, n ¼ 8; EphA4þ/�, n

¼ 8; EphA4�/�, n ¼ 12). The brain was incubated in 4%

PFA in 0.1 M PB (pH 7.4) for 2–3 weeks at 37�C in the

dark. The brain, embedded in 2% (w/v) agarose, was seri-

ally sectioned (100 lm thickness) with a vibratome (Zero-

1, Dosaka EM, Kyoto, Japan). The sections were mounted

on slides and enclosed with Aquatex (Merck KGaA, Darm-

stadt, Germany).

Neural tract tracing in adult brain
To perform adenoviral vector-mediated neural tract

tracing, adult EphA4þ/þ (n ¼ 4), EphA4þ/� (n ¼ 4), and

EphA4�/� (n ¼ 5) mice were anesthetized with an intra-

peritoneal injection of sodium pentobarbital (50 mg/kg

body weight) and settled in a stereotaxic instrument

(SRS-A, Narishige, Tokyo, Japan). A midline incision was

made at the occipital region of the head, and the skull

was exposed. A 0.5-mm-diameter hole was made at a

point 5 mm caudal and 3 mm lateral from a lambda

suture by using a high-speed drill, which generally corre-

sponds to the paramedian lobule (Par). AdexCAG-

mCherry-WPRE (total 1 � 107 pfu) was injected into the

cerebellum (�0.5 mm from the surface of the cerebel-

lum) with a heat-pulled calibrated glass micropipette

attached to a microinjector (IM-300, Narishige). One to 2

weeks later, the mice were fixed with an intracardiac per-

fusion of PBS and 4% PFA in 0.1 M PB (pH 7.4). The brains

were removed and further fixed in the same fixative for 1

hour at 4�C. The mCherry fluorescence images in whole

brains were acquired with a fluorescent stereomicro-

scope (Leica MZ-16, Solms, Germany) attached to a CCD

camera (Olympus DP-70, Tokyo, Japan). The brains were

cryoprotected by serial equilibration in sucrose (10%,

15%, and 20% [w/v] in PBS) at 4�C. The cerebella were

sliced transversely (20 lm thickness) on a cryostat (Leica

CM1850). The sections were mounted on a slide and

enclosed with Prolong Gold including DAPI (Invitrogen,

Tokyo, Japan).

To label olivocerebellar projection anterogradely, dex-

tran Alexa 594 (DA-594; molecular weight 10,000; Invitro-

gen) was injected into IO nuclei. Adult EphA4þ/þ (n ¼ 3)

and EphA4�/� (n ¼ 3) mice were anesthetized with an in-

traperitoneal injection of sodium pentobarbital (50 mg/

kg body weight). Body temperature was maintained with

a silicon rubber heater that had a thermostat to control

the temperature. Mice were settled in a stereotaxic

instrument (SRS-A, Narishige). A glass micropipette (tip

diameter 5lm) was filled with 10% DA-594 in saline. A

small cut in the atlantooccipital membrane exposed the

dorsal surface of the caudal medulla. The micropipette

was inserted into the unilateral side near the obex at an

angle of 12 degrees. DA-594 was injected into IO with the

injection micropipette attached to a microinjector (IM-

300, Narishige). After the injection, the skin was sutured.

One week later, the mice were fixed with an intracardiac

perfusion of PBS and 4% PFA in 0.1 M PB (pH 7.4). The

brains were removed, further fixed in the same fixative

overnight at 4�C, and cryoprotected by serial equilibra-

tion in sucrose (10%, 15%, and 20% [w/v] in PBS) at 4�C.

The brains were frozen in a Tissue-Tek O.C.T. compound

(Sakura Finetek USA, Torrance, CA) and sectioned trans-

versely (20 lm thickness) on a cryostat (Leica CM1850).

Hashimoto et al.
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The sections were enclosed with Prolong Gold including

DAPI (Invitrogen).

Immunohistochemistry
Timed-pregnant mice at the appropriate embryonic

age were anesthetized. The mouse embryos were

removed and fixed in 4% PFA and 0.1 M PB (pH 7.4)

overnight at 4�C. The embryos were cryoprotected by

serial equilibration in sucrose (10%, 15%, and 20% [w/

v] in PBS) at 4�C. The embryos were frozen in Tissue-

Tek O.C.T. compound (Sakura Finetek USA) and trans-

versely sectioned (20 lm thickness) on a cryostat

(Leica CM1850). The tissue sections were incubated

for 1 hour at room temperature in PBS with 1% skim

milk (Wako, Tokyo, Japan) and 0.1% Triton X-100

(blocking solution), followed by incubation with the pri-

mary antibody overnight at 4�C. Sections were washed

several times with PBS and incubated with the appro-

priate fluorescence-conjugated secondary antibody for

2 hours at room temperature. An antigen-retrieval pro-

cedure was performed for the Brn3.2, EphA7, and

Robo3 staining before the blocking step by incubating

tissue sections in Target Retrieval Solution (S1700,

DakoCytomation, Carpinteria, CA) for 3 minutes in a

food steamer (Tang et al., 2007).

The primary antibodies are listed in Table 1 and the

specificity of primary antibodies are described in the next

section. The secondary antibodies used were horse bio-

tinylated anti-goat or goat biotinylated anti-rabbit (1:200,

Vector, Burlingame, CA). Immunoreactivity against each

protein was detected by using an ABC kit (VECTASTAIN

Standard Elite, Vector) and DAB (Dojindo Molecular Tech-

nologies, Tokyo, Japan). The sections were enclosed with

Permount (Fisher Scientific, Somerville, NJ) according to

the standard procedure.

Antibody characterization
The primary antibodies and dilutions used in this study

are given in Table 1. The antibodies are characterized as

follows:

1. The anti-EphA4 antibody recognized a single band of

about 110 kDa molecular weight on Western blots of

HEK293 cell lysate that was transiently transfected

with the EphA4 gene. EphA4 immunostaining is

observed in the cerebellum of wild-type mouse

embryo (Hashimoto and Mikoshiba, 2003), but no

EphA4 immunostaining was seen in the embryonic

cerebellum of EphA4-deficient mice (Dottori et al.,

1998). EphA4 immunoreactivity is eliminated by pre-

absorption of the EphA4 antibody with the recombi-

nant protein (Rosas et al., 2011). In addition, the

anti-EphA4 antibody shows approximately 5% cross-

reactivity with recombinant mouse EphA3 and EphA7

(manufacturer’s datasheet).

2. The anti-EphA7 antibody recognized a single band of

about 110 kDa molecular weight on Western blots of

HEK293 cell lysate that was transiently transfected

with the EphA7 gene. The specific immunostaining

with a anti-EphA7 antibody on rat spinal cord is

eliminated by preabsorption of the EphA7 antibody

with the recombinant protein (Rosas et al., 2011).

In addition, the anti-EphA7 antibody shows less

than 1% cross-reactivity with recombinant mouse

EphA2, EphA4, EphA6, and EphA8 (manufacturer’s

datasheet).

3. The anti-FoxP2 antibody recognized a single band

of about 80 kDa molecular weight on Western blots

of HEK293T cell lysate (manufacturer’s datasheet).

The anti-FoxP2 antibody cross-reacted to mouse

FoxP2, because the sequence of 700–715 amino

acids of human FoxP2 as the immunogen (Table 1)

TABLE 1.

Primary Antigens Used in This Study

Antigen Immunogen Manufacturer Dilution Antigen retrieval

EphA4 Purified, NS0-derived, recombinant mouse
EphA4 extracellular domain (amino acids
20–547)

R & D Systems (Minneapolis,
MN), goat polyclonal, #AF641

1:150

EphA7 Purified, NS0-derived, recombinant mouse
EphA7 extracellular domain (amino acids
30–549)

R & D Systems, goat polyclonal,
#AF608

1:100 DAKO (Carpinteria, CA),
Target Retrieval Solution,
#S1700

FoxP2 Synthetic peptide, amino acids 700–715 of
human FoxP2, conjugated to KLH

Abcam (Tokyo, Japan), rabbit
polyclonal, #ab16046

1:1,000

ER81 Synthetic peptide, CNPHPYNEGYVY, which
is identical to the 12 C-terminal amino
acids of mouse ER81, conjugated to KLH

Covance (San Diego, CA), rabbit
polyclonal, #PRB-362C

1:1,000

Robo3 Purified, NS0-derived, recombinant human
Roundabout homolog 3 (rhRobo3; amino
acids 40–545; Accession #Q96MS0)
extracellular Ig domain

R & D Systems, goat polyclonal,#
AF3076

1:20 DAKO, Target Retrieval
Solution, #S1700
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is identical to that of mouse FoxP2. The pattern of

immunostaining with the anti-FoxP2 antibody in the

mouse brain and the nuclear localization of FoxP2

immunoreactivity were identical with those of previ-

ous reports (Ferland et al., 2003; Campbell et al.,

2009).

4. The anti-ER81 antibody recognized a single band of

about 55 kDa molecular weight on Western blots of

tissue lysate derived from mouse brain. The pattern

of immunostaining with the anti-ER81 antibody in the

mouse brain was identical to that of previous reports

(Arber et al., 2000; Harrison et al., 2008). ER81 im-

munostaining disappears in ER81-deficient mice

(Arber et al., 2000).

5. The pattern of immunostaining with the anti-Robo3

antibody in the mouse brain was identical to that of

previous reports, and Robo3-immunostaining disap-

pears in Robo3-deficient mice (Renier et al., 2010;

Kuwako et al., 2010). The amino acid sequences of

the Ig domains of human and mouse Robo3 share

approximately 87% identity (manufacturer’s datasheet).

In direct enzyme-linked immunosorbent assay (ELISA)

and Western blot, the anti-Robo3 antibody shows

approximately 60% cross-reactivity with recombinant

mouse Robo3, 5% cross-reactivity with recombinant

human Robo2 and recombinant rat Robo1, and less

than 1% cross-reactivity with recombinant human

Robo4 (manufacturer’s datasheet).

RNA in situ hybridization
The EphA4 and EphA7 cDNAs were amplified from total

RNA with reverse transcriptase (RT)-PCR, and cloned with

appropriate plasmids. Each cDNA was confirmed by

sequencing. The antisense riboprobes were synthesized

with the digoxigenin (DIG) RNA Labeling kit (Roche Diag-

nostics, Tokyo, Japan) from the linearized templates:

EphA4, a 1,505-bp fragment extending from nucleotides

1 to 1,506 (accession number NM_007936) (Kullander

et al., 2001b); and EphA7, a 914-bp fragment extending

from nucleotides 681 to 1,595 (accession number

NM_010141). In situ hybridization on cryosections was

performed according to a previous report (Ishii et al.,

2004). In situ hybridization on whole-mount brains (WISH)

was performed according to a modification of previous

reports (Nieto et al., 1996; Grove et al., 1998). Briefly,

E18.5 ICR mice were fixed overnight with 4% PFA in 0.1 M

PB at 4�C. After rehydration with graduated methanol in

PBS containing 1% Tween 20 series, embryos were

bleached with 6% H2O2 in PBS containing 1% Tween 20

for 60 minutes. Samples were incubated in detergent

solution (Tris-HCl [pH 8.0], 1 mM EDTA, 150 mM NaCl, 1%

NP-40, 1% sodium dodecyl sulfate [SDS], 0.5% deoxycho-

late) for 30 minutes� 3, in PBS with 10 lg/ml proteinase

K (Wako) and 1% Tween 20 for 20 minutes, and then post-

fixed in PBS with 0.2% glutaraldehyde, 4% PFA, and 1%

Tween 20 for 20 minutes. The DIG-labeled EphA4 and

EphA7 riboprobes (total 0.5–2lg) were diluted appropri-

ately with hybridization buffer (5X standard saline citrate

[SSC], pH 4.5, 50% formamide, 1% SDS, 500 lg/ml yeast

tRNA [Roche Diagnostics], 200 lg/ml acetylated bovine

serum albumin [BSA; Nacalai Tesque, Kyoto, Japan], and

50 lg/ml heparin [Sigma-Aldrich, Tokyo, Japan]).

E18.5 ICR mice were incubated in the hybridization

buffer including DIG-labeled RNA probes overnight at

70�C. After hybridization, the samples were washed in so-

lution X (2X SSC, pH 4.5, 50% formamide, and 1% SDS) at

70�C and then with TBST (25 mM Tris-HCl, pH 7.5, 136

mM NaCl, 2.68 mM KCl, and 1% Tween 20). After blocking

with 10% lamb serum (Invitrogen) in TBST for 2 hours,

embryos were incubated overnight in TBST with 1% lamb

serum and alkaline phosphatase-conjugated anti-DIG

antibody (1:1,000; Roche Diagnostics) at 4�C. After a se-

ries of washes with TBST, embryos were equilibrated with

NTMT (100 mM NaCl, 100 mM Tris-HCl, pH 9.5, 50 mM

MgCl2, and 1% Tween 20). Color reactions were per-

formed with the substrates for alkaline phosphatase,

NBT-BCIP stock solution (Roche Diagnostics). The stained

embryos were stored in PBS with 10% formaldehyde at

4�C in the dark. All experiments were performed in paral-

lel with DIG-labeled sense riboprobes to confirm the

specificity of the signal obtained by DIG-labeled antisense

riboprobes.

Image acquisition
The images were acquired with a fluorescence micro-

scope (BX50, Olympus, Tokyo, Japan) attached to a CCD

camera (DP-71, Olympus) or NanoZoomer 1.0-HT (Hama-

matsu Photonics, Shizuoka, Japan). The image data were

stored on a computer by using DP Controller and DP Man-

ager software (Olympus) or NDP Scan software (Hama-

matsu Photonics). The image data were manipulated with

Photoshop CS3 (Adobe Systems, San Jose, CA) to adjust

the white or black balance of each image. Some color

images were converted into gray-scale images with Pho-

toshop CS3. Inverted images were obtained from some

gray-scale images with Photoshop CS3. In some images,

the fluorescence signals were pseudo-colored green or

magenta with Photoshop CS3. The confocal image data

(image size, 800 � 800 pixels; resolution, 0.265 lm/

pixel; z-stacks, 16 slices [1 lm/slice]) were acquired with

a fluorescence confocal microscope (FV-1000 Olympus)

and stored on a computer by using FLUOVIEW software

(Olympus). The confocal image data were reconstructed

into a 3D image and stacked into a single image by using

OsiriX software (Rosset et al., 2004).
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Statistical analysis
The series of transversal sections (20 lm thickness,

100 lm intervals) were obtained from E18.5 embryos of

EphA4þ/þ (n ¼ 5), EphA4þ/� (n ¼ 5), and EphA4�/� (n

¼ 5); from E15.5 embryos of EphA4þ/þ (n ¼ 3) and

EphA4�/� (n ¼ 3); from E14.5 embryos of EphA4þ/þ (n

¼ 3) and EphA4�/� (n ¼ 3); and from E13.5 embryos of

EphA4þ/þ (n ¼ 3) and EphA4�/� (n ¼ 3). Each series

was immunostained with anti-FoxP2 antibody, and FoxP2-

positive IO neurons in the FP through IO nuclei were

counted. We calculated the mean value and standard

deviation (SD) of the number of FoxP2-positive IO

neurons in the FP. For statistical analysis, we used the

Tukey-Kramer method (JMP, SAS Institute Japan, Tokyo,

Japan). Statistical significance was assumed when the

P value was less than 0.01.

RESULTS

EphA4 expression in embryonic
olivocerebellar projections

We previously reported that EphA4 was expressed in

zonal regions of E18.5 cerebellum and suggested that

CFs expressed EphA4 (Hashimoto and Mikoshiba, 2003).

To further examine the pattern of EphA4 expression, we

immunostained transverse sections of E18.5 brain with

anti-EphA4 antibody. As a result, EphA4 immunoreactivity

was observed in IO nuclei (Fig. 1A,B) and in two bundles

of CFs along the hindbrain surface (data not shown).

EphA4 was expressed by IO subnuclei: the rostral part of

the medial accessory olive (rMAO; Fig. 1A), the ventral

fold of the dorsal accessory olive (vDAO; Fig. 1B), the

principal olive (PO; Fig. 1B), and the caudal part of the

medial accessory olive (cMAO; data not shown). In addi-

tion, EphA4 was expressed more in the rostral region

(Fig. 1A) than in the caudal region of the rMAO (Fig. 1B).

In contrast, EphrinB3, which is a repulsive ligand for

EphA4 (Dottori et al., 1998; Kullander et al., 2001a,b;

Yokoyama et al., 2001), was clearly located in the midline

of the FP (Fig. 1E,F). Furthermore, we found that EphA7,

which is another member of the Eph family and does not

interact with EphrinB3 (for review, see Flanagan and

Vanderhaeghen, 1998), was also expressed in the IO sub-

nuclei at E18.5: the rMAO (Fig. 1C,D), PO (Fig. 1D), and

cMAO (data not shown). In addition, the medial region of

the rMAO (Fig. 1D) and the dorsal part of the PO (Fig. 1D,

arrowhead) were densely labeled by anti-EphA7.

To investigate the developmental change and localiza-

tion of EphA4 expression in embryonic cerebella, we im-

munostained transverse sections of brains at E13.5

(Fig. 1G–I), and E12.5 (Fig. 1J–O) with anti-EphA4 anti-

body. EphA4 immunoreactivity was located in IO nuclei

(Fig. 1H,I, arrows), in the two bundles of fibers along the

hindbrain surface, which represent the inferior cerebellar

peduncles (icps) that are composed of CFs from IO nuclei

and MFs from the lateral reticular nucleus (LRN; Fig. 1G–

L, closed arrowheads), and in part of the cerebellum

(Fig. 1G,H,J, open arrowheads) at E12.5 and E13.5. In

particular, fiber-like formations immunostained with anti-

EphA4 antibody were observed in E12.5 brains (Fig. 1J–O)

indicating that EphA4 was predominantly expressed in IO

neurons and their axons in the embryonic brain as early

as E12.5.

To examine the detailed expression of EphA4 and

EphA7 in E18.5 IO nuclei, we performed nonradioactive in

situ hybridization on whole-mount brains (WISH; Fig.

2A,D) and on transverse cryosections (Fig. 2B,C,E,F) with

EphA4 (Fig. 2A–C) and EphA7 (Fig. 2D–F) riboprobes.

EphA4 was expressed in beta (Fig. 2C), the dorsal part of

the vDAO (Fig. 2B, closed arrowhead), the dorsal cap of

Kooy (DCK; Fig. 2C), the dorsomedial group subnucleus

(DM; data not shown), the cMAO (Fig. 2C), rMAO (Fig.

2B), and the PO (Fig. 2B), whereas the ventral part of the

vDAO (Fig. 2B, open arrowhead) did not express EphA4.

The caudal part of the rMAO was weakly labeled by

EphA4 riboprobe (Fig. 2B) as well as EphA4 immunostain-

ing (Fig. 1B). EphA7 (Fig. 2E,F) was expressed in the DCK

(Fig. 2F), cMAO (Fig. 2F), rMAO (Fig. 2E), and PO (Fig. 2E),

whereas the beta (Fig. 2F), vDAO (Fig. 2E), and DM (data

not shown) did not express EphA7. The dorsal part of the

PO (Fig. 2E, closed arrowhead) was more densely labeled

with EphA7 riboprobe than the ventral part of the PO (Fig.

2E, open arrowhead) and also showed EphA7 immuno-

staining (Fig. 1D, arrowhead). This observation indicated

that EphA4 and EphA7 were not evenly expressed by all

IO nuclei.

Abnormal olivocerebellar projections in
E18.5 cerebellum of EphA42/2mouse

To investigate the effect of EphA4 deficiency on the de-

velopment of the olivocerebellar projections, we retro-

gradely labeled CFs and IO neurons at E18.5 by injecting

a lipophilic and fluorescent dye (Fritzsch et al., 2005) into

the right side of the cerebellar cortex (Fig. 3). In EphA4þ/þ

embryos (n ¼ 4), the IO neurons on the contralateral side

(Fig. 3A,B, arrow) were labeled, and there were no labeled

cells in the ipsilateral IO nuclei (Fig. 3A,B, arrowhead),

indicating that IO neurons in EphA4þ/þ projected their

axons to the contralateral side of the cerebellar cortex. In

contrast, in EphA4�/�embryos (n ¼ 6), the contralateral

(Fig. 3C,D, arrows) and ipsilateral (Fig. 3C,D, arrowheads)

sides of IO nuclei were labeled by the retrograde tracer.

In EphA4�/� mouse, IO neurons that were located in

the side ipsilateral to the dye-labeled cerebellar cortex

(Fig. 3C,D, arrowheads) abnormally projected their axons

EphA4 is Involved in Olivocerebellar Projections
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Figure 1. EphA4, EphA7, and EphrinB3 expression in embryonic IO nuclei. A series of E18.5 hindbrain transverse sections were immuno-

stained with anti-EphA4 (A,B), anti-EphA7 (C,D), and anti-EphrinB3 (E,F) antibodies. EphA4 was expressed in the rostral region of rMAO

(A), PO (B), and vDAO (B). EphA4 immunoreactivity was weak in the caudal region of rMAO (B). EphA7 was expressed in rMAO and the

dorsal part of PO (arrowhead in D), whereas vDAO was immune-negative for EphA7. EphrinB3, which is a ligand of EphA4 but not of

EphA7, was expressed in the midline of the FP. G–O: A series of transverse sections of E13.5 (G–I) and E12.5 (J–O) brains from rostral

(top line) to caudal (bottom line) were immunostained with anti-EphA4 antibody. EphA4 immunoreactivity was located in bundles of climb-

ing fibers (closed arrowheads in G–L), IO nuclei (arrows in H,I), and a part of the cerebellum (open arrowheads in G,H,J). M–O are magnifi-

cations of regions shown by rectangles in J–L indicating fiber-like formations immunostained with anti-EphA4 antibody. CEP, cerebellar

primordium; broken line, border of the CEP; ne, neuroepithelium of the cerebellum. For other abbreviations, see list. Scale bar ¼ 500 lm
in A–O.
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to the ipsilateral side of the cerebellar cortex, and some

of them (Fig. 3D, open arrow) had a process crossing the

midline of the FP (inset of Fig. 3D, arrowheads). This ob-

servation indicated that EphA4 deficiency caused abnor-

mal olivocerebellar projections. In EphA4þ/þ and

EphA4�/� embryos, the external cuneate nucleus (ECN)

and the LRN on the ipsilateral side were labeled (Fig.

3A,C), and there were no labeled cells in ECN and LRN on

the contralateral side (Fig. 3A,C).

To examine the detailed abnormality of CF projections

in EphA4�/� mice, we labeled both sides of the cerebel-

lar cortex by using two different retrograde tracers. Two

kinds of retrograde tracers were inserted into the left and

right side of EphA4�/� E18.5 cerebella (n ¼ 3), respec-

tively (Fig. 4). Each retrograde tracer, which was pseudo-

colored with green and magenta, labeled IO neurons in

the contralateral side and some IO neurons in the ipsilat-

eral side (Fig. 4A). The ipsilaterally labeled IO neurons

were observed by confocal microscopy to examine the

co-localization of the two kinds of retrograde tracers (Fig.

4B,C). It was found that the IO neurons were not double-

labeled by the retrograde tracers on E18.5 (Fig. 4B,C).

Based on this observation, we performed double labeling

on EphA4�/� cerebellar cortex and simultaneously cut

the left side of the icp (n ¼ 3; Fig. 4D,E). Consequently,

the retrograde tracer (magenta colored) stopped extend-

ing along the icp at the incision (Fig. 4D, scissors). As a

result, in the left icp (Fig. 4D, closed arrows), IO neurons

in the contralateral (Fig. 4D, open arrowhead) and

Figure 2. Expression of EphA4 and EphA7 mRNAs in E18.5 IO

nuclei. A,D: E18.5 whole-mount embryos of wild-type mice were in

situ hybridized (WISH) with digoxygenin-labeled riboprobes for

EphA4 (A) and EphA7 (D). The rostral and the caudal areas of IO

nuclei expressed EphA4 (A) and EphA7 (D) mRNAs. B,C,E,F: Trans-

verse sections at the rostral (B,E) and caudal (C,F) areas of the IO

nuclei were hybridized with EphA4 (B,C) and EphA7 (E,F) ribop-

robes, respectively. EphA4 was expressed in the dorsal part of the

vDAO (closed arrowhead in B), DM (data not shown), rMAO, and

PO except for the ventral part of the vDAO (open arrowhead in B).

Furthermore, beta, DCK, and cMAO expressed EphA4 (C). EphA7

was expressed in the rMAO and PO and not the vDAO (E). EphA7

riboprobe labeled the dorsal part of the PO (closed arrowhead in

E) more densely than the ventral part of the PO (open arrowhead

in E). Furthermore, DCK and cMAO expressed EphA7 but not beta

(F). For abbreviations, see list. Scale bar ¼ 500 lm in A–F.

Figure 3. Ipsilateral IO neurons abnormally projected their axons into cerebella of EphA4�/� mice at E18.5. Unilateral cerebella (right side) of

EphA4þ/þ (A,B), and EphA4�/� (C,D) were labeled with a retrograde dye at E18.5. A,B: Transverse sections of EphA4þ/þ showed that IO neurons

in the contralateral side (arrows), but not in the ipsilateral side (arrowheads), were labeled by the retrograde dye. C,D: In EphA4�/� mice, IO neu-

rons were labeled with the retrograde dye not only in the contralateral (arrows) side but also in the ipsilateral (arrowheads) side. B and D are magni-

fications of IO in A and C, respectively. Broken lines in B and D indicate the hindbrain midline. Some of the IO neurons that were abnormally

located in the ipsilateral side (open arrow in D) had a process crossing the midline of the FP (inset in D, arrowheads). cont, contralateral to the la-

beled cerebellum; ipsi, ipsilateral to the labeled cerebellum. For other abbreviations, see list. Scale bar ¼ 250 lm in A–D.
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ipsilateral (Fig. 4D, open arrow) sides were not labeled by

the retrograde tracer. In contrast, the axotomy of the left

icp did not change the labeling by the green retrograde

tracer on the contralateral (Fig. 4E, open arrow) and ipsi-

lateral IO nuclei (Fig. 4E, open arrowhead). This observa-

tion indicated that, in EphA4�/� E18.5 brain, the retro-

gradely labeled IO neurons on the ipsilateral side

projected their axons to the ipsilateral cerebellar cortex

by way of the ipsilateral icp but not to the contralateral

cerebellar cortex and that the retrogradely labeled IO

neurons on the contralateral side projected their axons to

the contralateral cerebellar cortex but not to the ipsilat-

eral cerebellum.

Abnormal migration of IO neurons across
the FP in EphA42/2 mouse

In this study, we used anti-FoxP2 antibody for defining

the distribution of IO neurons and the laminar structure

of IO nuclei. Transcription factors such as Brn3.2 and

Er81 have generally been used as IO neuronal markers

and for examining the laminar structure of IO nuclei (Zhu

and Guthrie, 2002; Di Meglio et al., 2008). Anti-Brn3.2 im-

munoreactivity is, however, weak and uneven in IO nuclei

(data not shown), whereas anti-Er81 immunoreactivity is

not detected in the beta subnucleus, cMAO, rMAO, and

Figure 4. Contralateral and ipsilateral labeling of olivocerebellar

projections with retrograde tracers in EphA4�/� E18.5 cerebella.

A: The left and right sides of EphA4�/� E18.5 cerebella were la-

beled with two kinds of retrograde tracers, which were pseudo-

colored with green and magenta, respectively. B,C: Confocal

images were obtained from the left (B) and right (C) IO nuclei.

The ipsilaterally labeled IO neurons (green colored cell in B and

magenta colored cell in C) were not double-labeled by the retro-

grade tracers. D,E: After the axotomy of the left inferior cerebel-

lar peduncle (icp; scissors), the left and right side of EphA4�/�

E18.5 cerebella were labeled with the retrograde tracers, respec-

tively (D, magenta; E, green). The extension of the magenta-col-

ored retrograde tracer stopped at the incision (scissors in D), so

the left icp was not labeled (closed arrows in D). None of the

contralateral (open arrowhead in D) and ipsilateral (open arrow in

D) IO neurons were labeled by the magenta-colored retrograde

tracer. In contrast, the green-colored retrograde tracer labeled

both the contralateral (open arrow in E) and ipsilateral (open

arrowhead in E) IO neurons, and the right icp (closed arrows in E)

as well. Broken lines, midline of the hindbrain. For abbreviations,

see list. Scale bar ¼ 50 lm in A–C; 250 lm in D,E.

Figure 5. FoxP2 as a marker for IO neurons. A series of trans-

verse sections (100-lm distances; from rostral [top line] to caudal

[bottom line]) of E18.5 hindbrains were immunostained with anti-

ER81 (A–D) and anti-FoxP2 (E–H). The rMAO (B), the cMAO (C,D),

dDAO (C,D), and the beta subnucleus (beta) (D), were not immuno-

stained with anti-Er81. In contrast, all IO neurons were visualized

with anti-FoxP2 immunostaining (E–H). For abbreviations, see list.

Scale bar ¼ 500 lm in A–H.
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dorsal fold of the dorsal accessory olive (dDAO; Fig. 5A–

D). Instead of these, we found that anti-FoxP2 antibody

evenly stained all nuclei of IO neurons, and therefore,

FoxP2 immunoreactivity clearly visualized the laminar

structure of IO nuclei (Figs 5E–H, 6). In addition, FoxP2

immunoreactivity was observed in the ambiguus nucleus

(AN), part of the intermedial reticular nucleus (IRN), part

of the medial vestibular nucleus (MVN), and part of the

parvicellular reticular nucleus (PRN), and not in the ECN,

LRN, nucleus of the seventh nerve (N7n), dorsal nucleus

of the tenth nerve (N10n), nucleus of the twelfth nerve

(N12n), and spinal trigeminal nucleus (Sp5; Fig. 6).

By using anti-FoxP2 immunostaining, we compared the

distribution of IO neurons in EphA4þ/þ E18.5 IO nuclei (n

¼ 5; Fig. 7A–F) with that in EphA4�/� nuclei (n ¼ 5; Fig.

7G–L). The shapes and lamella formation of IO nuclei in

EphA4�/� nuclei were clearly changed (Fig. 7G–L) com-

pared with those in EphA4þ/þ nuclei (Fig. 7A–F). The

right and left DM (Fig. 7G and arrow in J), rMAO (Fig. 7H

and arrow in K), DCK (Fig. 7I and arrow in L), and beta

(Fig. 7I and arrow in L) fused together in the FP (n ¼ 5 of

5). Therefore, in EphA4�/� nuclei, many FoxP2-positive

IO neurons were abnormally located in the FP (Fig. 7J–L,

arrows), al though EphrinB3 was still expressed in the FP

(data not shown). In contrast, FoxP2-positive IO neurons

were not observed in the FP of EphA4þ/þ mice (Fig. 7A–

C and arrows in D–F). The ventral lamella of the PO was

intermingled with the rMAO, and therefore, the boundary

between the ventral lamella of the PO and rMAO was

obscure and spaces where no IO neurons existed in were

observed (n ¼ 5 of 5; Fig. 7H, arrowheads). In addition,

the boundary between the vDAO and PO was unclear (n

¼ 5 of 5; Fig. 7H). The region of the cMAO expanded dor-

solaterally (Fig. 7I). Furthermore, the lamella formation of

the ventral part of vDAO was normal (Fig. 7H).

We counted the number of FoxP2-positive IO neurons

that were located in the FP of EphA4þ/þ (n ¼ 5),

EphA4þ/� (n ¼ 5), and EphA4�/� mice (n ¼ 5; Fig. 7Q).

The number of FoxP2-positive IO neurons in the FP was

significantly increased in EphA4�/� compared with

EphA4þ/þ mice (78 times; P < 0.0001; Fig. 7Q), whereas

there was no statistically significant difference between

EphA4þ/þ and EphA4þ/� mice (P¼ 0.7; Fig. 7Q). In addi-

tion, in EphA4�/� embryos, EphA7-positive IO neurons

located in the medial region of the rMAO (Fig. 7O) clearly

crossed the FP (n ¼ 5 of 5; Fig. 7P, arrow), in contrast to

EphA4þ/þ embryos (n ¼ 5 of 5; Fig. 7M and arrow in N).

Furthermore, transverse sections of E18.5 EphA4�/�

Figure 6. Distribution of FoxP2-immunopositive cells in the embryonic hindbrain. A series of E18.5 hindbrain transverse sections from ros-

tral (top line) to caudal (bottom line) are immunostained with anti-FoxP2 antibody (A–E) and Nissl-stained (A0–E0). AN, ambiguus nucleus;

IRN, intermedial reticular nucleus; LRN, lateral reticular nucleus; MVN, medial vestibular nucleus; N7n, nucleus of the seventh nerve (fa-

cial); N10n, dorsal nucleus of the tenth nerve (motor, vagus); N12n, nucleus of the twelfth nerve (hypoglossal); PRN, parvicellular reticular

nucleus; Sp5, spinal trigeminal nucleus. For other abbreviations, see list. Scale bar ¼ 1 mm in A–E0.
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Figure 7. IO neurons in EphA4�/� mice were abnormally located in the FP at E18.5. Transverse sections of E18.5 hindbrains from

EphA4þ/þ (n ¼ 5; A–F,M,N) and EphA4�/� (n ¼ 5; G–L,O,P) mice were immunostained with anti-FoxP2 (A–L) and anti-EphA7 (M–P). Ros-

tral (A,D,G,J), intermedial (B,E,H,K,M–P), and caudal (C,F,I,L) regions of IO nuclei are shown. Many IO neurons crossed the FP in EphA4�/�

mice (J–K); no IO neurons crossed the FP in EphA4þ/þ mice (D–F). In EphA4�/� embryo, the dorsal lamella of the PO was intermingled

with the rMAO (arrowhead in H) and right-and-left DM (arrow in J), rMAO (arrow in K), DCK, and cMAO (arrow in L) fused together in the

FP. M–P are the neighboring sections to B, E, H, and K that are labeled by EphA7 antibody. EphA7-positive IO neurons in the medial region

of the rMAO crossed the FP in EphA4�/� mice (arrow in P). Q: The average of FoxP2-positive IO neurons in the FP of EphA4þ/þ (n ¼ 5),

EphA4þ/� (n ¼ 5), and EphA4�/� mice (n ¼ 5). Error bars represent the mean 6 SD. *, P ¼ 0.7; **, P < 0.0001. R–U: Transverse sec-

tions of E18.5 hindbrains from EphA4�/� mice (n ¼ 5) were immunostained with anti-ER81 antibody. R,T and S,U are neighboring sections

to G,J and H,K, respectively. ER81-positive IO neurons in E18.5 EphA4�/� hindbrain were abnormally located in the FP (arrowheads in

T,U) and in rMAO (open arrows in T,U) compared with EphA4þ/þ mouse (Fig. 5A,B), suggesting that ER81-positive IO neurons in E18.5

EphA4�/� mice were migrating to the FP. For abbreviations, see list. Scale bar ¼ 200 lm in A–P,R–U.
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mice (n ¼ 5) were immunostained with anti-ER81 anti-

body (Fig. 7R–U). ER81 is a marker for the DAO, DM, and

PO but not the rMAO (Fig. 5A–D). In E18.5 brain of

EphA4þ/þ mouse, there were no ER81-positive cells in

the FP and rMAO (Fig. 5A,B), whereas, in E18.5 brain of

EphA4�/� mouse, ER81-positive cells were abnormally

located in the FP (Fig. 7T,U, arrowheads) and rMAO (Fig.

7T,U, open arrows). In E18.5 hindbrain of EphA4�/�

mouse, ER81-immunopositive IO neurons of PO appeared

to migrate toward the FP and cross the FP between the

left-right DM (Fig. 7T, arrowhead) and rMAO (Fig. 7T,U,

open arrows). In contrast, the lamellar formation of the

ventral part of the vDAO was normal (Fig. 7S) compared

with EphA4þ/þ mouse (Fig. 7B). Consequently, the

results indicate that IO neurons in EphA4�/� mouse

abnormally crossed the FP at E18.5 (Fig. 7O,P).

Developmental process of midline crossing
of EphA42/2 IO neurons

Newborn IO neurons migrate ventrally from the HRL to

the FP during the developmental stage. To examine the

Figure 8. IO neurons in EphA4�/� mice abnormally crossed the floor plate (FP). Newborn IO neurons are ventrally migrating from the

hindbrain rhombic lip (HRL) to the FP (arrows in A,G) during the developmental stage. To investigate the migration process of IO neurons,

transverse sections of E13.5, E14.5, and E15.5 hindbrain from EphA4þ/þ (A–F) and EphA4�/� mice (G–L) were immunostained with anti-

FoxP2 antibody. At E13.5, there were no differences between EphA4þ/þ (A) and EphA4�/� mice (G) in the distribution of IO neurons, and

no IO neurons were observed in the FP (D,J). Many IO neurons in EphA4�/� mice were abnormally crossing the FP at E14.5 and E15.5

(arrowheads in K,L) compared with EphA4þ/þ mice (E,F). Furthermore, the space between the bilateral IO nuclei was narrower in

EphA4�/� (arrow in I) than EphA4þ/þ mice (arrow in C) at E15.5 because many IO neurons in EphA4�/� mice (L) invaded the FP com-

pared with EphA4þ/þ mice (F). M: In EphA4�/� mice (n ¼ 3 at E13.5, E14.5, and E15.5), the number of FoxP2-positive IO neurons in the

FP gradually increased as the EphA4�/� embryo grew. In EphA4þ/þ mice (n ¼ 3 at E13.5, E14.5, and E15.5), no IO neurons were located

in the FP. Error bars represent the mean 6 SD. þ/þ, EphA4þ/þ; �/�, EphA4�/�. N–Q: Transverse sections of E14 hindbrains from

EphA4þ/þ mice (n ¼ 3; N,P) and EphA4�/� (n ¼ 3; O,Q) were immunostained with anti-Robo3 antibody. P and Q are magnifications of

the FP in N and O, respectively. There is no difference in Robo3-immunostaining between EphA4þ/þ (N,P) and EphA4�/� (O,Q). Robo3-

positive fibers crossed the FP in the submarginal stream (arrows in P,Q). Furthermore, the marginal stream expressed Robo3 protein

(arrowheads in P,Q). Scale bar ¼ 100 lm in A–L,N–Q.
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migrating process of IO neurons in the developing brains

of EphA4þ/þ (Fig. 8A–F) and EphA4�/� mice (Fig. 8G–L),

we immunostained transverse sections of E13.5 (EphA4þ/þ,

n ¼ 3; EphA4�/�, n ¼ 3; Fig. 8A,D,G,J), E14.5 (EphA4þ/þ,

n ¼ 3; EphA4�/�, n ¼ 3; Fig. 8B,E,H,K), and E15.5

(EphA4þ/þ, n ¼ 3; EphA4�/�, n ¼ 3; Fig. 8C,F,I,L) brains

with anti-FoxP2 antibody. At E13.5, many IO neurons

were observed in the caudoventral hindbrain of EphA4þ/

þ (Fig. 8A) and EphA4�/� (Fig. 8G), and the distribution

of IO neurons in EphA4þ/þ (Fig. 8A,D) was similar to that

in EphA4�/� (Fig. 8G,J). At E13.5, the FoxP2-positive IO

neurons in EphA4�/� mouse (Fig. 8G, arrows) were nor-

mally migrating from the HRL to the FP as were those in

EphA4þ/þ mouse (Fig. 8A, arrows). At E14.5, IO neurons

had aggregated and formed immature IO nuclei in the

caudoventral hindbrain, and the formation of IO nuclei in

EphA4þ/þ (Fig. 8B) was not different from that in

EphA4�/� mouse (Fig. 8H). At E15.5, the space between

the bilateral IO nuclei was narrower in EphA4�/� (Fig. 8I,

arrow) than in EphA4þ/þ mouse (Fig. 8C, arrow).

In addition, the space between the bilateral IO nuclei in

EphA4�/� mouse was narrower at E15.5 (Fig. 8I, arrow)

than at E14.5 (Fig. 8H, arrow). Furthermore, many FoxP2-

positive IO neurons were abnormally crossing the FP in

EphA4�/� mouse (Fig. 8K,L, arrowheads), even though

there were no IO neurons in the FP of EphA4þ/þ mouse

(Fig. 8E,F). The number of FoxP2-positive IO neurons

existing in the FP was counted. The result indicated that

the number of IO neurons in the FP gradually increased

from E13.5 to E15.5 (Fig. 8M). In Robo3-deficient mice,

the leading process and cell bodies of IO neurons fail to

cross the FP, and as a result, IO neurons project their

axons to the ipsilateral side of the cerebellum (Marillat

et al., 2004; Renier et al., 2010). If Robo3 expression is

downregulated by EphA4 deficiency, the leading proc-

esses and cell bodies of IO neurons will not cross the FP,

and as a result, the ipsilateral projection of IO neurons

will be formed in EphA4�/� mice.

To examine Robo3 expression in EphA4�/�, we immu-

nostained the transverse sections from E13 (data not

shown) and E14 hindbrains of EphA4þ/þ (n ¼ 3; Fig.

8N,P) and EphA4�/� mice (n ¼ 3; Fig. 8O,Q) with anti-

Robo3 antibody. The result indicated that there was no

difference in Robo3 immunostaining between EphA4þ/þ

(Fig. 8N,P) and EphA4�/� mice (Fig. 8O,Q). The submargi-

nal stream (Fig. 8P,Q, arrows), in which the axons of IO

neurons cross the FP, and the marginal stream (Fig. 8P,Q,

arrowheads), in which neurons of the LRN and ECN

migrate, were immunopositive for Robo3. This indicated

that the ipsilateral projection of IO neurons in EphA4�/�

was not caused by Robo3 downregulation.

To summarize these data, in EphA4�/� embryos, the

axons of IO neurons crossed the FP and the IO neurons

normally migrated from the HRL to the FP; however,

some of the IO neurons could not stop migrating before

the FP and were abnormally crossing the FP from E14.5

(Fig. 8); finally, the bilateral IO nuclei had merged in the

FP at E18.5 (Fig. 7). Furthermore, the IO neurons that

crossed the FP abnormally projected their axons to the ip-

silateral side of the cerebellar cortex (Figs. 3, 4). These

observations indicate that EphA4 contributes to a stop

signal for IO neurons before the FP and is involved in the

contralateral projections from IO neurons.

Ipsilateral olivocerebellar projections in
adult EphA42/2cerebellum

We wondered whether adult mice with EphA4 defi-

ciency also show similar abnormalities. To investigate the

nature of olivocerebellar projections in adult EphA4�/�

cerebellum, we used Ad vector for neuronal tract tracing

in adult brain (Terashima et al., 1997; Tomioka and Rock-

land, 2006; Howorth et al., 2009). If Ad vector carrying a

marker gene (e.g., b-galactosidase or green fluorescence

protein) is injected into brain in vivo, Ad vector infects the

axon terminals on the infection site and the particles of

Ad vector retrogradely transported from the axon termi-

nals to the cell bodies. Subsequently, the marker proteins

expressed by Ad vector anterogradely label the infected

neurons, and therefore, the axons, dendrite, and cell

body of the infected neurons are visualized by the marker

protein in a Golgi-like manner (Terashima et al., 1997;

Tomioka and Rockland, 2006; Howorth et al., 2009). We

newly constructed an Ad vector (Fig. 9), AdexCAG-

mCherry-WPRE, that expresses the bright red fluorescent

and monomeric protein (mCherry), because the red fluo-

rescence of mCherry does not interfere with autofluores-

cence of animal tissue and is suitable for deep imaging of

Figure 9. Construction of Ad vector. Replication-incompetent Ad

vector that lacks the E1A, E1B, and E3 region was generated

from human adenovirus type 5. An expression unit including ubiq-

uitous and strong promoter (CAG), a variant of a red fluorescent

protein (mCherry), a Woodchuck hepatitis virus posttranscriptional

regulatory element (WPRE) that enhances the stability of viral

transcripts, and the poly-A region of rabbit b-globin (GpA) was

inserted into the E1A–E1B deleted region. AdexCAG-mCherry-

WPRE expresses mCherry ubiquitously. 1 map unit ¼ 0.36 kb.
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animal tissues. AdexCAG-mCherry-WPRE was injected

into the unilateral paramedian lobule (Par) of EphA4þ/þ

(n ¼ 4; Fig. 10A–F), EphA4þ/� (n ¼ 4; data not shown),

and EphA4�/� (n ¼ 5; Fig. 10G–L) adult cerebella.

By using a fluorescence confocal microscope, we con-

firmed that the mCherry-positive cells were FoxP2-immu-

nopositive in EphA4þ/þ and EphA4�/� mice (data not

shown). This observation indicated that the adult

EphA4�/� cerebellum was abnormally innervated by the

bilateral IO nuclei, and therefore, the abnormal olivocere-

bellar projections in the E18.5 EphA4�/� mice (Fig. 3)

are retained in the adult EphA4�/� mice (Fig. 10).

To further examine the pattern of olivocerebellar pro-

jection in adult EphA4�/� brain, we injected an antero-

grade tracer (DA-594) into the one side of IO nuclei

(cMAO; n ¼ 3; inset in Fig. 11A, arrowhead). One week

after the injection, DA-594-labeled CFs were clearly

observed in the adult EphA4�/� cerebella (Fig. 11A,

arrows). The labeled CFs formed compartments in the

contralateral (Fig. 11B) and ipsilateral (Fig. 11D) hemi-

spheres to the DA-594 injection site (the inset of Fig.

11A, arrowhead) and along the midline of the cerebellum

(Fig. 11C). Interestingly, the distribution of the labeled

CFs displayed bilateral symmetry (Fig. 11A). DA-594 is

absorbed by the cell bodies of IO neurons in the injection

site and anterogradely labels their axons. However, the

fibers of passage in the injection site are not labeled by

DA-594 because the dextran is not incorporated by fibers

of passage and does not escape from labeled neurons

(Wouterlood and Jorritsma-Byham, 1993). Therefore, this

observation indicated that, in adult EphA4�/� mice, the

IO neurons belonging to one side of the cMAO projected

their axons to the contralateral and ipsilateral cerebellar

cortex, and that the topographical projection of the CFs

was retained (Fig. 11).

DISCUSSION

EphA4 was expressed by IO neurons and their axons as

early as E12.5, whereas EphrinB3, which is a ligand for

EphA4, was expressed by the FP (Fig. 1). We found that

some of the IO neurons in E18.5 embryos of EphA4�/�

mice abnormally projected their axons to the ipsilateral

cerebellar cortex (Figs. 3, 4), because the EphA4�/� IO

Figure 10. The adult EphA4�/� cerebellum was innervated by bilateral IO neurons. To examine the nature of olivocerebellar projections in

EphA4þ/þ (A–F) and EphA4�/� (G–L) adult cerebella, AdexCAG-mCherry-WPRE was injected into the Par of EphA4þ/þ (arrows in A–C) and

EphA4�/� (arrows in G–I) adult cerebella. Two weeks after the injection, the red fluorescence of mCherry was clearly observed in the viral

injection sites in EphA4þ/þ and EphA4�/� cerebella, and furthermore, AdexCAG-mCherry-WPRE retrogradely labeled the precerebellar nuclei

including IO nuclei (IO in C,I) and the pontine gray matter (PG in C,I). D and J are magnifications of IO nuclei shown by rectangles in C and I,

respectively. The ipsilateral IO nuclei in EphA4�/� mice were abnormally labeled by mCherry (closed arrowhead in J) in contrast to EphA4þ/þ

(open arrow and open arrowhead in D). The red fluorescence of mCherry was clearly observed in the rostral part (open arrows in D,J) and the

caudal part (open arrowheads in D,J) of IO nuclei. To investigate the distribution of mCherry-positive IO neurons, EphA4þ/þ and EphA4�/�

brains were transversely sectioned in the rostral IO nuclei (E,K) and in the caudal IO nuclei (F,L). In the rostral and caudal IO nuclei of EphA4�/�

adult brain, the mCherry-positive IO neurons were abnormally located on the ipsilateral side (arrowheads in K; arrowhead in L). Therefore, the adult

cerebellum of EphA4�/� was innervated by the contralateral and ipsilateral IO nuclei. Lines, midline of the hindbrain; broken lines, outline of IO

nuclei; V–IX, lobule V–IX; c, caudal; cMAO, caudal region of the medial accessory olive; cont, contralateral to the injection site; ipsi, ipsilateral to

the injection site; r, rostral. For other abbreviations, see list. Scale bar ¼ 500 lm.

EphA4 is Involved in Olivocerebellar Projections

The Journal of Comparative Neurology | Research in Systems Neuroscience 1715



neurons did not stop migrating before the FP, and they

abnormally crossed the FP (Figs. 7, 8). Furthermore, the

abnormal ipsilateral projections of IO neurons in EphA4�/�

mice remained until the adult stage (Figs. 10, 11), and

therefore, the bilateral cerebellar cortex of adult EphA4�/�

was abnormally innervated by the IO nuclei (Fig. 11).

Consequently we conclude that EphA4 expressed by

IO neurons is involved in stopping the IO neurons before

the FP and preventing the ipsilateral projections of

IO neurons.

EphA4 is involved in the midline crossing of
IO neurons

Our observations indicated that some of the EphA4�/�

embryonic IO neurons projected their axons to the ipsilat-

eral cerebellar cortex (Figs. 3, 4). This abnormality can be

explained by three possible mechanisms (Fig. 12, models

A–C). The first is that IO neurons normally project CFs to

the contralateral cerebellar cortex, but some CFs cross

the midline of the cerebellar cortex (Fig. 12, model A). In

this case, EphA4 is involved in repulsive signaling for CFs

at the midline of cerebellar cortex but not the FP. If this is

the case, in EphA4�/� brain, double-labeled IO neurons

will be observed after the labeling of the left and right

hemisphere of the cerebellar cortex by two kinds of retro-

grade dyes, because some CFs traversed the whole cere-

bellum, and furthermore, the labeling of the right IO nuclei

would disappear after the left icp axotomy (Fig. 12, model

A). However, there were no double-labeled IO neurons af-

ter labeling of the left and right hemisphere (Fig. 4A–C),

and we continued to observe the ipsilateral and contralat-

eral IO neurons labeled by a retrograde tracer after the

left icp axotomy (Fig. 4D,E). Therefore, model A is not fea-

sible. The second possible mechanism is that, in

EphA4�/� brain, some IO neurons are repelled by the FP,

so that their leading processes turn back to the ipsilateral

cerebellar cortex (Fig. 12, model B). In this case, EphA4 is

involved in attractive signaling for the leading processes

and is necessary for the midline crossing of the leading

processes but not for the stopping signal before the FP to

IO neurons. If this is the case, in EphA4�/� brain, the cell

bodies and processes of IO neurons cannot cross the FP.

However, in EphA4�/� mice, many IO neurons are

observed in the FP (Fig. 7), and they seem to be crossing

the FP (Fig. 8L, arrowheads); furthermore, some IO neu-

rons that are abnormally located in the ipsilateral side

(Fig. 3D, open arrow) have a process crossing the FP

(inset of Fig. 3D, arrowheads). These observations are not

consistent with model B.

Figure 11. The unilateral IO nuclei bilaterally and topographically innervated the adult EphA4�/� cerebellum. A: An anterograde tracer

(DA-594) was injected into the unilateral IO nuclei (cMAO) of adult EphA4�/� (inset, arrowhead). One week after the injection, CFs labeled

by DA-594 were clearly observed in the contralateral (cont) and ipsilateral (ipsi) sides of cerebellum to the injection site (arrows). The dis-

tribution of the labeled CFs displayed bilateral symmetry (arrows). C–D: Magnifications of the contralateral hemisphere (B), the center of

the vermis (C), and the ipsilateral hemisphere (D) indicate DA-594-labeled CFs (black). The unilateral IO nuclei bilaterally project their

axons to the adult EphA4�/� cerebellum, and furthermore, the topographical projection of the CFs was retained in the adult EphA4�/�

cerebellum. Broken lines in inset in A, midline of the hindbrain; GL, granule cell layer; ML, molecular layer; PL, Purkinje cell layer. For other

abbreviations, see list. Scale bar ¼ 500 lm in A–D.
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The last possible mechanism is that IO neurons pro-

jected CFs to the contralateral cerebellar cortex, but

that some IO neurons could not stop migrating before

the FP, so they crossed the midline and projected their

CFs to the ipsilateral cerebellar cortex in EphA4�/�

mice (Fig. 12, model C). In this case, EphA4 acts as a

stop signal for some IO neurons but not CFs. The result

of the left icp axotomy (Fig. 4D,E) suggests the possibil-

ity of models B and C (in Fig. 12). However, our observa-

tions strongly support model C to explain the mecha-

nism of the abnormal CF projections in EphA4�/� mice,

because IO neurons cross the FP in EphA4�/� embryos

(Figs. 3, 7, 8). Consequently, we conclude that the

abnormal ipsilateral projections of EphA4�/� were

caused by the abnormal midline crossing of IO neurons

(Fig. 12, model C).

EphA4 characterizes some IO subnuclei
Slit/Robo signaling controls axonal guidance and the

midline crossing of axons (Plump et al., 2002; Sabatier

et al., 2004; Long et al., 2004; Dickson and Gilestro,

2006). Recent studies (Marillat et al., 2004; Di Meglio

et al., 2008) indicate that the FP and IO neurons respec-

tively express Slits (Slit1 and Slit2) and Robos (Robo1,

Robo2, and Robo3), which are Slit receptors, and that

Slit/Robo signaling regulates the midline crossing of IO

neurons. Robo2-deficient mice possess some IO neurons

that cannot stop migrating before the FP, and they cross

the FP and project their axons to the ipsilateral cerebellar

cortex. This Robo2-mutant mouse phenotype is similar to

the EphA4�/� phenotype. In EphA4 and Robo2 mutant

mice, some IO neurons abnormally cross the FP; however,

many IO neurons normally stop their migration before the

FP. Therefore, some IO neurons are affected by EphA4 or

Robo2 deficiency. At E18.5, the beta, DCK, DM, cMAO,

rMAO, and PO expressed EphA4 mRNA (Fig. 2A–C), but

the ventral part of the vDAO (Fig. 2B, open arrowhead)

did not express EphA4 mRNA (Fig. 2B). In EphA4�/�

mice, the laminar formation of the beta, DCK, DM, cMAO,

rMAO, and PO are severely affected (Figs. 7G–L,O,P,R–U,

10K,L). However, the ventral part of the vDAO in EphA4�/�

mice shows normal lamellar formation (Fig. 7H,S) com-

pared with EphA4þ/þ mice (Fig. 7B). This observation

indicates that EphA4-positive IO nuclei (the beta, DM,

DCK, cMAO, rMAO, and PO) are the most affected by

EphA4 deficiency. In contrast to EphA4, Robo2 is

expressed by the vDAO, whereas Robo2 is not expressed

by the greater part of the MAO and PO; as a result, IO

neurons in the vDAO are more severely affected than the

MAO and PO in Robo1/2 double-mutant mice (Di Meglio

et al., 2008).

Therefore, we think that each IO subnucleus is charac-

terized by EphA4, Robos, and other unknown molecules

(Di Meglio et al., 2008). Accordingly, EphA4 or Robo2

deficiency affected some IO neurons, which abnormally

crossed the FP; many IO neurons normally stop their

migration before the FP and project their axons to the

contralateral cerebellar cortex in EphA4 (Figs. 3, 4, 7, 8,

10, 11) or Robo2 (Di Meglio et al., 2008) mutant mice. In

addition, the lamellar formation of IO nuclei correlates

with the birthdate of IO neurons (Bourrat and Sotelo,

1991). IO neurons in the MAO and PO are born later than

IO neurons in the DAO, which are born first. It seems that

the early born IO neurons express Robo2, and the late

born IO neurons preferentially express EphA4. The re-

gional expression of EphA4 and Robo2 may correlate with

the birthdate of IO neurons and be involved in the final

Figure 12. Possible mechanisms for the ipsilateral projections in

EphA4�/� embryos. EphA4�/� embryonic IO neurons projected

their axons to the ipsilateral cerebellar cortex. This abnormality

can be explained by three possible mechanisms (models A–C).

The two kinds of retrograde tracers (magenta and green trian-

gles) were inserted into the left and right side of the cerebellar

cortex at E18.5. The double labeling by the retrograde tracers is

indicated by white. Squares and circles indicate the IO neurons’

cell bodies. Magenta, green, and white lines indicate the IO neu-

rons’ axons labeled by the lipophilic dyes. The broken line indi-

cates the midline of the cerebellum and hindbrain. Model A: IO

neurons normally project climbing fibers (CFs) to the contralat-

eral cerebellar cortex (magenta and green), but some CFs cross

the midline and invade the ipsilateral cerebellar cortex (white).

Model B: CFs from some IO neurons cannot cross the midline

floor plate (FP), so they turn back to the ipsilateral cerebellar

cortex. Model C: IO neurons project CFs to the contralateral

cerebellar cortex, but some IO neurons cannot stop migrating

before the FP, so they cross the FP and project CFs to the ipsi-

lateral cerebellar cortex. The double-labeling experiments after

the left inferior cerebellar peduncles (icp) axotomy are illus-

trated in the right side of each model.
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positioning in IO nuclei and the lamellar formation of IO

nuclei.

EphrinB3/EphA4 signaling between the FP
and IO neurons

The EphA4-positive CST originates from layer V neu-

rons in the motor cortex, and projects to the contralateral

side of the spinal cord by crossing the midline at the me-

dulla (Dottori et al., 1998; Kullander et al., 200b1); Eph-

rinB3 is expressed by the midline of the spinal cord,

which generates repulsive signals toward EphA4-positive

CST, thereby preventing the CST from recrossing the mid-

line. In EphA4�/� or EphrinB3�/� mice, many CST axons

cannot stop at the midline, and so cross it and innervate

the spinal cord bilaterally (Dottori et al., 1998; Yokoyama

et al., 2001; Kullander et al., 2001a,b). Similarly, IO neu-

rons expressed EphA4 (Fig. 1A,B), and the FP, which is

located at the midline in hindbrain, expressed EphrinB3

(Fig. 1C,D). Moreover, IO neurons in EphA4�/� mice did

not stop migrating before the FP, crossed it, and pro-

jected their axons to the ipsilateral side of the cerebellar

cortex. These observations suggest that EphrinB3

expressed by the FP acts as a repulsive signal to EphA4-

positive IO neurons and that EphrinB3/EphA4 signaling

between the FP and IO neurons prevents the cell bodies

of IO neurons from crossing the FP and regulates the con-

tralateral projection of IO neurons. However, if this is the

case, it is not clear how the leading processes of IO neu-

rons go through the FP against the repulsive signal gener-

ated from the FP. The cell bodies (Fig. 1) and axons (Fig.

1G–L, arrowheads) of IO neurons are EphA4-immunoposi-

tive. However, the FP is not immunostained by anti-

EphA4 antibody (Fig. 1A,B,H,I,J–K), even though many

axons of IO neurons cross the FP (Figs. 3B, 8N,P).

This observation suggests that EphA4 expression is

downregulated in the FP. When the long leading proc-

esses of IO neurons reach the FP, EphA4 expression may

be downregulated in the leading processes. Therefore,

the leading processes are not affected by the repulsive

EphrinB3 signal derived from the FP, and thus, they go

through the FP. After crossing the FP, EphA4 expression

may be recovered on the leading processes of IO neu-

rons, and as a result, the repulsive EphrinB3 signal from

the FP prevents the leading processes from recrossing

the FP and the cell bodies of IO neurons from crossing

the FP. However, the molecular mechanism controlling

the downregulation of EphA4 in the FP is unclear.

Usefulness of EphA42/2 mice
EphA4�/� mice have an advantage over Robo2 mutant

mice because EphA4�/� mice survive until they are

adults, whereas Robo2 mutant mice die soon after birth

(Plump et al., 2002; Grieshammer et al., 2004). Therefore,

it is possible to examine the outcome of IO neurons that

abnormally crossed the FP in EphA4�/� adult mice in

contrast to Robo2 mutant mice. Our observations indi-

cated that the ectopic IO neurons located on the ipsilat-

eral side were not eliminated by cell death during devel-

opment and that the ipsilateral olivocerebellar projection

was retained in adult EphA4�/� mice (Figs. 10, 11). As a

result, EphA4�/� cerebella receive multiple inputs from

bilateral IO nuclei, which may cause confusion in the neu-

ronal function of the cerebellum. It is well known that the

cerebellum plays an important role in motor coordination

and fine-tuning of motor activity (for a review, see Apps

and Garwicz, 2005). Therefore, we think that the bilateral

cerebellar projection of unilateral IO nuclei in EphA4�/�

mice contributes to the abnormal coordination of motor

activity. In fact, adult EphA4�/� mice have a rabbit-like

hopping gait.

If we compared the physiological activity of the cere-

bellum between EphA4�/� mice, in which the cerebellar

cortex receives multiple inputs from the bilateral IO

nuclei, and the control, in which the unilateral cerebellar

cortex is innervated by the contralateral IO nuclei, we

should clarify the system of cerebellar function in motor

coordination and fine-tuning of motor activity. Further-

more, EphA4�/� mice are found to be useful for examin-

ing the molecular mechanism by which the olivocerebel-

lar projection is established and the physiological

functions that the olivocerebellar projection establishes.

Interestingly, in adult EphA4�/� brain, the topographical

projection of the CFs is retained on the ipsilateral olivo-

cerebellar projection. This result indicates that EphA4

does not contribute to the establishment of the topo-

graphical projection. It is not clear why the IO neurons

that abnormally crossed the FP have the ability to estab-

lish the topographical projection to the ipsilateral cerebel-

lar cortex. Further analysis will be required to explain how

the topographical projection occurred during the post-

natal period in EphA4�/� brain.
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