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Kinase-Dependent and Kinase-Independent
Functions of EphA4 Receptors in Major
Axon Tract Formation In Vivo

not intermingle with ephrin-expressing cells but rather
try to minimize contact, thereby establishing sharp com-
partment boundaries (reviewed in Klein, 1999; Wilkin-
son, 2000).

The vertebrate genome contains at least 14 different
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eph genes, which are subdivided into two structurallyD-69117 Heidelberg
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fer in their ligand binding specificities. EphA receptorsSouth Park Road
bind to ephrinA ligands, which are glycosylphosphati-Oxford, OX1 3QX
dylinositol-anchored proteins, whereas EphB receptorsUnited Kingdom
bind to ephrinB ligands, which are transmembrane pro-‡Queensland Institute for Medical Research
teins carrying a highly conserved 80 amino acid cyto-Royal Brisbane Hospital
plasmic domain. Whereas binding within a subgroupHerston, Queensland 4029
is promiscuous, little cross binding between the twoAustralia
subclasses has been observed. The EphA4 receptor is
an exception to this rule in that it binds several ephrinA
ligands, as well as the transmembrane ligands ephrinB2Summary
and ephrinB3 (Wilkinson, 2000).

A distinctive feature of the ephrin/Eph ligand/receptorThe EphA4 receptor tyrosine kinase regulates the for-
system is that signals can be transduced bidirectionallymation of the corticospinal tract (CST), a pathway con-
(Holder and Klein, 1999; Wilkinson, 2000). Binding oftrolling voluntary movements, and of the anterior com-
ephrins to Eph receptors activates their tyrosine-spe-missure (AC), connecting the neocortical temporal
cific kinase domain and triggers intracellular signalinglobes. To study EphA4 kinase signaling in these pro-
in the cells expressing the Eph receptor. Stimulation ofcesses, we generated mice expressing mutant EphA4
ephrinB-expressing cells with the soluble EphB receptorreceptors either lacking kinase activity or with se-
ectodomain fused to the Fc portion of human IgG (EphB-verely downregulated kinase activity. We demonstrate
Fc) causes rapid tyrosine phosphorylation of the ephrinBthat EphA4 is required for CST formation as a receptor
cytoplasmic domain, suggesting that ephrinB ligandsfor which it requires an active kinase domain. In con-
also have receptor-like functions (Holland et al., 1996;trast, the formation of the AC is rescued by kinase-
Brückner et al., 1997). Genetic studies in mice and C.dead EphA4, suggesting that in this structure EphA4
elegans showed that Eph receptors can have kinase-acts as a ligand for which its kinase activity is not
independent functions (Henkemeyer et al., 1996; Chin-required. Unexpectedly, the cytoplasmic sterile-alpha
Sang et al., 1999; Wang et al., 1999; Birgbauer et al.,motif (SAM) domain is not required for EphA4 func-
2000), and cell sorting in the zebrafish hindbrain cantions. Our findings establish both kinase-dependent
be induced by C-terminally truncated Ephs, suggestingand kinase-independent functions of EphA4 in the for-
“reverse” signaling by ephrinB ligands (Xu et al., 1999).mation of major axon tracts.

A number of ephrin and eph gene knockouts in mice
have revealed critical functions of this ligand/receptorIntroduction
family in the formation of topographic networks in the
visual system, of commissural projections between left

The development of the vertebrate nervous system in-
and right brain hemispheres, and in the developing vas-

volves many different morphogenetic processes, includ- culature (Henkemeyer et al., 1996; Orioli et al., 1996;
ing organized and directed cell movements, the estab- Park et al., 1997; Wang et al., 1998; Adams et al., 1999;
lishment of compartment boundaries, the generation Gerety et al., 1999; Feldheim et al., 2000; Feng et al.,
and guidance of axons, the formation of topographically 2000). Despite the rapid progress in understanding bio-
ordered neuronal networks and synaptogenesis. All of logical functions of ephrins and Ephs, the elucidation
these processes involve communication between cells of the mechanism of signaling has proven difficult. In
either at a distance or mediated by contact. The latter many tissues, ligands and receptors are coexpressed
is achieved to a large extend by a family of cell surface and have multiple binding partners (Flanagan and Van-
proteins, termed ephrins, and their receptors, the Eph derhaeghen, 1998; Adams et al., 1999; Hornberger et
tyrosine kinases (reviewed in Flanagan and Vander- al., 1999), Moreover, “reverse” signaling by ephrins adds
haeghen, 1998; Holder and Klein, 1999; O’Leary and complexity to the system, since the direction of signaling
Wilkinson, 1999). Ephrins belong to the subclass of re- could go three ways: unidirectional via forward signaling
pulsive guidance cues, i.e., Eph receptor–expressing of Ephs, unidirectional via reverse signaling of ephrins,
axons will migrate away from ephrin-expressing cells. or bidirectional via both Ephs and ephrins (reviewed in
Likewise, Eph receptor–expressing migratory cells will Brückner and Klein, 1998; Holland et al., 1998; Wilkinson,

2000). In particular, the role of the Eph kinase domain
in axon guidance has not been resolved using genetics.§ To whom correspondence should be addressed (e-mail: klein@

embl-heidelberg.de). EphA receptors expressed on retinal ganglion cell axons
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Figure 1. Generation of ephA4 cDNA Knockin
Mutants

(A) Schematic models of the intracellular
parts of wild-type (wt) and mutant EphA4 pro-
teins. We produced mutated cDNAs that en-
coded kinase-dead (KD) EphA4 with lysine
residue K653 in the small lobe of the kinase
domain (white oval) replaced by methionine,
EphA4 with juxtamembrane tyrosine residues
Y596 and Y604 (-Y-P) replaced by phenylala-
nines (2F), and EphA4 lacking the entire the
SAM domain (gray oval) (DSAM).
(B) Schematic representation of the mouse
ephA4 gene used for the recombination strat-
egy. Replacement-type vectors containing
either wild-type (wtKI) or mutated cDNAs (see
[A]) were fused in-frame with the third exon
(III) and thereby placed under control of the
endogenous gene promoter. A loxP-flanked
(black triangles) neomycin selection marker
was used for subsequent removal by the Cre
recombinase. BamHI restriction sites (B) and
location of the Southern hybridization probe
are indicated.
(C) Homologous recombination was verified
by Southern hybridization with ES cell geno-
mic DNA following enzymatic restriction by
BamHI. The probe corresponded to intronic
sequences adjacent to the 39 end of the tar-
geted region (see [B]) and detected a 12.5 kb
wild-type (1/1) and a 4.6 kb targeted DNA

fragment in clones of transfected, heterozygous ephA4wtKI (wtKI/1), ephA4DSAM (DSAM/1), ephA42F (2F/1), or ephA4KD (KD/1) ES cells.
(D) EphA4 protein levels in homozygous wild-type (1/1), null mutant (2/2), and knockin mutants (as indicated) determined by wheat germ
agglutinin (WGA) pull-downs (PD) from adult brain extracts followed by immunoblotting (WB) of the EphA4 C terminus using an EphA4-specific
antibody. Adult (left panel) and P14 (right panel) brains were used. Note the faster migration of the EphA4DSAM protein. Levels of cDNA encoded
EphA4 proteins were found to be equal to wild-type levels in the presence and absence (data not shown) of the neo cassette. Thus, most of
the data in this study were generated using ephA4/neo1 alleles and certain experiments were confirmed with ephA4/neo2/cre2 alleles (see
text).
(E) EphA4 immunoblots of whole tissue lysates showing equal protein levels in 1/1, homozygous, and heterozygous ephA4KD mutant brains
from newborn (P2) animals (similar results were obtained with other ephA4 mutants).

are thought to mediate the formation of topographic be a binding site for adaptor proteins. Unique to this
receptor family is a potential dimerization domain,projections to their targets in the brain (Flanagan and

Vanderhaeghen, 1998; O’Leary and Wilkinson, 1999; termed sterile-a motif (SAM) domain, which upon auto-
phosphorylation interacts with a distinct set of proteins.Brown et al., 2000). However, it remains to be investi-

gated if Eph receptors require catalytic activity to drive The three-dimensional structure of the Eph SAM domain
suggests a role in the formation of higher order receptorthis process. Targeted knockin of a truncated EphB2

receptor, which was catalytically inactive and lacked clusters (Smalla et al., 1999; Stapleton et al., 1999;
Thanos et al., 1999). The C-terminal tail of most Ephmost cytoplasmic sites of protein–protein interactions,

rescued anterior commissure formation and retinal gan- receptors carries a PDZ domain target site, which is
able to recruit several PDZ domain–containing proteins,glion cell pathfinding, suggesting that EphB2 has pre-

dominantly, if not exclusively, kinase-independent func- which may have roles in targeting receptors to subcellu-
lar sites, in receptor clustering or signaling (Hock et al.,tions in axon guidance (Henkemeyer et al., 1996;

Birgbauer et al., 2000). The EphB2 cytoplasmic domain 1998; Torres et al., 1998; Brückner et al., 1999; Buchert
et al., 1999; Lin et al., 1999).was rather required for vestibular fluid regulation,

whereas minor pathfinding errors in this system were In this study, we analyzed the mechanism of EphA4
signaling in axon tract formation during mouse neuraltransient and compensated by other Eph receptors

(Cowan et al., 2000). development. Previously, ephA4 null mutant mice were
shown to have defects in the corticospinal tract (CST),The signal transduction events triggered by activated

Eph receptors are complex and not well understood. The a major motor pathway that controls voluntary move-
ments. The apparent absence of ephA4 expression inEph cytoplasmic region is subdivided into four separate

entities, each with its own signaling potential. The juxta- the CST suggested a non-cell-autonomous role of
EphA4 in this system (Dottori et al., 1998). Furthermore,membrane region contains two conserved tyrosine resi-

dues, which are major autophosphorylation sites and, the anterior commissure (AC), a large forebrain axon
tract, failed to form in ephA4 null mutants. Using knockinwhen phosphorylated, constitute docking sites for multi-

ple SH2 domain–containing effectors (Brückner and mutagenesis in mice, we now show that, contrary to a
previous report, EphA4 exerts a cell-autonomous role inKlein, 1998; Kalo and Pasquale, 1999). The tyrosine ki-

nase domain provides catalytic activity and may itself CST formation and requires a catalytically active kinase
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Figure 2. Mutation of Two Juxtamembrane
Tyrosines in EphA4 Results in a Kinase-Defi-
cient Receptor

(A) Dissociated E15.5 cortical neurons de-
rived from either homozygous or heterozy-
gous ephA4KO and ephA42F mice were either
left unstimulated (2) or were stimulated for
10 min with soluble ephrinB3-Fc. Anti-EphA4
immunoprecipitates were analyzed by immu-
noblotting with anti-phosphotyrosine anti-
bodies to visualize EphA4 autophosphor-
ylation (upper panel) or with anti-EphA4
antibodies to visualize EphA4 protein levels
(lower panel). EphA4 receptors in neurons de-
rived from heterozygotes were autophos-
phorylated (lanes 2 and 3), whereas no EphA4
autophosphorylation could be detected in
ephA4KO/KO- or ephA42F/2F-derived cortical cul-
tures (lanes 1 and 4).
(B) Kinase activity of EphA4 overexpressed
in 293 cells. Wild-type and mutant EphA4 pro-
teins were immunoprecipitated from lysates
of transfected 293 cells using anti-EphA4 an-
tiserum and immunoblotted with anti-phos-
photyrosine antibodies (upper panel). The
blot was reprobed with anti-EphA4 antiserum
to determine protein levels (middle panel). To
analyze kinase activity of mutant EphA4 re-
ceptors, we performed in vitro kinase assays
on anti-EphA4 immunoprecipitates in the
presence of 32P-gATP and enolase as exoge-
nous substrate. After SDS–PAGE and expo-

sure to x-ray film, we detected 32P-labeled autophosphorylated EphA4 (black arrowhead) and enolase (open arrowhead; lower panel). Upon
longer exposure of the film, low levels of phosphorylated enolase could be detected in EphA42F-expressing cells (data not shown).
(C) In cotransfection experiments, EphA42F protein phosphorylated a kinase-dead version of EphA4 (see model on the right). Lanes (1) wild-
type EphA4 alone (EphA4WT), (2) EphA4WT plus kinase-dead EphA4DSAM (EphA4KDDSAM), (3) EphA42F alone, (4) EphA42F plus EphA4KDDSAM, (5)
EphA4KDDSAM alone, (6) kinase active EphA4DSAM alone. Constructs were cotransfected in 293 cells, immunoprecipitated using anti-EphA4
antiserum, separated by SDS–PAGE, immunoblotted with anti-phosphotyrosine antibodies (upper panel), and reprobed with anti-EphA4
antiserum to determine protein levels (lower panel). Note that EphA42F receptors fail to autophosphorylate (lane 3), but transphosphorylate
kinase-dead EphA4KDDSAM on juxtamembrane residues (lane 4).
(D) GST fusion proteins of the indicated SH2 domains and full-length Grb2 were immobilized on glutathione sepharose beads and incubated
with lysates from 293 cells transfected with the indicated EphA4 mutants. Pull-downs were washed, run in 7.5% SDS–PAGE, and immunoblotted
with anti-EphA4 antiserum. Anti-EphA4 immunoblots of whole-cell lysates showed similar expression levels of transfected cDNAs and absence
of EphA4 in control vector transfectants (mock; lower panel).

domain. In contrast, EphA4 mediates guidance of AC mutation left intact the carboxyterminal PDZ target site.
(Figures 1A and 1B). To control for correct engineeringaxons in the absence of intrinsic kinase activity. In this

structure, EphA4 presumably acts as a ligand for ephrins of the knockin alleles, we performed Southern analysis
of the targeted ES cells (Figure 1C) and we investigatedexpressed on commissural axons. The conserved SAM

domain is not required for EphA4-mediated axon guid- EphA4 expression in homozygous mutant brains by
Western blot analysis. We visualized fully matured, gly-ance, neither for EphA4 kinase signaling, nor for its ki-

nase-independent function as a ligand. Our findings cosylated EphA4 by pull-down experiments using wheat
germ agglutinin (WGA), a lectin that binds to N-acetyl-demonstrate a requirement for both kinase-dependent

and kinase-independent functions of EphA4 in the for- b-D-glucosamyl residues of glycosylated cell surface
proteins, followed by anti-EphA4 immunoblotting. Brainmation of major axon tracts.
lysates from all knockin mutants, regardless of the pres-
ence or absence of the neo selection cassette (data notResults
shown), expressed equal amounts of EphA4 protein at
levels well comparable to wild-type brains (Figure 1D).Generation of Mutant Mice Expressing
Immunoblotting EphA4 from total cell lysates of new-Signaling-Deficient EphA4
born brains gave the same results, confirming that WGAWe generated a series of ephA4 mutants by target-
pull-downs were quantitative and that EphA4 expressioned insertion (knockin) of cDNAs encoding either wild-
was high throughout postnatal development (Figure 1E).type control EphA4 (ephA4wtKI) or kinase-dead EphA4

(ephA4KD). We further addressed the role of two con-
served tyrosine residues in the juxtamembrane region Juxtamembrane Tyrosine Residues Regulate

EphA4 Tyrosine Kinase Activityof EphA4 by mutating both tyrosines to phenylalanine
(ephA42F). Finally, we deleted the conserved SAM do- in Cortical Neurons

We next analyzed EphA4 receptor activation in primarymain (ephA4DSAM), to investigate the requirement of this
domain in EphA4 signaling and clustering. The ephA4DSAM cultures of embryonic (E15.5) cortical neurons, stimu-
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Figure 3. Motor Deficits and Spinal Cord
Malformations of ephA4 Mutant Mice

(A and B) Mice photographed during normal
locomotion. (A) Wild-type mice run with nor-
mal rhythmically alternating hindlimbs (white
arrows), whereas (B) ephA4KO mice run with
parallel hindlimbs similar to rabbits. Note the
parallel extension of hindlimbs as the mouse
is moving forward.
(C–F) DAB stains of 100 mm cryo-sections of
the lumbar spinal cord. The ventral part of
the dorsal funiculus (white arrow), where CST
fibers are located, is normal in homozygous
(C) control ephA4wtKI and (E) ephA4DSAM mice,
whereas this structure is greatly reduced in
(D) ephA4KO, in (F) ephA42F, and in ephA4KD

mice (data not shown).
Scale bars: 200 mm.

lated with soluble ephrinB3 ligand ectodomain fused to EphA42F kinase activity and, in addition, lacked the SAM
domain to allow identification by size in Western blots.the Fc portion of human IgG (ephrinB3-Fc). While neu-

rons derived from ephA4 homozygous null mutants (KO/ As shown in Figure 2C, lanes 3 and 5, separate expres-
sion of EphA42F receptors and kinase inactive EphA4KO) did not give a signal in this assay, autophosphory-

lated EphA4 receptors were seen in heterozygous mu- substrate did not yield any tyrosine-phosphorylated
signal. In contrast, coexpression of EphA42F receptorstants (KO/1) and in neurons derived from homozygous

ephA4wtKI and ephA4DSAM alleles (Figure 2A and data not and kinase inactive EphA4 substrate resulted in reduced
but detectable expression of tyrosine-phosphorylatedshown). In contrast, EphA4 in neurons derived from ho-

mozygous ephA42F mutants was not autophosphory- EphA4 substrate (Figure 2C, lane 4), indicating that
EphA42F receptors were still capable of transphosphory-lated (Figure 2A). Similar results were obtained using

ephrinA3-Fc as stimulating ligand (data not shown). lating juxtamembrane tyrosine residues of coexpressed
EphA4 receptors.These findings indicated that the two juxtamembrane

tyrosine residues somehow regulated EphA4 tyrosine We next performed pull-down experiments with SH2
domains of putative substrates of EphA4. SH2 domainskinase activity in cortical neurons, similar to recently

published findings in cell lines ectopically expressing of Src tyrosine kinase, p85 phosphatidylinositol-39 ki-
nase (p85 PI3K), phospholipase Cg (PLCg), Grb10 adap-EphB2 or EphA4 receptors (Binns et al., 2000; Zisch et

al., 2000). tor, as well as full-length Grb2 adaptor, all pulled down
wild-type and EphA4DSAM but not EphA42F receptors fromTo analyze the signaling potential of EphA4DSAM and

EphA42F receptors, we performed kinase assays on 293 cell lysates (Figure 2D). Together, our biochemical
analysis demonstrated the successful knockin of threeEphA4 mutant receptors expressed in HEK293 cells. In

this cell system, EphA4 receptors are overexpressed EphA4 mutants, whose activities range from catalytically
inactive (EphA4KD) to severely compromised (EphA42F) toand constitutively autophosphorylated in the absence

of exogenous ephrin ligands (Figure 2B). Under these fully active (EphA4DSAM), at least under in vitro conditions.
conditions, EphA42F receptors were not autophosphory-
lated and displayed greatly reduced kinase activity to- EphA4 Kinase Signaling Is Required

for Corticospinal Tract Formationward an exogenously added substrate such as enolase
(Figure 2B). In contrast, deletion of the SAM domain did We next asked if any of the ephA4 receptor mutants

would resemble the ephA4 null phenotype that is char-not impair receptor autophosphorylation and substrate
phosphorylation (Figure 2B). To investigate if EphA42F acterized by a parallel-hopping gait due to lack of hind-

brain locomotor coordination and aberrant terminationreceptors could phosphorylate other Eph receptors at
juxtamembrane tyrosine residues, we coexpressed mu- patterns of CST axons in brainstem and spinal cord

(Dottori et al., 1998). Similar results were reported in antant EphA42F receptors with an EphA4 receptor carrying
both juxtamembrane tyrosine residues. This EphA4 independently generated ephA4 knockout in addition to

defects in limb motor axon pathfinding (Helmbacher et“substrate” was made kinase inactive to measure
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Figure 4. Aberrant Midline Recrossing of
Corticospinal Tract Fibers in ephA4 Mutant
Mice

(A) Schematic drawing (anterior left), de-
picting the sites of tracer injection (red dots)
and the path of the CST (red line) from the
somatomotor cortex (B), via the medullary de-
cussation (C) into the spinal cord (D–G). Coro-
nal sections were taken as indicated (left
drawing) and the stippled black box in the
right drawing shows the area depicted in
(D)–(G).
(B) Coronal section showing a neuronal tracer
injected unilaterally in the somatomotor cor-
tex. The site of injection is indicated with a
black arrow and open arrows point to labeled
corpus callosum fibers. The midline is indi-
cated by a stippled line.
(C) Coronal section at the level of the medul-
lary decussation, confirming unilateral label-
ing of the CST. The CST not only crosses
the midline but also shifts from ventral (black
arrow) to dorsal (open arrow). The contralat-
eral unlabeled CST is indicated by stippled
lines.
(D–G) CST fibers were unilaterally labeled
(right) and were only occasionally seen to re-
cross the midline in the thoracolumbar part
of the spinal cord in (D) ephA4wtKI and (F)
ephA4DSAM mice. In contrast, many CST fibers
(white arrows) recrossed the midline in (E)
ephA4KO, (G) ephA42F, and ephA4KD mice (data
not shown).
Scale bars: 200 mm in (B), (C), 70 mm in panels
(D)–(G).

al., 2000). Because EphA4 was thought to act non-cell for all animals (n 5 3 for each genotype). We did not
observe aberrant CST axons at the level of the medullaryautonomously as a ligand for ephrinB3-expressing CST

axons (Dottori et al., 1998), we expected that kinase- decussation. At lumbar level, we observed many aber-
rant axon sprouts in ephA4 null and ephA42F mutants.dead EphA4 would rescue the CST defect. However,

mice expressing either kinase-dead EphA4 or the severe Axons that descended in the dorsal funiculus contralat-
eral to the tracer injection side were found to recrossEphA42F signaling mutant receptor suffered from the

same parallel hopping gait hindlimb phenotype as ephA4 the midline (to the left) and to terminate ipsilateral to the
injection side (Figures 4E and 4G; see also Dottori et al.,null mutants (Figures 3A and 3B, and Videos 1 and 2

[http://www.neuron.org/cgi/content/full/29/1/73/DC1]). 1998). Such aberrant projections were only rarely observed
in wild-type (data not shown) or control ephA4wtKI miceThe presence or absence of the neo selection marker did

not change this phenotype (data not shown). In contrast, (Figure 3D). Our genetic analysis therefore indicated that
EphA4 kinase activity is required for CST formation andcontrol ephA4wtKI and all heterozygous mutants displayed

normal locomotion with alternating, independently moving hindlimb locomotor coordination in mice.
To identify the cells in which EphA4 signaling is re-hindlimbs (data not shown).

Histological analysis of spinal cord cross-sections of quired, we reexamined the expression pattern of EphA4
and candidate ephrin ligands in somatomotor cortex,ephA4KD (data not shown) and ephA42F homozygotes

revealed reductions of white matter in the dorsal fun- brainstem, and spinal cord. In situ hybridization analy-
sis of E15.5 somatomotor cortex revealed numerousiculus of the spinal cord, most prominently at lumbar

levels, similar to ephA4 null mutants (Figures 3D and ephA4-positive cells in the cortical plate and ventricular
zone (Figure 5A). Similar to a previous report (Dottori et3F). In contrast, homozygous mice carrying the control

ephA4wtKI allele and all heterozygous mutants had a nor- al., 1998), ephrinB3, one of the potential ligands of
EphA4, was expressed in cortical plate, intermediate,mally shaped dorsal funiculus (Figure 3C and data not

shown). To visualize CST axons, we performed unilat- and subventricular zones of the somatomotor cortex,
albeit at low levels (Figure 5C). In contrast, ephrinB2,eral, anterograde axon tracing experiments in the so-

matomotor cortex and stained the terminal projections of the only other ephrinB ligand shown to interact with
EphA4 (Gale et al., 1996; Mellitzer et al., 1999) was ab-the CST in the spinal cord (Figure 4A). To ascertain

proper unilateral labeling, we examined the injection site sent from cortical plate at this stage of development and
was largely confined to subventricular and ventricular(Figure 4B) and the medullary decussation (Figure 4C)
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Figure 5. EphA4 Is Expressed in Somatomo-
tor Cortex and in the Dorsal Funiculus

(A–C) Sagittal sections of E15.5 somatomotor
cortex processed with DIG in situ hybrid-
ization using antisense probes for ephA4,
ephrinB2, ephrinB3, respectively (blue stain-
ing), and counterstained with eosin (pink
staining). Abbreviations: PP, primordial plexi-
form layer; CP, cortical plate; IZ, intermediate
zone; SVZ, subventricular zone; VZ, ventricu-
lar zone. Note expression of ephA4 mRNA in
cortical plate and ventricular zone.
(D) Transverse section of postnatal day 4 lum-
bar spinal cord from an EphA4 heterozygous
gene trap mouse stained for PLAP activity.
PLAP histochemistry reveals EphA4 expres-
sion in the descending corticospinal tract ax-
ons in the dorsal funiculus (arrow) and in their
collateral branches (white arrow) that project
into the gray matter of the spinal cord. PLAP
histochemistry reveals EphA4 expression in
other areas of the spinal cord in addition to
the CST (open arrow). See Leighton et al.
(2001) for details.
(E–H) EphA4 immunostaining (E and G) and
preimmune control staining (F and H) of post-
natal day 1 cervical spinal cord. Note strong-
est EphA4 immunoreactivity in the ventral as-
pects of the dorsal funiculus, where CST
axons are located (arrow) (G).
(I–K) Postnatal day 4 spinal cord section hy-
bridized with antisense probes as indicated.
Note intense staining in the midline (black
arrows) ventral to the dorsal funiculus and
dorsal and ventral of the central canal (white
arrow) (I). No midline stain was observed us-
ing ephA4 or ephrinB2 probes (J and K). Note
positive ephA4 staining of motoneuron popu-
lation in J (open arrow).
Scale bars: 120 mm in (A)–(C); 200 mm in
(D)–(F) and (I)–(K); and 70 mm in (G) and (H).

zones (Figure 5B). We next visualized EphA4 protein by The SAM Domain Is Dispensable for EphA4
Signaling in CST Axonsimmunostaining of lumbar spinal cord section using an
Having established an essential function for EphA4 tyro-anti-EphA4-specific antiserum. We found specific stain-
sine kinase activity in CST formation in vivo, we nexting in the ventral aspects of the dorsal funiculus, exactly
asked whether the presence of the conserved SAM do-where longitudinal CST axon bundles are located in ro-
main in the cytoplasmic tail of EphA4 was required indents (Joosten and Bär, 1999) (Figures 5E–5H). More-
this process. Based on the tendency of isolated SAMover, a novel ephA4 gene trap mouse, in which placental
domains to form dimers and oligomers (Smalla et al.,alkaline phosphatase expression is controlled by ephA4
1999; Stapleton et al., 1999; Thanos et al., 1999), weregulatory elements, demonstrated specific staining in
expected that the presence of the SAM domain wasthe dorsal funiculus and descending fibers (Figure
necessary for Eph receptor signaling in vivo. Surpris-5D; see also Leighton et al., 2001). This expression pat-
ingly, homozygous mutants that carried the ephA4DSAM

tern of EphA4 in CST neurons together with abnormal
allele showed alternating and independent movements ofCST projections in mice expressing signaling deficient
the hindlimbs typical for wild-type control mice (Video 3

EphA4, indicate a cell-autonomous receptor-like func-
[http://www.neuron.org/cgi/content/full/29/1/73/DC1]).

tion of EphA4 in CST development. Whether or not a Their spinal cords were endowed with a normally shaped
population of cells in the cortical plate of the motor dorsal funiculus (Figure 3E) and showed normal terminal
cortex coexpresses EphA4 and ephrinB3 ligand remains projections of anterogradely labeled CST axons, indis-
to be established. We next examined the expression tinguishable from wild-type control mice (Figure 4F).
pattern of EphA4 and two candidate ligands, ephrinB2 These results demonstrate that the presence of the SAM
and ephrinB3, in the spinal cord at postnatal day 4 when domain in EphA4 is not required for EphA4-mediated
CST fibers are approaching. Based on the presence of development of the CST.
ephrinB3 and absence of ephA4 and ephrinB2 expres-
sion in the spinal cord midline (Figure 5I–5K and Imondi Expression of EphA4 and EphrinB2
et al., 2000), we suggest that in wild-type animals in the Forebrain
ephrinB3 may be preventing EphA4-expressing CST ax- A previous report had indicated a requirement for EphA4

in the formation of the anterior commissure (AC), a majorons from recrossing the midline (see below).
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Figure 6. EphA4, EphrinB2, and EphrinB3
Expression in the Developing Forebrain

DIG in situ hybridizations (blue staining) on
(A–C and I) horizontal sections of olfactory
bulbs (anterior is top) (D–G) midsagittal (ante-
rior is left), and (H) parasagittal sections of
E15.5 mouse forebrain using the indicated
antisense cRNA probes. Note expression of
ephrinB2 and ephrinB3 mRNA in the devel-
oping olfactory bulb from where the anterior
commissure (AC) fibers originate (B and C).
Sagittal sections (D and E) show the comple-
mentary dorsal–ventral expression of ephrinB2
and eprinB3 mRNA. Strong ephA4 expression
was seen in the ventricular zones (white arrows)
and weaker expression is detected in the de-
veloping medial septum (s). (G) Higher magni-
fication of (F) showing the transversely sec-
tioned AC fibers (outlined by stippled line,
black arrows) crossing the midline just ventral
and in close contact with ephA4-expressing
cells (white arrows). (H) In parasagittal sec-
tions, ephA4 mRNA was detected in the de-
veloping striatum (str) dorsal of the devel-
oping AC. (I) Oblique horizontal section at the
level of the AC with the left side more ventral
than the right side (inset shows position in
forebrain). Few ephA4-positive cells were
seen ventral of the aAC (left side), whereas
strong ephA4 staining was detected dorsal
and posterior of the aAC (right side; arrow).
(K) Higher magnification of (J) showing ephA4
mRNA on a coronal section. Arrow points to
the anterior AC positioned just ventral of
strong ephA4 mRNA expression. Scale bars
are 350 mm.

forebrain axon tract that consists of an anterior (aAC) OB (Figures 6C and 6E). These findings suggested that
neurons of the OB express ephrinB ligands rather thanand posterior branch (pAC), which connect both lobes

of olfactory bulbs and temporal cortex, respectively EphA4. Consistent with these mRNA expression pat-
terns, ephrinB proteins were previously found on aAC(Dottori et al., 1998). The expression of EphA4 in devel-

oping forebrain was, however, not reported, and the and pAC axons (Henkemeyer et al., 1996). In contrast,
low levels of EphA4 expression were detected in thecontribution of EphA4 kinase signaling remained unclear

(Dottori et al., 1998). By in situ hybridization analysis pAC but not in the aAC branch (Leighton et al., 2001).
Rather, ephA4-positive cells were found dorsal of bothof E15.5 wild-type embryos, ephA4 mRNA appeared

absent from developing olfactory bulbs (OB), which con- branches of the anterior commissure, in the ventricular
zone of the third ventricle and throughout the striatumtain the cell bodies of neurons that form the aAC branch

(Figures 6A and 6F). Conversely, ephrinB2 was specifi- (Figures 6F–6K). Of potential importance was the finding
that cells strongly positive for the ephA4 probe werecally and strongly expressed by the majority of the cells

in the OB (Figures 6B and 6D). EphrinB3 showed a more located immediately adjacent to AC axons (Figures 6G
and 6K). In horizontal sections, ephA4-positive cellswidespread expression pattern in the ventral forebrain

that partially overlapped with ephrinB2 and included the were found outlining the path of AC axons from the
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Figure 7. Rescue of Anterior Commissure
(AC) Defect by Kinase-Dead and Signaling-
Deficient EphA4 Mutants

(A and B) Coronal sections of 10-week-old
wild-type (wt) and homozygous ephA4KO

brains stained with Luxol fast blue. In wt mice
(A), aAC (black arrow) and pAC fibers (white
arrow) were located just ventral of the third
ventricles. In ephA4KO mice (B), both aAC and
pAC fibers were severely reduced and mi-
grated much deeper into the ventral forebrain
than in wt mice.
(C, D, and H–J) Dark-field micrographs of un-
stained horizontal sections at the level of the
AC from 10-week-old forebrains of the indi-
cated mutants. Both aAC and pAC limbs of
the AC developed normally in homozygous (C)
control ephA4wtKI, (H) kinase-dead ephA4KD, (I)
ephA4DSAM, and (J) ephA42F mice. In contrast,
the AC did not form in its normal location in
(D) ephA4KO mice.
(E–G) Luxol fast blue (E) and unstained (F
and G) dark-field micrographs of homozy-
gous ephA4KO mice showing (E) aberrant
crossing of aAC (black arrows) and pAC limbs
(white arrows) on left side of the forebrain,
thereby failing to cross the midline, and (F)
aberrant U-turn of aAC into ipsilateral olfac-
tory bulb after fasciculating with the pAC
branch. (G) Section taken 300 mm ventral of
section shown in D illustrates another exam-
ple of the misprojected AC tracts.
Scale bars are 2 mm in (A)–(D) and (G)–(J);
500 mm in (E) and (F).

periphery to the midline during and shortly after AC trance (7 out of 13 analyzed; Figure 7D). In 6 of the
affected cases, both branches of the AC failed to crosstract formation (Figure 6I). These findings suggested a

potential interaction between EphA4-positive cells adja- the midline (Figure 7G), whereas in one case, the left side
of the AC was defective and the opposite AC unilaterallycent to AC axons and ephrinB-expressing AC axons.
crossed the midline but failed to progress further (data
not shown). Generally, aAC and pAC branches did notA Kinase-Independent Role for EphA4 in Anterior

Commissure Formation change their migration pattern when encountering the
other branch suggesting that the component axonsWe next analyzed the morphology of the anterior com-

missure in adult ephA4 mutant brains. Coronal sections were not attracted to each other (Figure 7E). In one case,
however, the aAC tracts fused with the pAC tracts andof wild-type and homozygous control ephA4wtKI mice

showed the normal trajectory of AC axons just below performed aberrant U-turns toward the ipsilateral olfac-
tory bulb (Figure 7F). Interestingly, formation of the ACthe ventricular zone of the third ventricle and close to

the ventral edge of the striatum (Figure 7A and data not was completely rescued by kinase-dead ephA4KD (n 5
6) and the severe signaling mutant ephA42F (n 5 8) (Fig-shown). In contrast, in homozygous ephA4 null mutants

both branches of the AC were reduced in diameter and ures 7H and 7J). These results demonstrate that EphA4
has kinase-independent functions in the formation ofshifted ventrally, away from third ventricle and striatum

(Figure 7B). Horizontal brain sections of homozygous the AC.
control ephA4wtKI mice and mice expressing signaling
competent ephA4DSAM receptors showed the normal Discussion
horseshoe shaped aAC branches and the medial as-
pects of the normally formed pAC branches (Figures 7C Here we show that EphA4 mediates the formation of

axon tracts in the developing nervous system via twoand 7I; n 5 4 of each genotype). In contrast and consis-
tent with earlier findings (Dottori et al., 1998), ephA4 null different mechanisms: (1) In the corticospinal tract,

EphA4 is expressed on CST axons and prevents themmutants showed agenesis of the AC with high pene-
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Figure 8. Model of EphA4 Signaling in Corti-
cospinal Tract and Anterior Commissure For-
mation

Left side: EphA4 signals in CST axons via its
intrinsic kinase activity, but not requiring its
SAM domain, in a cell autonomous fashion
to prevent them from recrossing the midline.
In contrast, EphA4 mediates the formation
of the AC in a non-cell-autonomous manner.
Also, the formation of the AC is SAM inde-
pendent.
Middle: Removal of EphA4 protein (in the null
mutants) causes aberrant recrossing of CST
axons and partially penetrant agenesis of
the AC.
Right side: Kinase-dead or signaling-defi-
cient mutants of EphA4 are unable to execute
their normal guidance role in CST axons but
completely rescue the AC phenotype.

from recrossing the midline in the spinal cord and brain- (Adams et al., 2001). EphrinA ligands may also be media-
tors of kinase-independent functions of EphA4, sincestem. A catalytically active EphA4 kinase domain is re-

quired for normal CST formation and normal hindlimb reverse signaling of ephrinA ligands has recently been
suggested (Davy et al., 1999).motor coordination. These findings indicate that EphA4

acts as the signaling receptor for an ephrin ligand. A A rather surprising finding was that the EphA4 SAM
domain was not required for identified kinase-depen-candidate ligand is ephrinB3, which is expressed in the

spinal cord midline and whose removal by gene knock- dent or kinase-independent functions of EphA4. SAM
domains are highly conserved, independently foldedout experiments phenocopies the signaling-deficient

ephA4KD or ephA42F mutants (Yokoyama et al., 2001 [this modules in the cytoplasmic domain of all Eph receptors
and not present in any other receptor tyrosine kinaseissue of Neuron]; N. Gale, K. K., S. D. Croll, L. Pan, J.

McClain, V. Hughes, S. Zabski, T. M. DeChiara, R. K., (Schultz et al., 1997). Because SAM domains of EphA4
and EphB2 receptors can form dimers and oligomersG. Yancopoulos, submitted). (2) EphA4 is also required

for the formation of the anterior commissure. Unlike the (Smalla et al., 1999; Stapleton et al., 1999; Thanos et
al., 1999), it was proposed that the SAM domain partici-situation in the CST, EphA4 expression is absent from

aAC axons and high in cells adjacent to the developing pates in or mediates the formation of higher order recep-
tor aggregates, a prerequisite for full receptor signalingAC tract. Moreover, an active kinase domain of EphA4 is

not required, since AC formation is rescued in signaling- (Stein et al., 1998). Instead, our findings suggest that
SAM domains are not required for EphA4-mediateddeficient ephA4KD or ephA42F mutants. Thus, EphA4 me-

diates the formation of major axon tracts in both kinase- axon guidance, neither for EphA4 kinase signaling, nor
for clustering and ligand activation (assuming that ki-dependent and kinase-independent manner (Figure 8).

Although it is possible that in the anterior forebrain nase-independent functions are mediated by ephrin re-
verse signaling) (Figure 8). Whether SAM domains areEphA4 mediates signals, which are independent of tyro-

sine phosphorylation, e.g., via PDZ domain effectors important for Eph functions in cell migration or boundary
formation remains to be established. Loss of the SAM(Torres et al., 1998), we favor the notion that EphA4

acts as a “ligand” for ephrins which engage in “reverse” domain may partially be compensated by interactions of
the EphA4 carboxyl terminus with PDZ domain proteins,signaling. Since ephrinB3 null mutants do not have de-

fects in AC formation (N. Gale, K. K., S. D. Croll, L. Pan, which can also serve to cluster membrane proteins
(Sheng and Pak 2000). Therefore, targeted knockins ofJ. McClain, V. Hughes, S. Zabski, T. M. DeChiara, R. K.,

G. Yancopoulos, submitted), ephrinB2 appears to be a EphA4 mutants either lacking only the PDZ target site
or both SAM domain and PDZ target site are beinglikely candidate for this function. Unfortunately, ephrinB2

null mutants die from an early vascular defect (Wang et generated to address this possibility.
We herein show that the control of CST midline re-al., 1998; Adams et al., 1999), and genetic proof for this

hypothesis will have to await the generation of a nervous crossing in the spinal cord is regulated by EphA4 kinase
activity. Most likely, the corresponding ligand activat-system–specific knockout of ephrinB2. Interestingly, tar-

geted knockin of a carboxy-terminally truncated version ing EphA4 to prevent aberrant midline recrossing is
EphrinB3. How then can the CST axons cross the midlineof ephrinB2 leads to the same early vascular defect as

in ephrinB2 null mutants, suggesting a requirement for in the first place? Two alternative explanations are at
hand. Either EphA4 is present on the CST axons onlyephrinB2 reverse signaling in the developing vasculature
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gous recombination in E14.1 ES cells was done according to stan-after crossing the midline in the medulla or the expres-
dard protocols. BamHI-digested DNA from positive clones was usedsion of ephrinB3 is confined to the dorsal part of the
for Southern hybridization with a 800 bp XhoI–ApaI fragment (39midline at the time of crossing. We favor the latter expla-
probe), located adjacent to the 39 end of the recombination region.

nation since it would involve less complicated temporal After blastocyst injection, generation of chimeric mice, and back-
regulation of gene expression. What is the cause of the crossing to C57BL/6 wild-type animals, one line for each cDNA

insertion, ephA4wtKI, ephA4DSAM, ephA42F, and ephA4KD was estab-shallower dorsal funiculus in the EphA4 null and EphA4
lished successfully. The loxP flanked neo cassette was removed inkinase-deficient mice? While the shallower dorsal funic-
vivo by crossbreeding to a Cre recombinase expressing transgeniculus could be partly due to degeneration of misprojected
mouse strain (Schwenk et al., 1995), followed by backcrossing toCST axons, we cannot exclude the possibility that other
wild-type animals (both in C57BL/6 background). Absence of neo

defects in the spinal cord are responsible for the shift was identified by PCR on genomic DNA from tail biopsies. Animals
of the dorsal funiculus. Our preliminary data indicate a without Cre or in control experiments using ephA42F mice without

neo and Cre alleles were used for phenotypic analysis described inshallower dorsal funiculus already at P0, when the CST
this study. Mutant phenotypes were analyzed in comparable mixedfibers have not yet reached the spinal cord. Future stud-
129/svev 3 C57BL/6 backgrounds for ephA4wtKI, ephA4dSAM, ephA42F,ies will provide answers to these and other questions
and ephA4KD mice. Tissue from embryonic yolk sacs or tail biopsiesregarding the role of EphA4 and its ligands in the spinal
was used for PCR genotyping of animals.

cord.
The EphA4 function in AC formation resembled in Wheat Germ Agglutinin Pull-Down, Immunoprecipitation,

some ways the role of EphB2 in this structure. Both and Western Blotting
receptors are required for AC formation and exert their Brains from adult wild-type or ephA4 mutant mice were quickly

dissected and homogenized in cold lysis buffer (50 mM Tris/HClfunction in a non-cell-autonomous, kinase-independent
[pH 7.5], 120 mM NaCl, 1% Triton X-100, 1 mM sodium orthovana-fashion in cells adjacent to the axon tract. However,
date, 13 complete protease inhibitor cocktail [Roche]). Glycosylatedthere are some interesting differences. EphB2 is only
proteins were enriched by pull-down with sepharose-coupled Triti-

required for the posterior branch, whereas lack of EphA4 cum vulgaris lectin (Sigma, L6257). For neuronal cultures, cerebral
affected the formation of both aAC and pAC branches. cortices were dissected from E15.5 mouse embryos derived from
EphB2 expression is predominant in cells ventral to the intercrosses of either wild-type or heterozygote/homozygote inter-

crosses of ephA42F or ephA4KO mice. Cortical neurons were dissoci-pAC, a domain that is normally avoided by pAC axons
ated and plated onto poly-L-lysine hydrobromide (Sigma) in theunless EphB2 expression is lost. Therefore, it was con-
presence of 10% heat-inactivated horse serum for 3 hr. Culturescluded that EphB2 mediates a repulsive signal for AC
were maintained in N2-MEM medium (de Hoop et al., 1998) for 16

axons (Henkemeyer et al., 1996; Orioli et al., 1996). Here, hr at 378C in 5% carbon dioxide for starvation. After genotyping of
we show that EphA4-positive cells are located primarily yolk sacs, cultures were stimulated for 10 min with ephrinB3-IgG
dorsal to the AC tract in the ventricular zone of the third Fc fusion protein (R&D Systems, 1.0 mg/ml) clustered by preincuba-

tion (30 min) with a goat anti-human IgG-specific antibody (Jacksonventricle and in striatum (see Figure 4). In the absence
Laboratories, 0.2 mg antibody/mg fusion protein). For EphA4 overex-of EphA4, AC axons do not enter the EphA4 expression
pression experiments, constructs for ephA4WT, ephA4DSAM, ephA42F,domain, but their projections are rather shifted ventrally
ephA4KD, ephA4KD/DSAM, or empty vector (mock) were transfected into

away from EphA4-expressing cells. This phenotype sug- HEK293 cells using the calcium phosphate method and incubated
gests that EphA4 is an attractive/adhesive, rather than for 48 hr to allow for gene expression. Cortical cultures or HEK293
a repulsive cue for AC axons and that its mechanism of cells were harvested in 1 ml lysis buffer and lysates were cleared

by centrifugation for 30 min at 15,000 rpm, 48C. EphA4 receptorsaction is different from the related EphB2 receptor. One
were immunoprecipitated (IP) from the supernatants with a rabbitof the possible differences between EphA4 and EphB2
anti-EphA4 antiserum (Martone et al., 1997) and protein A sepharoseis that EphB2 interacts with both ephrinB1 and ephrinB2
CL-4B beads (Amersham) for an additional 2 hr at 48C. For the GST

on AC axons, whereas EphA4 only interacts with pull-down experiments, HEK293 cell lysates were incubated with
ephrinB2 and possibly with ephrinA ligands. Double GST fusion proteins previously coupled to glutathion beads. We
ephB2 and ephA4 null mutants are being generated to used GST proteins fused to the C-terminal SH2 domain of PLC-g,

the SH2 domain of pp60Src, the SH2 domain of the p85 subunit ofinvestigate genetic interactions and cooperative guid-
PI3K, the full-length Grb2 protein (Ponzetto et al., 1994), and theance between these two receptors.
SH2 domain of Grb10 (Ooi et al., 1995). Incubations were for 4–5 hr
at 48C in the presence of 1 mM sodium vanadate and 2 mM DTT.Experimental Procedures
After washing of IPs or GST pull-downs in lysis buffer, samples were
analyzed by SDS–PAGE/immunoblotting with antibodies specific forTargeting Vectors, Southern Hybridization, and Generation
EphA4, phosphotyrosine (Upstate Biotechnology, clone 4g10), andof Mutant Mice
developed using secondary HRP-coupled antibodies and ECL De-A replacement-type targeting construct for ephA4 was generated
tection Reagent (Amersham).by fusion of the wt ephA4 cDNA in frame to exon III in the 5.5 kb

long arm of the vector via an Eco47III restriction site. A poly(A) tail,
EphA4 In Vitro Kinase Assaysa PGK-driven neo cassette flanked by loxP sites and a 1.2 kb short
IPs prepared as described above were washed three times witharm completed the construct at the 39 site. Into this targeting con-
lysis buffer and two times with kinase buffer (20 mM HEPES [pHstruct we placed cDNAs encoding either wild-type (ephA4wtKI) or
7.5], 10 mM MnCl2, 1 mM DTT, 0.1% NP-40, 1 mM sodium vanadate,various mutants of mouse EphA4. The ephA4DSAM allele encoded
and 5 mM ATP). Kinase assays were performed in 20 ml of kinaseEphA4 with the entire SAM domain deleted, encompassing amino
buffer, 4 mM enolase (Sigma), prepared as previously describedacid (aa) residues 905–974 (PEF…MRT), leaving the 12 last aa resi-
(Courtneidge et al., 1993), and 5 mCi of 32P-g-ATP for 10 min at 308C.dues intact. The ephA42F allele encoded EphA4 with the two juxta-
The samples were analyzed by 7.5% SDS–PAGE and phosphopro-membrane tyrosine residues Y596 and Y602 replaced with phenylal-
teins visualized by autoradiography.anines. The kinase-dead ephA4KD allele encoded EphA4 with lysine

K653 replaced with a methionine. Mutated cDNAs were produced
by site-directed mutagenesis using high-fidelity polymerases in PCR Tracing of the Corticospinal Tract

Animals were anesthetized with a ketamine/xylacine mix (100/10reactions according to standard protocols and were subsequently
sequenced to verify correct mutations. Gene targeting by homolo- mg/kg body weight; i.p., Ketalar, Parke-Davis) and the motor cortex
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was pressure injected with the anterograde tracer biotin dextrane References
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