Ephrin-B3 is the midline barrier
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Growing axons follow highly stereotypical pathways, guided by a variety of attractive and repulsive cues,
before establishing specific connections with distant targets. A particularly well-known example that
illustrates the complexity of axonal migration pathways involves the axonal projections of motor neurons
located in the motor cortex. These projections take a complex route during which they first cross the midline,
then form the corticospinal tract, and ultimately connect with motor neurons in the contralateral side of the
spinal cord. These obligatory contralateral connections account for why one side of the brain controls
movement on the opposing side of the body. The netrins and slits provide well-known midline signals that
regulate axonal crossings at the midline. Herein we report that a member of the ephrin family, ephrin-B3, also
plays a key role at the midline to regulate axonal crossing. In particular, we show that ephrin-B3 acts as the
midline barrier that prevents corticospinal tract projections from recrossing when they enter the spinal gray
matter. We report that in ephrin-B3~/~ mice, corticospinal tract projections freely recross in the spinal gray
matter, such that the motor cortex on one side of the brain now provides bilateral input to the spinal cord.
This neuroanatomical abnormality in ephrin-B3~/~ mice correlates with loss of unilateral motor control,
yielding mice that simultaneously move their right and left limbs and thus have a peculiar hopping gait quite
unlike the alternate step gait displayed by normal mice. The corticospinal and walking defects in ephrin-B3~/~
mice resemble those recently reported for mice lacking the EphA4 receptor, which binds ephrin-B3 as well as

other ephrins, suggesting that the binding of EphA4-bearing axonal processes to ephrin-B3 at the midline
provides the repulsive signal that prevents corticospinal tract projections from recrossing the midline in the

developing spinal cord.
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During development of the nervous system, axons travel
through highly stereotypical pathways before establish-
ing specific connections with distant neurons. A particu-
larly well-known example that illustrates the complex-
ity of axonal migration pathways involves the upper mo-
tor neurons of the motor cortex, which control voluntary
movement by ultimately connecting with interneurons
and lower motor neurons in the contralateral side of the
spinal cord (Paxinos 1985). Axons from each side of the
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motor cortex separately converge ipsilaterally as they
pass through the internal capsule, and remain ipsilateral
as they proceed to the caudal medulla. At this location,
most of the axons cross or decussate the midline to the
contralateral side and simultaneously shift from the ven-
tral to dorsal aspect of the medulla. The axons continue
contralaterally and dorsally, forming the corticospinal
tract, which travels within the dorsal funiculus of the
spinal cord. Axons from the corticospinal tract enter the
dorsal aspect of the spinal gray matter and make connec-
tions with spinal motor neurons and interneurons. Re-
markably, all these connections remain confined to the
portion of the spinal cord, which is contralateral to the
motor neurons from which the axons derive. These
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obligatory contralateral connections account for why
one side of the brain controls movement on the opposing
side of the body, and explains why patients who suffer
from a stroke on one side of their brain show weakness
and paralysis on the other side of their body.

A variety of attractive and repulsive cues apparently
help guide axonal processes along their complex migra-
tion pathways. Several of these cues play key roles in the
midline of multiple neural structures, because many
axons must make key decisions as to whether to cross or
not cross to the other side. Examples of cues known to
act at the midline include the Netrins and the Slits,
which have been implicated in midline decisions for sev-
eral neuronal populations (Tessier-Lavigne and Good-
man 1996; Kidd et al. 1998; Brose et al. 1999; Erskine et
al. 2000; Piper et al. 2000). The ephrin ligands together
with their Eph receptors provide for a large number of
additional guidance cues, with eight known ephrin li-
gands and 14 known Eph receptors, which play impor-
tant roles in axonal guidance (Gale and Yancopoulos
1997; Flanagan and Vanderhaeghen 1998). Such roles
have been most extensively explored during the process
by which retinal axons topographically project to the op-
tic tectum (Flanagan and Vanderhaeghen 1998). Evidence
in the retinotectal system and others suggests that eph-
rins guide axons by repelling them from inappropriate
territories in a concentration dependent manner. Ephrins
are interesting guidance molecules in that they cannot
function at a distance, but only through direct contact
between cells and/or their processes. This is the case
because ephrins are membrane-attached molecules, and
this attachment appears to be a requisite for their ability
to activate their cognate receptors (Davis et al. 1994,
Gale and Yancopoulos 1997).

Although ephrin ligands have been implicated in re-
pulsive sorting of axons in the optic chiasm (Nakagawa
et al. 2000; Marcus et al. 2000), no ephrin has yet been
shown to be unequivocally involved in midline crossing
decisions in the mouse. However, during embryonic de-
velopment, ephrin-B3 displays striking expression in
midline structures, suggesting that it may play a key role
at the midline (Gale et al. 1996a; Imondi et al. 2000). To
explore this possibility, we generated animals lacking
ephrin-B3. These mutant mice display a remarkable neu-
rologic phenotype marked by the absence of unilateral
motor control. Most notably, these animals hop because
they have lost the ability to individually move their right
and left limbs, instead moving their right and left limbs
simultaneously. The neurologic phenotype in these mu-
tant mice apparently results from a midline abnormality
involving the aforementioned corticospinal tract. Upon
entering the spinal gray matter, these axons no longer
remain confined to the side which they enter, and in-
stead aberrantly cross the midline to make bilateral con-
nections throughout the cord, apparently resulting in the
lack of unilateral motor control. Consistent with the no-
tion that ephrin-B3 acts as the critical midline barrier
that normally prevents such abnormal crossing within
the dorsal gray matter, we report that ephrin-B3 is nor-
mally expressed at the midline of the spinal cord, at the
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time when these axons are making their connections.
Similar defects recently described in mice lacking EphA4
(Dottori et al. 1998; Kullander et al. 2001) indicate that
EphA4 is the receptor on corticospinal tract axons that
recognizes ephrin-B3 as a midline barrier in the spinal
cord.

Results
Generation of ephrin-B3 knockout mice

To evaluate the potential functions of ephrin-B3 in the
mouse nervous system, we used homologous recombi-
nation in ES cells to create a null allele for the endog-
enous mouse ephrin-B3 gene by replacing the coding re-
gion of the first exon of this gene with the LacZ and
Neomycin genes (Fig. 1A). Correct targeting in ES cells
was confirmed by Southern blotting, and these ES cells
were then used to generate mice heterozygous (ephrin-
B3*/7) or homozygous (ephrin-B3~/-) for the null ephrin-
B3 allele (Fig. 1B). Northern blot analysis from brain tis-
sue of these mice revealed that ephrin-B3*/~ mice had
decreased levels of the ephrin-B3 transcript, whereas
ephrin-B3~/~ mice completely lacked ephrin-B3 expres-
sion (Fig. 1C); unfortunately, the LacZ gene product,
which was intended to act as a surrogate marker for eph-
rin-B3 expression, was not produced in these mice.

Ephrin-B3 knockout mice display a lack of unilateral
motor control

Ephrin-B3*/~ mice showed no overt phenotype, and were
not further characterized. Although ephrin-B3~/~ mice
were born at the expected Mendelian frequencies, gained
weight normally, were fertile, and otherwise appeared
healthy and morphologically indistinguishable from
control littermates, they displayed obvious neurologic
abnormalities. Neurologically, ephrin-B3~/~ mice showed
obviously abnormal locomotion as soon as normal walk-
ing could be observed (post-natal day 8-10). Most nota-
bly, ephrin-B3~/~ mice appeared unable to move their
limbs independently and instead moved them synchro-
nously in a hopping fashion (Fig. 2). In addition, they
appeared reluctant to explore their cages, listed from side
to side particularly when stressed, and appeared as if
they might fall to one side or the other although they did
not fall. To further evaluate these neurological and loco-
motive defects, several behavioral analyses were under-
taken.

Gait analysis revealed substantial abnormalities in the
ephrin-B3~/~ mice. Visual inspection of the footprints for
wild-type mice revealed a normal, alternating step pat-
tern, with long, even strides and the placement of each
hind paw where the forepaw had been (Fig. 2, left panels).
In marked contrast, the ephrin-B3~/~ mice showed no
real alternation of their steps, but instead kept their front
paws side by side and their hind paws side by side, and
moved by first hopping on their two front paws and then
hopping on their two hind paws (Fig. 2, right panels).
This loss of alternation was accompanied by signifi-
cantly decreased stride length as well as significantly
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decreased interstep distance (the distance measured be-
tween the placement of the left and right paws) in the
ephrin-B3~/~ mice (Table 1). One interesting observation
was that many of the steps taken by the ephrin-B3~/~
mice (observed frequently in three of four animals) had
intervening left forepaw placements, that is, there were
often two front left forepaw placements for each single
placement of the three other paws. It is unlikely that
cerebellar dysfunction accounts for this walking abnor-
mality, because cerebellar dysfunction is normally ac-
companied by a compensatory widening of stance
during movement (as seen in cerebellar mutants, e.g.,
Guastavino et al. 1990), and the ephrin-B3~/~ mice had
normal stance width (Table 1). Furthermore, no cerebel-
lar abnormalities were observed histologically (data not
shown).

A sticker test was performed on these mice to evaluate
fine motor coordination. There were no significant dif-
ferences between wild-type and the ephrin-B3~/~ mice in
their latency to remove a sticker from their snouts
(Table 1), suggesting no substantial impairment in fine
motor functioning in these animals.

Balance and sensorimotor coordination were evaluated
using the Rotorod Test. Although the ephrin-B3~/~ mice
showed a listing phenotype suggesting potential prob-
lems in balance (see above), there were no significant
differences between wild-type and the ephrin-B3~/~ mice
in their ability to walk on the rotorod within the rotation
speeds tested (Table 1). This finding suggests that the
ephrin-B3~/~ mice were able to balance adequately and to
coordinate their limbs sufficiently well to rise to the
challenges provided by the rotorod.
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Table 1. Neurologic performance of ephrin-B3 knockout mice

Ephrin-B3 is a spinal cord midline barrier

Wild type Ephrin-B3 KO
Parameter (n=4) (n=4) p Value
Left front stride length (mm) 79.0+1.6 355+53 p < 0.0002*
Right front stride length (mm) 76.5+1.8 448 + 1.7 p <0.0001*
Left rear stride length (mm) 75.0 + 2.3 55.0+3.8 p < 0.004*
Right rear stride length (mm) 77.0+3.0 56.0 = 6.0 p <0.02*
Rear inter-step distance (mm) 39.8+5.8 58+1.8 p <0.0001*
Front inter-step distance (mm) 38.8 0.6 6.8+2.3 p <0.0001*
Rear base width (mm) 27.2 2.1 29.8 1.2 p>0.35
Front base width (mm) 15015 18.8 + 1.2 p>0.09
Sticker test (latency, sec) 55+1.4 7.2+£2.2 p>0.53
Rotorod (latency, sec) 120.0 = 0.0 116.2 + 3.8 p>0.36

Data are expressed as mean = SEM.

*Statistically significant by Student’s independent groups t-test, p < 0.05.

Ephrin-B3~~ mice exhibit abnormal corticospinal
tracts, with axonal recrossing in the spinal cord

The inability of the ephrin-B3~/~ mice to unilaterally
control their limb movements suggested the possibility
that these mice might have abnormalities in their corti-
cospinal tracts. Histological analysis of lumbar spinal
cord cross sections revealed abnormal morphology of the
dorsal funiculus in the ephrin-B3~/~ mice, which ap-
peared more shallow and widened in comparison to the
dorsal funiculus of wild-type mice (Fig. 3C,D). To visu-
alize the path taken by corticospinal tract axons, we per-
formed anterograde axon tracing experiments by inject-
ing tracer into one side of the motor cortex and observing
the terminal projections in the spinal cord (n = 6). All
mice were age matched (6-8 wk old) and examined for
correct unilateral labeling of the motor cortex. As also
seen in the wild-type mice, dense labeling of axons was
noted in the ventromedial portion of the contralateral
dorsal funiculus in the ephrin-B3~/~ mice (Fig. 3E-H),
indicating that even in the ephrin-B3~/~ mice the corti-
cospinal tract axons had correctly crossed to the oppos-
ing side and had correctly localized within the contralat-
eral dorsal funiculus. As noted above, these tracings did
confirm the shallower and wider appearance of the cor-
ticospinal tract in the ephrin-B3~/~ mice. More strik-
ingly, however, the tracing analysis revealed a dramatic
difference in the path of ephrin-B3~/~ corticospinal axons
on entering the spinal dorsal gray matter. In the wild-
type mice, projections into the gray matter remained
confined to the contralateral gray matter, never crossing
the midline, as shown in cervical sections (Fig. 3E) and
lumbar sections (Fig. 3G). In marked contrast, the corti-
cospinal tract projections of ephrin-B3~/~ mice clearly
crossed over the midline into the ipsilateral gray matter
(Fig. 3F,H). Thus, axons arising in the motor cortex cor-
rectly cross into the contralateral corticospinal tract in
the ephrin-B3~/~ mice, but then aberrantly project into
both the contralateral and ipsilateral gray matter of the
spinal cord. The aberrant recrossing of fibers was ob-
served throughout the rostrocaudal extent of the spinal
cord.

Ephrin-B3 is expressed at the midline as a barrier
to prevent corticospinal tract recrossing

The above abnormalities in the corticospinal projections
are quite similar to those reported for mice lacking a
receptor, EphA4, which binds ephrin-B3 with high affin-
ity (Gale et al. 1996a; Dottori et al. 1998; Kullander et al.
2001). Because it has been shown that corticospinal tract
axons express EphA4 receptor (Martone et al. 1997), the
similar phenotype we observe in the ephrin-B3~/~ mice
might be because of a role that ephrin-B3 normally plays
in preventing EphAd4-expressing corticospinal tract
axons from crossing the midline once they have pro-
jected into the spinal gray matter. If this were the case,
one might expect ephrin-B3 to be localized at the mid-
line when these projections occur, thus acting as a re-
pulsive midline barrier for EphA4-expressing axons. Pre-
vious analyses reveal that ephrin-B3 is prominently ex-
pressed at the midline of the developing spinal cord at
early embryonic stages, before the time of corticospinal
tract formation (Gale et al. 1996a; Imondi et al. 2000).
We now report that ephrin-B3 continues to be promi-
nently expressed in midline of the developing spinal cord
at later stages (E18.5), at a time when corticospinal tract
projections are entering into the spinal gray matter (Fig.
4). Thus, ephrin-B3 expression patterns in the developing
spinal cord, together with the abnormal crossing pat-
terns seen in the ephrin-B3~/~ mice, strongly argue that
ephrin-B3 acts as the midline barrier that prevents cor-
ticospinal tract projections from recrossing back to the
ipsilateral side during postnatal development.

If ephrin-B3 is a midline barrier, which prevents re-
crossing of corticospinal tract projections, how can cor-
ticospinal tract fibers initially cross the midline at the
medullary decussation? The developing somatomotor
cortex, in which the cell bodies of the corticospinal tract
reside, express EphA4 before the corticospinal tract
axons reach the medullary decussation (Kullander et al.
2001). We reasoned that if the corticospinal tract axons
are responsive to ephrin-B3 expression throughout devel-
opment, ephrin-B3 should not be expressed in a manner
that would interfere with the medullary decussation.
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Figure 3. Normal morphology of the anterior commissure, but abnormal corticospinal tracts, in ephrin-B3 knockout mice. (4,C,E,G)
Wild-type mice. (B,D,F,H) ephrin-B3~/~ mice. (A,B) Horizontal brain sections from adult wild-type and ephrin-B3 knockout mice show
that both the anterior and posterior components of the anterior commissure (aAC and pAC respectively) form normally. (C,D) Lumbar
spinal cord sections reveal a morphological abnormality in the formation of the dorsal funiculus (DF). Compared to wild types,
ephrin-B3~/~ animals show a more shallow and widened dorsal funiculus. In addition, the gray matter (DGM) dorsal to the central canal
(CC) appears expanded compared to that seen in wild-type spinal cords. The ventral funiculus (VE) appears morphologically normal in
ephrin-B3~/~ mice. Scale bars C and D, 200 pm. (E-H) Anterograde tracings of corticospinal tract (CST) axons by injecting tracer into
the motor cortex and sectioning at either cervical (E,F) or lumbar (G,H) levels reveal that these axons are appropriately positioned
within the dorsal funiculus (white brackets) on the side contralateral to the tracer injections, but aberrantly cross the midline once
they project into the spinal gray matter (yellow brackets) in the ephrin-B3~/~ mice at both cervical and lumbar levels (F,H, arrowheads).
Note the shallower appearance of the dorsal funiculus in the sections from the mutant mice. Scale bars E-H, 70 pm.
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Figure 4. Expression analysis of ephrin-B3 in wild-type mouse spinal cord sections reveals that ephrin-B3 is expressed in the midline.
(A,B) Schematic lateral (A) and dorsal (B) views of E18.5 mouse brain indicating the location of the CST and the sections taken for
panels C-E, with C at the site of the medullary decussation and those at D and E representative of more caudal sections through the
spinal cord. (C-E) DIG in situ hybridizations (blue staining, black arrowheads) on coronal sections of the E18.5 medullary decussation
and spinal cord. In C at the medullary decussation, which occurs ventrally (with stippled lines indicating approximate path of
decussating fibers), ephrin-B3 is detected only in the dorsal portion of the midline and not in the ventral midline. In D and E, sections
of the cervical and thoracic spinal cord are shown in which the ephrin-B3 expression extends over the ventral part of the midline. A
higher magnification view of the dorsal funiculus (stippled box and inset) also reveals expression of ephrin-B3 in the midline of the
dorsal funiculus. CC, central canal; DF, dorsal funiculus. Scale bars, 200 pm.

Therefore, we performed in situ hybridizations along the
rostro-caudal axis to determine the nature of ephrin-B3
expression at the point of decussation and caudal to this
point (Fig. 4). Indeed, at E18.5 when pioneering axons of
the corticospinal tract have reached the medullary de-
cussation where they cross ventrally and then move dor-
sally to form the dorsal funiculus (Joosten and Bar 1999),
ephrin-B3 expression is limited to the dorsal part of the
midline in the medulla in a position consistent with it
not interfering with the ventral crossing (Fig. 4C, arrow-
heads). Caudal to the decussation, the dorsal midline ex-
pression of ephrin-B3 then expands ventrally (Fig. 4D,E),
in which it presumably acts to prevent recrossing of pro-
jections in the spinal gray matter. Ephrin-B3 expression
is also detected as a thin stripe in the midline of the

developing dorsal funiculus (Fig. 4E); although, we detect
a few fibers that aberrantly cross the midline in the dor-
sal funiculus in ephrin-B3 mutant mice (data not shown),
it seems that there are other more dominant cues that
prevent defasciculation and aberrant recrossing within
the dorsal funiculus of the mutant mice. From the above
results we conclude that corticospinal tract axons ex-
pressing EphA4 initially cross the midline at the medul-
lary decussation where no ephrin-B3 is expressed, that
ephrin-B3 plays a minor role in preventing recrossing
within the dorsal funiculus, but that subsequent recross-
ing following entry of corticospinal tract projections into
the spinal gray matter is largely prevented by midline
expression of ephrin-B3 throughout the rostro-caudal ex-
tent of the cord.
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Ephrin-B3 induces growth cone collapse
of EphA4-positive cortical neurons in vitro

The above findings suggest a role for ephrin-B3 as a mid-
line barrier for growing corticospinal tract axons. One
prediction of this model would be that corticospinal
tract axons should respond to ephrin-B3 signals in vitro,
possibly by eliciting growth cone collapse activity on
EphA4 expressing axons, as has been shown for other
systems in which ephrins show barrier functions (e.g.,
Imondi et al. 2000). To test this possibility, we took ad-
vantage of the reported EphA4 expression in the embry-
onic cortical plate from which the corticospinal tract
axons arise (Kullander et al 2001). Embryonic (E16.5) cor-
tical cultures prepared from a novel EphA4 gene trap
mouse, in which placental alkaline phosphatase expres-
sion is controlled by EphA4 regulatory elements (Leigh-
ton et al. 2001), confirmed that ~80% of the neurons in
these cultures express EphA4. E16.5 cortical cultures
were plated and allowed to send out axons for two days
after which they were treated with clustered control Fc
protein, or with clustered ephrin-B3-Fc. After treatment,
phalloidin staining of actin filaments was performed to
reveal the morphology of the axons and their associated
growth cones, and the cultures were scored for collapsed
or uncollapsed growth cones (see Materials and Methods;
Fig. 5A,B). In cultures treated with ephrin-B3 (n = 10),
581 growth cones were collapsed out of 934 counted
(62%), whereas in the Fc control treated cultures (n = 13)
only 410 of 1268 (32%) of the neurons had a collapsed
growth cone. Untreated cultures were similar in the
amount of uncollapsed growth cones observed in com-
parison to Fc treated cultures (n =4), with 93 growth

Figure 5. Examples of scored neurons in
phalloidin stained cortical cultures treated
with preclustered Fc control or ephrin-B3-
Fc. Stippled boxes indicate enlarged re-
gions of growth cones to better visualize
morphology. (A) A neuron with an unaf-
fected growth cone and normal dendrite
morphology. (B) A collapsed growth cone
with normal looking dendrites and cell
body indicative of a general healthy state
of the cultures. Note the lesser extent of
spicules on the axon as compared to A.
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Uncollapsed

cones collapsed of 327 counted (28%). The significant
specific increase in growth cone collapse by ephrin-B3 in
cortical cultures further supports the hypothesis that
ephrin-B3 acts as a midline barrier for corticospinal tract
axons.

Discussion

Extending existing evidence that ephrins provide impor-
tant axon guidance cues during neuronal development,
our findings show that ephrin-B3 plays a key role as a
midline repulsive barrier that prevents corticospinal
tract axons from recrossing once they enter the spinal
gray matter. Our findings provide the first evidence that
ephrins can play guidance roles within the spinal cord,
and add ephrin-B3 to the short list of key signals, such as
netrins and slits (Tessier-Lavigne and Goodman 1996;
Kidd et al. 1998; Brose et al. 1999; Erskine et al. 2000;
Piper et al. 2000), acting at the midline. Interestingly,
none of these other signals appears to be involved in
preventing corticospinal tract axons from recrossing,
suggesting that ephrin-B3 plays a particularly important
midline role for these axons.

The remarkable neurologic symptoms displayed by
the ephrin-B3~/~ mice can apparently be accounted for by
the aberrant recrossing of corticospinal tract axons in
these mice. Because each side of the motor cortex no
longer specifically controls the opposing side of the body
in the ephrin-B3/~ mice, but instead provides bilateral
input to both sides of the body, these mice cannot uni-
laterally control their body movements. This inability to
dictate unilateral movement apparently accounts for the

collapsed




simultaneous movements of right and left paws in the
ephrin-B3/~ mice, resulting in the abnormal hopping
gait as opposed to the conventional alternating paw gait
characteristic of normal mice. An interesting prediction
that can be made about the ephrin-B3~/~ mice is that
they should respond quite differently to lesions to one
side of the motor cortex; such lesions would not be ex-
pected to cause corresponding weakness on the contra-
lateral side of the body, as seen in normal animals, be-
cause of the ability of the remaining side of the motor
cortex to cause bilateral movement.

Although it is most parsimonious to attribute all of
the gait abnormalities in the ephrin-B3~/~ mice to the
altered structure of their corticospinal tracts, other
mechanisms cannot be ruled out. It should further be
noted that it is very likely that the ephrin-B3~/~ mice
have additional axonal guidance defects not described
herein, perhaps involving the midline as well. This pos-
sibility is supported by the findings that ephrin-B3 is
expressed at the midline at many different stages of em-
bryonic development, including midline structures ros-
tral to the decussation of the corticospinal tract axons.
Regarding this latter point, it should also be noted that
ephrin-B3 undergoes a fascinating shift in its midline
expression patterns that seemingly allows for initial de-
cussation of the corticospinal tract while preventing its
subsequent recrossing. That is, at the decussation, which
occurs in the ventral medulla, ephrin-B3 is only found at
the dorsal midline, thus apparently not interfering with
the initial ventral decussation. Caudal to this decussa-
tion, ephrin-B3 expression moves ventrally, perfectly po-
sitioned to prevent recrossing of corticospinal tract pro-
jections. It should also be noted that the rather normal
appearance of the medullary decussation in the ephrin-
B3~/ mice implies that signals other than ephrin-B3 con-
trol this complex midline crossing phenomenon.

The abnormal widening of the corticospinal tract and
dorsal funiculus in the ephrin-B3~/~ mice suggests that
ephrin-B3 plays roles in organizing this part of the spinal
cord before corticospinal tract fibers enter into the spinal
gray matter. We have noted that cell populations close to
the ventral part of the dorsal funiculus express EphA4
(data not shown) and a possible explanation for the shal-
lower dorsal funiculus may be that these cells are posi-
tioned closer or over the midline in the ephrin-B3 mu-
tant mice. Potential roles of ephrin-B3 in regulating
earlier crossing events, for example, those of the com-
missural axons at the floor plate where ephrin-B3 is
prominently expressed (Gale et al. 1996a), will also be of
interest for future study.

The major neurologic abnormalities of the ephrin-
B3/~ mice are remarkably similar to those described for
mice lacking the EphA4 receptor (Dottori et al. 1998;
Kullander et al. 2001), which is quite interesting because
this receptor binds with high affinity to ephrin-B3 as
well as to other ephrins (Gale et al. 1996a,b). The more
recent characterization of mice lacking EphA4 not only
defined anatomical defects involving the corticospinal
tract essentially identical to those we report for the eph-
rin-B3~/~ mice [i.e., involving abnormal recrossing of pro-
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jections within the spinal gray matter), but it also con-
vincingly showed that EphA4 is expressed by the corti-
cospinal axons themselves (Kullander et al. 2001). Our
data, taken together with these published findings, lead
us to propose the following model: Corticospinal tract
axons originating from each side of the motor cortex
separately converge ipsilaterally as they pass through the
internal capsule, and remain ipsilateral as they proceed
to the ventral caudal medulla, where they cross the mid-
line and shift dorsally at the decussation, forming the
dorsal funiculus. Though the corticospinal tract axons
express EphAd4, their guidance to this point appears un-
changed in the EphA4 and ephrin-B3 mutant mice and is
thus not dependent on these proteins, presumably be-
cause the EphA4-expressing axons do not encounter eph-
rin-B3 barriers to this point; at the decussation, ephrin-
B3 is prominently expressed at the midline, but dorsal to
the decussating fibers where it presumably does not in-
terfere with their crossing. Within the dorsal funiculus,
in which the corticospinal tract axons normally travel
only on the side contralateral to their cortical side of
origin, ephrin-B3 plays a minor role in preventing re-
crossing, as evidenced by rare recrossed axons detected
within the dorsal funiculus of ephrin-B3 mutant mice.
However, once these axons project into the spinal gray
matter, the binding of their EphA4 receptors to ephrin-
B3 at the midline forms the major barrier that prevents
them from recrossing from contralateral to ipsilateral
sides, as evidenced by the abundant recrossed projections
seen in the EphA4 and ephrin-B3 mutant mice along the
entire rostro-caudal extent of the cord. This abnormal
recrossing at the midline results in aberrant bilateral cor-
tical input into the cord, thus resulting in loss of unilat-
eral motor control and the characteristic hopping gait
noted in both EphA4 and ephrin-B3 mutant mice.

While Dottori et al. (1998) described a similar neuro-
logic phenotype in their mice lacking EphA4, they
reached different conclusions concerning the relative
distributions of ephrin-B3 and EphA4 as compared to
those reported herein and by Kullander et al. (2001) as
well as Martone et al. (1997). In particular, Dottori et al.
(1998) suggested that ephrin-B3 was expressed by the cor-
ticospinal tract axons, whereas EphA4 was made in sur-
rounding regions, raising the possibility of “reverse sig-
naling” via ephrin-B3 on the corticospinal tract axons.
This possibility seems to have largely been eliminated
by the more recent distribution studies as well as by
satisfying evidence that cell autonomous EphA4 kinase
activity is necessary for corticospinal tract axon guid-
ance, because a genetically modified mouse carrying a
kinase-dead version of EphA4 displays the identical cor-
ticospinal tract axon recrossing defect as the EphA4 null
mouse (Kullander et al. 2001).

The characterizations of mice lacking EphA4 revealed
major neuroanatomical defects in the formation of the
anterior commissure (AC), a major forebrain axon tract
that consists of an anterior (aAC) and posterior branch
(pAC), which connect both lobes of olfactory bulbs and
temporal cortex respectively (Dottori et al. 1998; Kul-
lander et al. 2001). Because of the aforementioned simi-
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larities in the corticospinal defects between ephrin-B3
knockout mice and EphA4 knockout mice, we examined
the morphology of the anterior commissure in adult eph-
rin-B3 mutant brains, and found the normal trajectory of
AC axons just below the ventricular zone of the third
ventricle and close to the ventral edge of the striatum
(Fig. 3A,B; data not shown). These results show that in
contrast to EphA4, ephrin-B3 function is not critical for
the proper formation of the anterior commissure. Be-
cause EphA4 binds to multiple ephrins, it seems likely
that it interacts with an ephrin other than ephrin-B3 dur-
ing its role in the formation of the anterior commissure.

Finally it should be noted that M. Henkemeyer and
colleagues have generated their own line of mice lacking
ephrin-B3, and describe findings quite analogous to those
reported herein (Yokoyama et al. 2001). Thus, our find-
ings, combined with those of Yokoyama et al. (2001) as
well as Dottori et al. (1998) and Kullander et al. (2001)
establish the importance of the EphA4 receptor in rec-
ognizing a midline barrier signal provided by the ephrin-
B3 ligand. By preventing recrossing of corticospinal tract
projections into the spinal gray matter, EphA4 and eph-
rin-B3 ultimately allow for unilateral motor control. It
seems very likely that ephrin ligands and Eph receptors
will continue to emerge as critical mediators of axonal
guidance during neural development.

Materials and methods

Targeting vector construction and ES cell manipulations

The 5’ and 3’ ephrin-B3 gene fragments used in the construction
of the targeting vector were isolated from a 129SV mouse geno-
mic library in the lambda Zap vector (Stratagene). The 5’ region
of homology incorporated in the targeting construct consisted of
a 4.1 kb Notl/Nhel restriction fragment derived from an ephrin-
B3 genomic clone spanning the first exon (the 5’ Notl site was
contributed by the lambda phage from which this fragment was
obtained), which terminated at its 3’ end 680 nucleotides up-
stream of the ephrin-B3 start codon. This fragment was cloned
into Notl and Nhel sites in the polylinker upstream of a pro-
moterless LacZ cDNA in the vector pPKOVpLacZ, which is com-
prised of the LacZ gene followed by the phosphoglycerate kinase
promoter-driven neomycin resistance gene (PGK-Neo), and the
HSV-tk gene (Suri et al. 1996). A 3’ region of homology consist-
ing of a 2.4 kb HindIII fragment, which terminates at its 5’ end
52 nucleotides downstream of intronl/exonl boundary. This
fragment was subcloned into a HindIII site of pKOVpLacZ be-
tween the PGK-Neo and HSV-tk expression units (Suri et al.
1996). In this targeting scheme, 854 nucleotides of the ephrin-B3
gene, including the transcriptional start site and signal se-
quence, were deleted and replaced by the LacZ and Neo genes.
Gene targeting in ES cells and mice derived from them were
confirmed by Southern blotting using EcoRI digests (Fig. 1).

Northern blotting

Northern blot analysis from total RNA was performed as pre-
viously described (Maisonpierre et al. 1990).

Tracing of the corticospinal tract

Animals were anesthetized with a ketamine/xylazine mix (100/
10 mg/kg body weight; i.p., Ketalar, Parke-Davis) and the motor
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cortex was pressure injected with the anterograde tracer biotin
dextran amine (10% BDA in 0.1 M PBS; molecular probes; 4 uL
into eight to ten injection sites). After a survival time of 10 d,
the animals received an overdose of ketamine/xylazine and
were transcardially perfused with 0.1 M PBS at pH 7.4, followed
by 4% paraformaldehyde in PBS.

Tissue processing

Cryosections of traced brain and spinal cord (50-100 pm) were
collected and incubated overnight with an avidin-biotin-peroxi-
dase complex (Vectastain ABC Elite Kit, 1:100 in PBS + 1%
Tween-20) at room temperature. Sections were reacted with
diaminobenzidine (DAB), mounted on slides, dehydrated,
cleared in a 1:1 mixture of benzyl alcohol/benzyl benzoate,
cover slipped, and examined under darkfield optics using a Zeiss
Axiophot microscope. For gray matter stain, spinal cord cryo-
sections (50-100 pm) were incubated 24 h in DAB solution from
a DAB-peroxidase staining kit to reveal endogenous peroxidase
activity in cell bodies. For detection of the AC in brains of
mutant mice, 30-100 pm cryostat floating sections were col-
lected in PBS, mounted on slides, and photographed while wet
using a Nikon SMZ-U dissecting microscope equipped with a
subilluminating module.

In situ hybridization

DIG in situ hybridizations on 8 pm paraffin sections were per-
formed according to standard protocols. Antisense riboprobes
were transcribed in vitro and labeled by incorporation of digoxy-
genin-linked UTP (Roche) from the linearized ephrin-B3 tem-
plate, a 1021-bp fragment extending from nucleotide 1-1021 (ac-
cession no. NM007911).

General behavioral methods

Adult male mice (~2 mo of age, 38-46 g) were evaluated in three
behavioral tasks. Body weight was determined during the be-
havioral testing period. Gait analysis was performed using the
footprint test, fine motor coordination was performed using the
sticker/tape test, and general coordination and balance were
determined using the rotorod. Animals were housed (1-2 per
cage) in a standard temperature and pressure-controlled colony
room on a 12:12, light:dark cycle (lights on 06:00 h). Food and
water were available ad libitum. All behavioral testing occurred
between 13:00 and 15:00 h in a behavioral testing room located
within the animal facility. Mice were transferred to the behav-
ioral testing room 45-90 min before behavioral testing to allow
them to acclimate to the room. The experimenter evaluating
the animals remained blind to genotype throughout the behav-
ioral testing and analysis.

Gait analysis

Gait analysis was conducted essentially as described for rats
(Johnston et al. 1991) using a 120 cm long, 9 cm wide, black
runway with 30 cm high walls on both sides and the starting
end. White paper was placed along the bottom of the runway.
Mice were trained to run down the runway the day before the
testing day. Before analysis, the feet of the mice were painted
with nontoxic acrylic paint (forepaws red, hindpaws blue).
Footprints were analyzed for base width (the medial/lateral
distance between either the hindpaws or the forepaws), stride
length (the distance from one paw being set down until it is set
down again), and interstep distance (the distance from one hind-
paw or forepaw until the hindpaw or forepaw on the opposite
side). Measurements were taken from three consecutive steps



with a continuous gait. The median of the three measurements
for each parameter was counted as the measurement for final
analysis. Each gait parameter was analyzed using an indepen-
dent groups Student’s ¢ test, with alpha set at 0.05.

Sticker/tape test

A small sticker was placed on the snout of each mouse in its
home cage within the behavioral testing room, and the latency
to remove the sticker was recorded. Each animal received three
trials, and the median trial was counted in the final analysis.
Sticker Test results were analyzed with an independent groups
Student’s t test, with alpha set at 0.05.

Rotorod testing

Animals were pretrained on a rotorod apparatus (Columbus In-
struments, rods 7 cm in diameter) for 2 d before the testing day.
On the first day, animals spent 1 min exploring the apparatus,
and then spent 2 min walking on the rotorod at low speed (~2
rpm). On the second day of training, animals spent 30 sec ex-
ploring the apparatus, and then spent 2 min walking on the
rotorod at increasing speeds (up to 7 rpm). Any animal that fell
off the rotorod during training was replaced on the rotorod ap-
paratus. On the day of testing, animals were placed on the ro-
torod for 150 sec, with 30 sec each at 2, 3, 4, 5, and 6 rpm. The
2 rpm speed served as 30 sec of acclimation to the rotorod.
Timing was started when the speed was turned up to 3 rpm, and
continued for 120 sec or until the animal either fell off or ro-
tated upside down on the apparatus. Animals that remained on
the rotorod for the entire trial received a score of 120, and all
others received a score corresponding to their latency to fall.
Latencies for the single trial were analyzed using a Student’s t
test, with alpha set at 0.05.

Growth cone collapse assay

Cortical neurons were dissected from the anterior dorsomedial
to dorsal neocortex of E16.5 mouse embryos. Cells were disso-
ciated with papain and plated in neurobasal medium with B27
supplement (GIBCO BRL) on glass coverslips pretreated with
nitric acid and coated with poly-D-lysine and laminin. Low den-
sity cultures (~10-20 K neurons/coverslip) required the addition
of 1/3 conditioned medium obtained from high-density 4-day-
old cortical cultures. After 2 d in culture, cells were treated with
preclustered (1/10 w/w ahFc/hFc, 1 h at room temperature) eph-
rin-B3-hFc or hFc at a concentration of 1 ng/mL in fresh culture
medium for 30 min. The cells were fixed with 4% PFA and
stained with TRITC-phalloidin. Scoring of growth cones as col-
lapsed or uncollapsed were performed blinded and were counted
from cells with at least two neurites, with one neurite at least
twice as long as the others. Only the growth cone of the longest
neurite was counted. “Axon” tips with filopodial extensions
and dense phalloidin staining were considered as uncollapsed
growth cones. Pointed “axon” tips without filopodial exten-
sions and no dense phalloidin staining were considered as col-
lapsed growth cones.
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