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Axons travel frequently in bundles to reach their target. After arriving at the target, axon terminals defasciculate, migrate to topograph-
ically defined positions, and form synapses with appropriate target neurons. Here we present evidence that the B-type receptors of the
erythropoietin-producing hepatocellular (Eph) family and a ligand, ephrin-B3, influence hippocampal axon defasciculation. The EphB
receptors are expressed in the hippocampus, and the ligand, ephrin-B3, is transcribed in the lateral septum, the major subcortical target
of hippocampal neurons. Ephrin-B3 promotes adhesion of hippocampal neurons to the ligand-expressing substrates in vitro, and the loss
of the receptor EphB2 abrogates the effects of ephrin-B3. In mice deficient in EphB2 and EphB3, many hippocampal axons remain in
bundles. This phenotype was also observed in mice that were specifically deleted for the cytoplasmic domain of EphB2. These observa-
tions indicate that the EphB receptors and their ligand regulate hippocampal axon defasciculation at the septal target, possibly through
a receptor-mediated forward signaling mechanism.
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Introduction
Selective fasciculation and defasciculation of axons play critical
roles in the development of axon pathways in both invertebrate
and vertebrate animals (Rutishauser, 1985; Tessier-Lavigne and
Goodman, 1996). During development, pioneer axons first nav-
igate through complex microenvironments to reach their targets.
Axons developing later in the same pathway fasciculate with and
migrate along the pioneer axons (Rutishauser, 1985); however,
defasciculation must occur when axons reach either an interme-
diate choice point for a different pathway or the final target to
allow axons to leave the fascicle. Failure to fasciculate or defas-
ciculate properly results in mistargeting (Lin et al., 1994; Fam-
brough and Goodman, 1996; Yu et al., 2000).

Fasciculation and defasciculation are regulated by interac-
tions among axons and between axons and the environment.
Signals increasing axon–axon adhesion or decreasing axon–
environment interaction are likely to promote fasciculation.
Conversely, signals that decrease axon–axon adhesion and in-
crease axon– environment interaction may lead to defascicula-
tion. Although a number of cell adhesion molecules (CAMs) in-
cluding neural CAM (NCAM), L1, and neuron– glia CAM
(NgCAM), have been shown to increase axon–axon interaction
and mediate axon fasciculation (Thanos et al., 1984; Tessier-
Lavigne and Goodman, 1996), the mechanisms that regulate

axon defasciculation have not been well characterized. Down-
regulation of adhesive activity of NCAM by the addition of the
negatively charged carbohydrate polysiatic acid has been impli-
cated in promoting axon defasciculation (Rutishauser, 1985). In
Drosophila, a secreted Ig superfamily protein encoded by the
beaten path gene also regulates defasciculation (Fambrough and
Goodman, 1996).

We present evidence here for a novel mechanism that regu-
lates axon defasciculation using the erythropoietin-producing
hepatocellular (Eph) family tyrosine kinase receptors, EphB2 and
EphB3. The Eph family consists of the EphA- and EphB-type
receptors, defined by sequence homology and specificity of inter-
action with the ligands of this family, the ephrins. There are eight
known EphA receptors that interact preferentially with the
A-type ephrins, and six different EphB receptors that bind to the
B-ephrins (for review, see Pasquale, 1997; Flanagan and Vander-
haeghen, 1998; Zhou, 1998). Both types of Eph receptors have
been implicated in axon guidance and targeting and in tissue
patterning (Drescher, 2000; Holder et al., 2000; Wilkinson, 2000;
Kullander and Klein, 2002). During the development of the hip-
pocamposeptal pathway, hippocampal axons travel in fascicles
along the fornix–fimbria to reach the major subcortical target,
the lateral septum. After arriving at the target, hippocampal ax-
ons defasciculate and spread topographically such that axons of
the medial hippocampal neurons terminate in the dorsomedial
region, whereas axons of the lateral neurons terminate in the
ventrolateral area of the septal target (Swanson et al., 1987; Yue et
al., 2002). We show here that mice deficient in EphB2 and EphB3
have abnormal hippocampal axon bundles at the septal target.
Both receptors are expressed in hippocampal neurons, and a li-
gand, ephrin-B3, is transcribed in the septal target. Furthermore,
ephrin-B3 promotes hippocampal cell adhesion and spreading on
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the ligand-expressing substrates in vitro.
These observations suggest that the EphB re-
ceptors contribute to the regulation of defas-
ciculation of hippocampal axons in the tar-
get field, possibly through promoting axon
adhesion to the ligand-expressing projection
target.

Materials and Methods
Tracing the hippocamposeptal pathway. For trac-
ing adult hippocampal axons, mice were anesthe-
tized with Nembutal (50 mg/kg body weight, i.p.).
Fluoro-ruby [tetramethylrhodamine dextran,
10,000 molecular weight; Molecular Probes (Eu-
gene, OR), D-1817) suspension (10% in saline)
was stereotaxically injected into medial or lateral
hippocampus with iontophoresis (8 �A, positive
alternating current for 30 min) under surgical mi-
croscope. One week after injection, labeled ani-
mals were perfused with 4% phosphate-buffered
(0.1 M, pH 7.4) paraformaldehyde solution. The
brains were dissected, postfixed for 24 hr in 4%
paraformaldehyde solution, and then incubated
in 30% sucrose in PBS until the brains settled to
the bottom of the container. Coronal sections
(100 �m) were cut with a vibratome, collected in
phosphate buffer (0.1 M, pH 7.4), and mounted
on slides treated with poly-L-lysine. The sections
were then examined with a Zeiss Axioskop con-
nected to a digital camera, and images were pro-
cessed using ImagePro Plus. Confocal images
were taken with a Zeiss confocal imaging system
(Model LSM510).

To trace hippocampal axons in embryos or
early postnatal mice, dissected brains were first
fixed in 4% phosphate-buffered (0.1 M, pH 7.4)
paraformaldehyde solution for 1 week and then
incubated in 30% sucrose in PBS until the brains
settled to the bottom of the container. Crystal DiI
(Molecular Probes, D-3911) was inserted into the
lateral hippocampal regions. The labeled brains
were incubated at 37°C in 30% sucrose–4% para-
formaldehyde solution for 2 months and then sec-
tioned and analyzed as described above.

In situ hybridization. Embryonic day (E) 18
CD-1 mouse embryos and early postnatal (P)
mice (P5 and P7) (Charles River Laboratories,
Wilmington, MA) were used in in situ hybrid-
ization experiments. At least three animals were
investigated for each developmental stage. The mothers were anesthe-
tized with nembutal (50 mg/kg body weight, i.p.), the embryos were
dissected and decapitated, and the heads were frozen on dry-ice powder.
For postnatal mice, brains were dissected and frozen on dry ice as well.
Sagittal sections of 12 �m thickness were cut with a cryostat at �23°C
and mounted on VWR Scientific superfrost slides. The slides were then
stored at �80°C before use.

In situ hybridization was performed with 35S- or digoxigenin-labeled
in vitro transcribed riboprobes as described previously (Zhang et al.,
1997). Briefly, slide-mounted sections were fixed in 4% paraformalde-
hyde in 0.1 M] phosphate buffer, pH 7.2 (all treatments were performed at
room temperature unless indicated otherwise). To hybridize with ribo-
probes, the sections were treated with proteinase K (40 ng/ml), refixed
with 4% paraformaldehyde, immersed in triethanolamine (50 mM) in
acetic anhydride solutions (100 mM) for 10 min, and dehydrated. The
sections were hybridized with the respective 35S- (2.5 � 10 6 cpm/ml) or
digoxigenin-labeled riboprobes under stringent conditions (50% form-
amide, 10% dextran sulfate, 1� Denhardt’s solution, 0.2 mg/ml herring
sperm DNA, and 10 mM dithiothreitol) for 18–24 hr at 55°C. After hybrid-

ization, the sections were washed in 5� SSC at 65°C for 20 min, followed by
50% formamide in 2� SSC for 30 min at the same temperature. The sections
were washed twice in RNase buffer (10 mM Tris-HCl, pH 7.5, 0.5 M NaCl, and
5 mM EDTA) for 20 min each and incubated for 30 min at 37°C in the same
buffer containing 20 �g/ml RNase A. Sections were then rinsed in the RNase
buffer for 20 min at 37°C. Finally, the sections were washed in 50% form-
amide, 2� SSC at 65°C for 30 min and in 2� SSC and 0.1� SSC at room
temperature for 15 min, respectively. After washes, 35S-labeled sections were
dehydrated and exposed to x-ray film for 3–6 d. After film development, the
sections were coated with Kodak NTB-2 photographic emulsion, diluted 1:1
with distilled water. The sections were exposed for 2–3 weeks at 4°C, devel-
oped, and counterstained with thionin (0.25% in 10% acetic acid adjusted to
pH 4 with NaOH). Digoxigenin-labeled sections were incubated with alka-
line phosphatase (AP)-conjugated anti-digoxigenin antibody (Roche, cata-
log #1093274) at 4°C overnight, followed by color development according to
the manufacturer’s instructions. Sense probes were used as controls and
showed no specific hybridization signals.

Expression of ephrin-B3 ligand in NIH-3T3 cells. Mouse ephrin-B3 was
cloned into a retroviral vector pLIG (Lillien, 1995), which contains a

Figure 1. Normal medial hippocampal projections to the lateral septum in EphB2- and EphB3-null mice. A, B, Typical Fluoro-
ruby injection sites for hippocampal axon tracing in the medial hippocampus ( A) and the lateral hippocampus ( B). Injections were
done according to stereotaxic coordinates by Franklin and Paxinos (1997). Arrows indicate injection sites. Scale bar, 1 mm. C–H,
Tracing of the medial hippocampal axon terminal field in the lateral septum. C–E, Bright-field photomicrographs of sections of the
traced brains containing the septal area from the wild-type ( C), EphB3 �/� ( D), and EphB2 �/� ( E) mice. Major cytoarchitectural
features are indicated. F–H, Dark-field photomicrographs depicting positions of the medial hippocampal axon terminals in
wild-type ( F), Eph B3 �/� ( G), and Eph B2 �/� ( H ) mice. acA, Anterior commissure, anterior tract; cc, corpus callosum; CPu,
caudate–putamen; DLS, dorsal lateral septum; ILS, intermediate lateral septum; MS, medial septum; VLS, ventral lateral septum.
Scale bar, 0.2 mm.
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�-galactosidase gene fused to an aminoglycoside
phosphotransferase for G418 resistance. The con-
struct was then transfected into NIH-3T3 as de-
scribed (Gao et al., 1996). G418-resistant colonies
were then screened for ephrin-B3 expression by
EphB3-AP fusion protein binding. EphB3-AP
binds strongly to ephrin-B3-expressing NIH-3T3
cells but did not have significant binding to paren-
tal or empty vector-transfected NIH-3T3 cells.

Primary neuron culture. The hippocampi from
E18 rat or E16 mouse embryos were dissected in
PBS, dissociated into a single-cell suspension by
mechanically passing through polished glass pi-
pettes, and counted under a microscope. Neurons
were plated in 12-well dishes (105 per well) pre-
seeded with a confluent monolayer of ephrin-
expressing or control NIH-3T3 cells transfected
with the empty vector in DMEM supplemented
with fetal bovine serum (10%), penicillin (1
U/ml), and streptomycin (1 U/ml). The cocul-
tures were maintained for 48 hr, fixed with 4%
paraformaldehyde in PBS, and then immunocy-
tochemically stained with anti-neuron-specific
enolase (for rat neurons) (Gao et al., 1996) or anti-
neurofilament H (for mouse neurons) antibodies
using Vectastain ABC kit (Vector Laboratories,
Burlingame, CA). The stained neurons were ex-
amined under a Nikon Eclipse TE200 micro-
scope, and the images were captured and quanti-
fied with the ImagePro Plus program.

Quantification of cell aggregation and axon
bundle thickness. Hippocampal neuron aggre-
gates of similar size on control or ephrin-B3-
expressing cells were selected for quantifica-
tion. For each aggregate, the diameters of all
axonal bundles were measured. The measure-
ment was done on axons near their exit point.
At least 100 bundles were surveyed for each
sample assayed. To quantify effects on cell ag-
gregation, the numbers of unaggregated indi-
vidual neurons in 20 random fields were
counted in cultures with ephrin-B3-expressing
or control cell line. The ratio between the num-
bers of unaggregated neurons in ephrin-B3 co-
culture and the control coculture was calculated
as dissociation index. The dissociation index on
control cells was set as 1.

Quantification of axon terminal density. The
bitmap of the lateral septal terminal area was
calculated with ImagePro Plus software. The
bitmap is a two-dimensional array used to rep-
resent an image in a computer. Each cell in the
array contains a value that describes a sample of
the image in terms of its color and intensity.

Results
Abnormal bundling of hippocampal
axons in the lateral septum in
EphB2/B3-null mice
To examine roles of the EphB-type recep-
tors and ligands in hippocampal axon pro-
jections, the axon pathway and terminal regions were analyzed
using the axon-tracking dye Fluoro-ruby in adult mice homozy-
gous for protein-null mutations in EphB2 (EphB2 �/�) and
EphB3 (EphB3 �/�). Fluoro-ruby was injected stereotaxically in
either the medial (Fig. 1A) or lateral (Fig. 1B) region of the hip-
pocampus. These analyses revealed no gross differences in the

spatial position of axon terminals for either medial and lateral
hippocampal neurons (Figs. 1, 2). In EphB2�/� homozygous
null mice, however, significant levels of bundled axons were ob-
served in the lateral septal target (Fig. 2). In these mice, although
the axon fascicles appear normal when they first enter the septal
target (Fig. 2A,F,K,P), these fascicles fail to defasciculate after
they enter the target (Fig. 2Q–T). In the wild-type animals, hip-

Figure 2. Increased axon bundling in the terminal area of lateral hippocampal axons in the lateral septum in EphB receptor-
null mice. Fluoro-ruby was injected into the lateral hippocampus to anterogradely label the lateral hippocampal axons. A–E,
Bright-field photomicrographs of five different posterior to anterior coronal sections of a wild-type traced brain showing the major
cytoarchitectural features of the septal region. These sections are �100 �m apart. Boxes in A–E indicate positions of dark-field
panels on the right. F–T, Fluorescence photomicrographs of lateral hippocampal axon terminals at different posterior to
anterior positions of wild-type ( F–J), EphB3 �/� single mutant ( K–O), and EphB2 �/� single mutant ( P–T) mice. ac,
Anterior commissure; cc, corpus callosum; DLS, dorsal lateral septum; MS, medial septum; VLS, ventral lateral septum. Scale bars: A, 0.2
mm; F, 0.02 mm.
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pocampal axons exit the fornix and defasciculate to form fine
terminal arbors (Figs. 2H–J, 3A,B). In contrast, only part of the
hippocampal axons in EphB2-null mice form fine terminal ar-
bors, and many fibers stay bundled (Fig. 2Q–T). In addition,
some of the fiber bundles appear to have abnormal turns (Fig.
3E,G). This failure to defasciculate was specific for the lateral
hippocampal axons, because the medial axons appeared to defas-
ciculate normally in the EphB2-null brains (Fig. 1C–H).

Approximately 70% of the EphB2-null homozygous adult
mice analyzed by this method showed defects in hippocampal
axon defasciculation (n � 10) (Fig. 3I). In contrast, abnormal
axon bundling was not observed in the EphB3-null mice (n � 35)
(Figs. 2K–O, 3C,D, I). Although EphB3 does not seem to play a
key role in regulating hippocampal axon defasciculation, it may
partially compensate for the loss of EphB2, because 100% of the
EphB2�/�EphB3�/� compound homozygous mice showed this
defect (n � 17) (Fig. 3I). Importantly, no abnormal fascicles were
observed in the 30 adult wild-type brains examined in this anal-

ysis (Fig. 3I). Thus, EphB2 and EphB3
have partially redundant functions. Con-
sistent with the inability to defasciculate,
the density of unbundled hippocampal
axon terminals in the lateral septum is
also significantly reduced in the mutants
(Fig. 3J).

Defasciculation deficiencies in
developing EphB2-null mice
To examine whether the presence of ab-
normal hippocampal axon bundles in the
adult mutant mice is caused by a failure to
defasciculate initially when the axons first
arrive at the target or by a defect in synapse
formation after the axons have taken up
their appropriate positions, hippocampal
axon morphology was analyzed in E18 and
P0 brains. The fixed brains were labeled by
inserting DiI crystals into the lateral hip-
pocampal regions, and after a further in-
cubation of 2 months, the labeled brains
were sectioned and analyzed as described
in Materials and Methods. Large hip-
pocampal axon bundles were observed in
the lateral septum in both the E18 and P0
EphB2�/� mouse brains but not in wild-
type controls (Fig. 4), suggesting that the
abnormal axon bundles in EphB2�/�

mice developed because of failures of hip-
pocampal axons to defasciculate after they
arrived at the target.

Expression of EphB receptors in the
hippocampus and ephrin-B ligands in
the lateral septum
The defasciculation defect in EphB2�/� and
EphB2�/�EphB3�/� mutant mice sug-
gests that these receptors regulate hip-
pocampal axon pathfinding and targeting
and predicts that these receptors are ex-
pressed in the hippocampal neurons. To
test this prediction, the expression of these
two receptors was examined using an in
situ hybridization technique. Consistent

with previous reports (Grunwald et al., 2001; Henderson et al.,
2001), our analyses show that during late embryonic and early
postnatal development, when hippocampal axons are actively
targeting the septum (Linke et al., 1995), EphB2 and EphB3 are
expressed in the hippocampus (Fig. 5 and data not shown). In
contrast to the graded expression of EphA5 receptor (Gao et al.,
1996; Zhang et al., 1997; Yue et al., 2002), EphB2 and EphB3 are
expressed throughout the hippocampus, at similar levels in the
medial and lateral regions (Fig. 5C–F). The presence of EphB2
and EphB3 transcripts in the hippocampus are consistent with
roles in hippocampal axon defasciculation. In addition to EphB2
and EphB3 receptors, EphB1 is also expressed in the developing
hippocampus; however, expression of this receptor is restricted
to the medial hippocampus (Fig. 5B).

To examine which ephrin-B ligands potentially interact with
EphB2 and EphB3 at the septal target, the expression patterns of
all three B-class ephrins were examined. In E18 mouse embryonic
brain, ephrin-B1 mRNA was detected in the ventricular zone but

Figure 3. Density of lateral hippocampal axon terminals in the lateral septum is reduced in EphB2 �/� knock-out mice. A–H,
High-magnification confocal images of hippocampal axon terminals in wild-type (A, B), EphB3 �/� (C, D), and two different Eph
B2 �/� single mutant ( E–H) mice. Positions of top panels correspond to Figure 2C, and bottom panels correspond to Figure 2 E.
Arrows in E and G indicate axon bundles turning abnormally. I, Percentage of EphB knock-out animals with defasciculation defects.
J, The density of the unbundled axon terminals in the EphB2 �/� septum is significantly less than that of the wild-type septum.
The pixel values of the unbundled axon terminals were measured using ImagePro image analysis software. Axon bundles were
excluded from analysis. Asterisk indicates significant differences ( p � 0.05; t test). Scale bar, 0.05 mm.
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not in the lateral septum (Fig. 6B).
Ephrin-B2 was not significantly expressed
in the lateral septum, although low levels
were detected in the medical septum (Fig.
6C). In contrast, high levels of ephrin-B3
transcripts were detected in the entire sep-
tal region (Fig. 6D). Ephrin-B3 expression
persisted in early postnatal mice (P5) (data
not shown). These results suggest that
ephrin-B3 may mediate the functions of
EphB2 and EphB3 in axon defasciculation
in the septal target.

Ephrin-B3 promotes hippocampal cell
spreading and adhesion to the ligand-
expressing substrates in vitro
One way the EphB receptors and ligands
may influence hippocampal axon defascicu-
lation is to promote adhesion of hippo-
campal axons onto the ligand-expressing
substrates. To examine whether ephrin-B3
regulates hippocampal cell adhesion, the ef-
fects of ephrin-B3 were analyzed using an in
vitro coculture assay. Ephrin-B3 was cloned
into a retroviral expression vector (Lillien,
1995) under the transcriptional control of
the viral long terminal repeat. The expres-
sion cassette was then transfected into mouse fibroblast NIH-3T3
cells, and independent neo-resistant clones were examined for
ephrin-B3 expression using EphB3–alkaline phosphatase binding.
Several lines that express high levels of ephrin-B3 were obtained.
Hippocampal neurons from E18 rat embryos were then cocultured
with cells expressing ephrin-B3, and the neurons were detected using
anti-neuron-specific enolase immunocytochemistry. When the
neurons were cocultured with cells transfected with empty expres-
sion vector, the neurons formed large aggregates and the axons
formed thick bundles (Fig. 7A). In contrast, when cocultured with
ephrin-B3-expressing cells, hippocampal neurons appeared more
dispersed, and the axons did not form thick fascicles (Fig. 7B,C).
Quantitative measurement indicated that more neurons stayed as
individual cells and that axon bundles were significantly thinner in
the presence of ephrin-B3 compared with controls (Fig. 7D,E).
These effects were reproduced with several independent ephrin-B3-
expressing cell lines; the results from two of the lines (G6 and G10)
are reported here (Fig. 7). These observations suggest that ephrin-B3
may promote hippocampal axon adhesion to the ligand-expressing
projection target, thereby inducing defasciculation.

Inactivation of EphB receptors prevents ephrin-B3-induced
substrate adhesion in vitro
To examine whether the effects of ephrin-B3 are mediated
through the interaction with EphB2 and EphB3, hippocampal
neurons with inactivated EphB2 and EphB3 were examined for
their responses to ephrin-B3. E16 mouse embryonic hippocam-
pal neurons from the wild type scattered, and their axons defas-
ciculated in the presence of ephrin-B3 (Fig. 8A,B,G,H). Hip-
pocampal neurons with inactivated EphB3 showed a similar
response to that of wild-type neurons (Fig. 8C,D,G,H). In con-
trast, the response to ephrin-B3 was lost in neurons lacking
EphB2 receptor (Fig. 8E–H). These neurons remained aggre-
gated even in the presence of ephrin-B3. These in vitro observa-
tions are consistent with the in vivo data indicating that EphB2 is
the major regulator for hippocampal axon defasciculation.

The cytoplasmic domain of EphB2 is required for
hippocampal axon defasciculation
Because both the EphB receptors and their ligands, the B-ephrins,
transduce signals (Cowan and Henkemeyer, 2002; Kullander and
Klein, 2002), axon defasciculation could be regulated through
either receptor (forward) or ligand (reverse) signaling. Analysis
of EphB2�/� mice does not distinguish between these two path-
ways because both pathways have been affected in these mice. To
determine whether defasciculation is regulated by EphB forward
signaling, axon morphology was analyzed in homozygous mice
that carry a specific deletion of the cytoplasmic domain of EphB2,
including its tyrosine kinase domain (EphB2 ki/ki) (Henkemeyer
et al., 1996). Tracing analysis with Fluoro-ruby injected in the
hippocampus revealed that hippocampal axons also failed to de-
fasciculate in 44% (four of nine) of the homozygous kinase-
inactive EphB2 ki/ki mice (Fig. 9). In addition, axon bundles are
clearly visible in vibratome sections under bright-field illumina-
tion (Fig. 9B,C). These data show that regulation of hippocampal
axon defasciculation is dependent on the cytoplasmic domain of
EphB2 receptor and indicate that forward signaling mediated by
the EphB2 cytoplasmic domain is important.

Discussion
Axons in many major pathways travel to their targets as fascicu-
lated bundles. Examples include corpus callosum, anterior com-
missure, corticospinal tract, and the optical nerve, as well as the
fornix–fimbria that interconnects the hippocampus with its sub-
cortical targets. After arriving at their final destination, axons
must defasciculate to form terminal arbors and synapse with tar-
get neurons. Defasciculation is also required for axons to exit the
bundle at intermediate choice points. Here we present evidence
that EphB receptors regulate hippocampal axon defasciculation
at the septal target. Consistent with this notion, EphB2 and
EphB3 receptors are expressed in the hippocampal pyramidal
neurons, whereas ephrin-B3 is expressed at the septal target, the
lateral septum. Inactivation of EphB2 and EphB3 receptors in

Figure 4. Hippocampal axon defasciculation defects in embryonic and newborn EphB-null mice. DiI was placed in the lateral
hippocampal regions. A, D, Bright-field photomicrographs of wild-type brain sections showing major cytoarchitectural features of
the septal region. B, E, Defasciculated hippocampal axons in the lateral septum of wild-type mouse brains. C, F, Abnormal
hippocampal axon bundles in the lateral septum of the EphB2 �/� mutant mice. Images in B, C, E, and F are from the boxed area
in A and D. Scale bars: B, 0.25 mm; F, 0.05 mm.

2370 • J. Neurosci., March 10, 2004 • 24(10):2366 –2374 Chen et al. • Hippocampal Axon Bundling and EphB Receptors



mice leads to abnormal bundling of hippocampal axon terminals
in the lateral septum. In addition, exposure to ephrin-B3 results
in an increased adhesion of hippocampal cells to the ligand-
expressing substrates, and the loss of EphB2 function leads to a
loss of response of hippocampal neurons to ephrin-B3 in vitro.
Although previous studies have implicated Eph receptors in pro-
moting axon fasciculation (Winslow et al., 1995; Orioli et al.,
1996), observations shown here suggest that the EphB receptors
can also induce defasciculation of specific axons during develop-
ment, possibly through regulating axon adhesion to the sub-
strates in the target tissue.

EphB receptor forward signaling is required for hippocampal
axon defasciculation
The B-type Eph family receptors and ligands exert multiple func-
tions during development through receptor tyrosine kinase-
mediated forward signaling or ligand intracellular domain-
mediated reverse signaling (for review, see Cowan and
Henkemeyer, 2002; Kullander and Klein, 2002) (also see Henke-
meyer et al., 1996; Kullander et al., 2001b; Yokoyama et al., 2001;
Hindges et al., 2002; Mann et al., 2002; Palmer et al., 2002).
Through forward signaling, ephrin-B1 has been shown to restrict
neural crest cell migration and motor axon outgrowth to rostral
somite halves by repulsion (Krull et al., 1997; Wang and Ander-

son, 1997). Forward signaling by EphB2 regulates midline entry
and crossing by the contralateral inner ear efferents (Cowan et al.,
2000). EphB receptor-mediated forward signaling is also respon-
sible for the ipsilateral routing of retinal ganglion axons at the
optic chiasm and in regulating dorsal–ventral topographic map-
ping of retinal axons in the optic tectum (Nakagawa et al., 2000;
Hindges et al., 2002).

Reverse signaling through the B-ephrin ligands has been
shown to be important in regulating commissure axon pathway
development. Inactivation of EphB2 leads to defects in pathfind-
ing of anterior commissure axons (Henkemeyer et al., 1996).
There is evidence that the effects of EphB2 on the development of
anterior commissure are exerted through reverse signaling of the
B-ephrin ligands. It was shown that B-subclass ephrins are ex-
pressed on the commissure axons and mutant mice that carry a
deletion of EphB2 tyrosine kinase but retain the extracellular
ligand-binding domain of the receptor show normal anterior
commissure (Henkemeyer et al., 1996). Similarly, EphA4 also
regulates development of anterior commissure via a reverse sig-
naling mechanism (Kullander et al., 2001a). Reverse signaling
through B-ephrins has also been shown to be important for cell
sorting in the hindbrain as well (Wang et al., 1998; Adams et al.,
1999; Mellitzer et al., 1999; Xu et al., 1999). In addition, there is
evidence that reverse signaling also occurs through ephrin-A li-
gands (Davy et al., 1999; Davy and Robbins, 2000; Knoll et al.,
2001; Knoll and Drescher, 2002).

In reverse signaling, Eph receptors serve as ligands to activate

Figure 5. Expression of EphB receptors in the hippocampus. Sagittal hippocampal sections
of E18 mouse embryos were hybridized with 35S- or digoxigenin-labeled RNA probes. A, Bright-
field photomicrograph of a hybridized sagittal mouse hippocampal section stained with thionin
for cytoarchitecture reference. B, C, Dark-field photomicrographs of mouse hippocampal sec-
tions hybridized with 35S-labeled antisense riboprobes of EphB1 ( B) and EphB2 ( C). D, Dark-
field photomicrographs of a similar section as shown in C hybridized with a control EphB2 sense
riboprobe. E, F, Bright-field photomicrographs of hippocampal sections hybridized with
digoxigenin-labeled antisense ( E) or control sense ( F) riboprobes of EphB3. MH and LH, Medial
and lateral hippocampus. Scale bars, 0.5 mm.

Figure 6. Expression of the B-ephrins in the septum. Coronal sections of E18 mouse embryos
were hybridized with 35S-labeled riboprobes of the B-ephrins. A, Bright-field photomicrograph
of a thionin-stained section of the mouse septum for cytoarchitecture reference. B–D, Dark-field
photomicrographs of mouse brain sections containing the septum hybridized with riboprobes
of ephrin-B1 ( B), ephrin-B2 ( C), and ephrin-B3 ( D). Sense control probes showed no specific
hybridization signals. cc, Corpus callosum; DLS, dorsal lateral septum; VLS, ventral lateral sep-
tum; MS, medial septum. Scale bar, 0.2 mm.
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functions of ephrins, and thus the cytoplasmic region, including
the kinase domain of the receptors, is dispensable. In contrast,
forward signaling is autonomous for receptor-expressing cells
and depends on the presence of full-length receptors. Regulation
of hippocampal axon defasciculation is dependent on the EphB2
cytoplasmic domain and thus is likely mediated by receptor for-
ward signaling through its tyrosine kinase activity. Because only
44% of the EphB2 ki/ki mutants show defasciculation defects,
however, a contribution by reverse signaling cannot be excluded
completely. Nevertheless, a role for receptor forward signaling is
consistent with the observation that EphB2 and EphB3 are highly
expressed in the hippocampal neurons and that a high level of
ephrin-B3 is transcribed in the septal target. These observations
suggest that the target-expressed ephrin-B3 regulates defascicu-
lation by stimulating EphB2 and EphB3 receptors. In addition, in
vitro, ephrin-B3 expressed on the surface of NIH-3T3 cells pro-
moted hippocampal cell adhesion, indicating that the ligand may
regulate defasciculation by increasing axon–substrate interaction
through binding to the EphB receptors expressed in the hip-
pocampal neurons. Consistent with this, inactivation of EphB2
abrogates the ability of hippocampal axons to respond to ephrin-
B3. Together, these results indicate that EphB receptors expressed
in the hippocampal neurons are responsible for transduction of
defasciculation signals in hippocampal neurons.

It is possible that the failure of hippocampal axons to defas-
ciculate in the EphB2–EphB3 mutants is caused by the failure of
synapse formation with the target neurons, because EphB2 has
been shown to be expressed in the synapses (Torres et al., 1998);
however, there is no evidence that this is the case. First, the ab-
normal axon bundles are present at early stages of hippocampo-

septal pathway development (E18), before extensive synaptogen-
esis occurs. Second, normal synaptic morphology was observed
in the hippocampus of EphB2-null mice (Grunwald et al., 2001),
suggesting that loss of EphB2 does not lead to defects in synapse
formation. In addition, hippocampal axons defasciculate when
cocultured with NIH-3T3 cells in the presence of ephrin-B3 ex-
pression, a condition under which normal synapse formation
cannot occur, indicating that synapse formation is not necessary
for axon defasciculation. Thus, it is likely that the EphB receptors
directly regulate axon adhesion, through a forward signaling
mechanism.

Differences in regulation of defasciculation by the medial and
lateral hippocampal axons
Although the lateral hippocampal axons failed to defasciculate
properly in EphB2�/�EphB3�/� mutant mice, the medial hip-
pocampal axons defasciculated normally. It is not known at
present what underlies the difference between the medial and the
lateral hippocampal axons; however, it is possible that this is
caused by compensation of the loss of EphB2 and EphB3 functions
by EphB1. EphB1 is expressed in the medial but not the lateral

Figure 7. Effect of ephrin-B ligands on the aggregation and axon bundling of rat hippocam-
pal neurons. A, Hippocampal neurons of E18 embryos (10 5 per well of 12-well dish) were
cocultured with control NIH-3T3 cells. B, C, E18 hippocampal neurons were cocultured with
ephrin-B3-G6 ( B) or ephrin-B3-G10 ( C), two lines of ephrin-B3-expressing cells, respectively.
The cocultures were maintained for 2 d and then stained with anti-neuron-specific enolase
antibody. Arrows indicate aggregates with similar sizes from different cultures that were cho-
sen for quantification. Scale bar, 20 �m. D, Relative bundle thickness. The diameter of all axonal
bundles was measured from aggregates that had similar size in both control and ephrin-B3-
expressing cell lines. E, Neuron dissociation index. Dissociation index is the ratio of the number
of individual unaggregated neurons in cocultures of ephrin-B3-expressing and control cells.
Because the total number of neurons seeded on each well is the same (10 5 per well of 12-well
Corning tissue culture dishes), the number of unaggregated individual cells is a measure of how
aggregated the neurons are in the presence of ephrin-B3 compared with the controls. The
dissociation index on control cells was regarded as 1. Asterisk indicates statistical significance
( p � 0.05; t test).

Figure 8. Effects of inactivation of EphB2 and EphB3 on the response of hippocampal neu-
rons to ephrin-B3. A, C, E, E16 hippocampal neurons from the wild-type ( A), EphB3 �/� ( C),
and EphB2 �/� ( E) embryos were cocultured with a mock-transfected NIH-3T3 cell line. B, D, F,
E16 hippocampal neurons from the wild-type ( B), EphB3 �/� ( D), and EphB2 �/� ( F) mouse
embryos were cocultured with an ephrin-B3-expressing cell line (G6). The cultures were main-
tained for 2 d and then stained with anti-neurofilament H antibody. Scale bar, 0.1 mm. G,
Relative axon bundle diameter. H, Dissociation index. The diameter of axon bundles and the
number of unaggregated neurons were quantified as described in Figure 7 and in Materials and
Methods. Asterisk indicates statistical difference from the control ( p � 0.05; t test).
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hippocampus (Fig. 5). Consequently, in EphB2�/�EphB3�/�

mice, no EphB function is present in the lateral hippocampus;
however, EphB1 expressed in the medial hippocampus may allow
axons from these neurons to defasciculate normally in response
to ephrin-B3 expressed in the septum. Analysis of EphB1–B3
triple-mutant mice will likely clarify this issue.

Multiple functions of ephrin-B3
Several previous studies indicated that both ephrin-B1 and
ephrin-B2 possess axon-repulsive activity and induce growth
cone collapse (Meima et al., 1997; Wang and Anderson, 1997;
Nakagawa et al., 2000); however, the effects of ephrin-B3 on axon
growth and guidance are less well characterized. Ephrin-B3 is
expressed in the midline cells of the spinal cord (Gale et al., 1996;
Bergemann et al., 1998), and inactivation of this gene leads to
abnormal crossing of corticospinal axons to the contralateral half
of the spinal cord (Kullander et al., 2001b; Yokoyama et al., 2001).
This suggests that, like ephrin-B1 and B2, ephrin-B3 can also have
repulsive activities. Our in vitro analyses, however, revealed that
ephrin-B3 had a different function in regulating hippocampal
axons, i.e., promoting cell adhesion to ligand-expressing sub-
strates. In addition, there are no significant effects of ephrin-B3
on hippocampal axon outgrowth under the culture conditions
used here. It is possible that ephrin-B3 may have different effects
on different types of axons, similar to netrin, an axon guidance
molecule of a different family (Tessier-Lavigne and Goodman,
1996). Together, these observations indicate that ephrin-B3 may
have multiple functions.

Regulation of axon fasciculation and defasciculation and
roles of Eph family receptors and ligands
Whether axons fasciculate is determined by the relative strength
of affinity among axons and between axons and the substrate on
which axons travel. For example, increase of axon–axon affinity

by upregulation of the cell adhesion molecule Fasciclin II (Fas II)
leads to axon hyperfasciculation and misrouting (Lin et al.,
1994). In contrast, decrease of axon–axon interaction by down-
regulating Fas II expression results in defasciculation (Lin et al.,
1994). Conceivably, increase of axon–substrate interaction
would also lead to defasciculation. During development, interac-
tion between ephrin-B3 expressed in the septum and EphB2 and
EphB3 expressed on hippocampal axons could regulate defas-
ciculation through several potential mechanisms. First, the inter-
action may induce defasciculation either by downregulating cell
adhesion to reduce axon–axon affinity or by upregulating repul-
sion to increase axon–axon repulsion. Second, ephrin-B3 may
promote axon–target adhesion through interaction with the re-
ceptors EphB2 and EphB3 expressed on the axons. A similar
mechanism has been proposed to regulate neural tube closure by
interaction between ephrin-A5 and an EphA7 splice variant that
lacks the kinase domain (Holmberg et al., 2000). In addition, it
has been shown that EphB receptors and B-subclass ephrins reg-
ulate the dorsal–ventral topography of retinal axon terminals in
the superior colliculus– optic tectum through adhesive–attractive
mechanisms (Hindges et al., 2002; Mann et al., 2002). Consistent
with these in vivo observations, EphB receptors and ligands pro-
mote cell adhesion in vitro (Bohme et al., 1996; Holash et al.,
1997). The interaction between ephrin-B3 and EphB2/B3 may
promote axon–target adhesion by promoting expression of cell
adhesion molecules in the axons that adhere to the target cells. No
matter which mechanism underlies EphB function, observations
reported in this study indicate that these receptors play critical
roles in proper hippocampal axon defasciculation.
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