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Eph receptors and their ligands, ephrins, are abundantly expressed in neuroepithelial cells of the early embryonic brain.
Overstimulation of Eph signaling in vivo increases apoptotic cell death of neuroepithelial cells, whereas null mutation of the Eph
gene leads to the development of a larger brain during embryogenesis. Thus, it appears that Eph-ephrin signaling plays a role in
regulating apoptotic cell death of neuroepithelial cells, thereby influencing brain size during embryonic development. Interestingly,
Eph-ephrin signaling is bi-directional, with forward signaling from ephrin- to Eph-expressing cells and reverse signaling from Eph-
to ephrin-expressing cells. However, it is not clear whether this forward or reverse signaling plays a role in regulating the size of the
neuroepithelial cell population during early brain development. Also, Eph receptors and their corresponding ligands are mutually
exclusive in their expression domains, and they encounter each other only at interfaces between their expression domains. This
expression pattern may be a critical mechanism for preventing overstimulation of Eph-ephrin signaling. Nevertheless, Eph receptors
are co-expressed with their corresponding ligands in certain brain regions. Recently, two studies demonstrated that brain region-
specific apoptosis may be triggered by the overlapping expression of Eph and ephrin, a theme that will be explored in this mini-

review.
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INTRODUCTION

The cerebral neocortex is unique to mammals, and its size varies
among species [1]. The cerebral cortex appears complicated
and proportionately the largest in humans. It would be quite
interesting to understand the molecular mechanisms underlying
the various sizes of mammalian brains. A balance between cell
survival and death might be a key determinant modulating the

size of mammalian brains. For example, the early elimination of
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neuroepithelial cells in the embryonic brain has been reported
to be a critical mechanism of normal brain development [2-
4]. One class of molecules implicated in the early elimination
of neuroepithelial cells is comprised of Eph receptors and their
ligands, ephrins. This review will focus on the recent advances
in understanding the potential role of Eph/ephrin signaling in
inducing brain region-specific apoptosis.

EPH RECEPTORS AND THEIR CORRESPONDING LIGANDS ARE
RECIPROCALLY EXPRESSED DURING EARLY EMBRYOGENESIS

Eph receptors are grouped into two different subclasses based
on their amino acid similarities and ligand binding preferences
[5, 6]. EphA receptors bind to ephrin-As, which are tethered
to cell membrane through glycophosphatidylinositol (GPT)
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anchors. EphB receptors bind to ephrin-Bs, which have their own
transmembrane domain and short cytoplasmic region. Therefore,
an important feature of Eph receptors and ephrin ligands is that
they are capable of transmitting bi-directional signaling at sites
of cell-cell contact: Eph receptors mediate forward signaling and
ephrin ligands mediate reverse signaling. However, some reports
indicate that certain Eph receptors and ephrin ligands have more
complex binding preferences than expected [7, 8]. For example,
ephrin-A5 binds to all EphA subtype receptors but also it binds
to EphB2, a member of EphB subtype receptors [9]. However,
the biological significance of this unusual interaction between
ephrin-A5 and EphB2 remains to be determined in vivo.

Eph receptors and their ligands are abundantly expressed in
the early developing brain [7]. Interestingly, Eph receptors and
their corresponding ligands have mutually exclusive expression
domains. This observation has primarily resulted from in situ
staining of Eph receptor-Fc or ephrin ligand-Fc fusion proteins.
For example, ephrinA5-Fc protein binds to EphA receptors in
the dorsal part of the diencephalon and anterior mesencephalon,
whereas EphA8-Fc protein binds to ephrin-A ligands in the
dorsal region of the posterior mesencephalon (Fig. 1A). Therefore,
it seems that Eph receptors and their corresponding ligands
encounter each other only at interfaces between their expression
domains. This reciprocal expression pattern of Eph receptors
and ephrin ligands has been suggested as a key mechanism for
organizing the body plan during development. Consistently, it has
been shown that Eph-expressing cells are eftectively sorted out of
ephrin-expressing cells through a cell-cell repulsive mechanism.
Thus, mutually exclusive expression patterns of Eph and ephrin
may be an efficient mechanism allowing Eph- and ephrin-
expressing cells to segregate from each other, thereby sharpening
the boundary between Eph- and ephrin-expressing cells.

EPH RECEPTORS ARE CO-EXPRESSED WITH THEIR CORRES-
PONDING LIGANDS IN CERTAIN BRAIN REGIONS

In situ staining of Eph and ephrin fusion proteins is a powerful
technique for observing overall expression patterns of Eph
receptors and ephrin ligands in the developing embryo [7].
However, this technique is not sensitive enough to detect regions
where Eph receptors and ephrin ligands are co-expressed. Eph
and ephrin fusion proteins do not effectively detect these regions
because Eph receptors are masked by pre-bound ephrin ligands,
or vice versa, at sites of cell-cell contact. One example is the nasal
region of the retina where ephrin-As are co-expressed with
EphA receptors [10]. The masking of EphA receptors in nasal
retinal ganglion cell axons may contribute to their appropriate
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Fig. 1. (A) Schematic diagram showing in situ distribution of EphA
receptors and ephrin-A ligands in the dorsal part of the diencephalon and
mesencephalon. Embryos show strong staining of the ephrinA5-Fc fusion
protein in the dorsal part of diencephalon and anterior mesencephalon.
By contrast, embryos show staining of the EphA8-Fc fusion protein in the
posterior part of the dorsal mesencephalon. Other regions of the whole
embryo showing staining of these fusion proteins are not shown here. (B)
The dorsal midline region of the diencephalon and mesencephalon, where
EphA7 is co-expressed with ephrin-A5. In this region, cells simultaneously
express both EphA7 and ephrin-A5. However, a previous study suggests
that EphA receptors and ephrin-As are segregated into distinct domains
within the same cells. (C) Schematic diagram showing the possible
distribution of EphA7 and ephrin-A5. At sites of cell-cell contact, the
EphA7/ephrin-A5 complex transmits a bidirectional signaling, with
EphA7 transmitting forward signaling (F) and ephrin-A5 transmitting
reverse signaling (R). In each cell, some EphA7 receptor and ephrin-A5
may be freely available and not engaged in trans-interaction with their
counterparts at sites of cell-cell contact. In this case, bidirectional signaling
may be below a threshold for apoptosis, so that this region normally does
not contain apoptotic cells after E10.5.

targeting to the posterior part of the superior colliculus. In this
interesting system, EphA receptors are pre-bound to ephrin-A
ligands through cis-interactions within single retinal ganglion
cells, and this masking of Eph receptors allows retinal ganglion cell
axon to be desensitized and therefore not repelled from ephrinA-
expressing superior colliculus cells.

However, in spinal motor axon growth cones, EphA receptors
and ephrin-A ligands are co-expressed but laterally segregated into
distinct membrane domains [11]. Furthermore, EphA receptors
on the growth cone mediate its collapse, whereas ephrin-As on
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the growth cone have the opposing effects of axon growth and
attraction. This study strongly suggests that Eph receptors and
their corresponding ligands are arranged in trans-configuration
within a single cell. More importantly, this subcellular localization
of Eph receptors and ephrin ligands allow them to act as distinct
receptors within the same neuronal cell. Therefore, co-expression
of Eph and ephrin is likely to play a physiologically relevant role
during brain development, and it is important to identify relevant
brain regions using more sophisticated techniques, such as the
expression of reporters specifically inserted into a gene locus.

ECTOPIC EXPRESSION OF EPHRIN-A5 RESULTS IN APOPTOTIC
CELL DEATH OF EPHA7-EXPRESSING NEUROEPITHELIAL CELLS

The first clue that Eph/ephrin signaling triggers apoptotic cell
death came from a study in which ephrin-A5 was ectopically over-
expressed in EphA7-expressing neuroepithelial cells [12]. In this
study, a full-length human ephrin-A5 cDNA was targeted into the
first exon of EphA7 bacterial artificial chromosome (BAC), and its
ectopic expression was induced by Emx1-Cre, which is specifically
expressed in telecephalic neuroepithelial cells. Using this strategy,
EphA7-expressing cells were selectively induced to express
ephrin-A5, resulting in severe apoptotic cell death and a dramatic
decrease in cortical size. This finding suggests that co-expression
of Eph and ephrin in neuroepithelial cells may be an important
mechanism inducing apoptotic cell death and reducing the size of
their population. Consistent with this finding, EphA7 null mutant
embryos exhibited excencephalic overgrowth of the forebrain,
suggesting that neuroepithelial cells in the forebrain undergo
less apoptotic cell death in the absence of EphA7. However, the
ectopic expression of ephrin-A5 in EphA7-expressing cells could
exert artificial effects on EphA7, with over-expressed ephrin-A5
possibly in cis-configuration with EphA7 within the same cell. This
unnatural cis-complex of EphA7/ephrin-A5 might desensitize
EphA7 and inhibit cross-talk with other cell surface receptors
that are critical for cell survival. Therefore, the strategic approach
that ephrin-A5 is ectopically expressed in the neuroepithelial
cells expressing endogenous ephrin-A5 would be desirable for a
gain-of-function study of Eph/ephrin signaling during early brain
development.

EXPRESSION OF EPHRINAS5-FC AND EPHAS8-FC RESULTS IN
APOPTOTIC CELL DEATH OF NEUROEPITHELIAL CELLS

The dorsal midline of the diencephalon and mesencephalon
was shown to be a region where EphA7 and ephrin-A5 are co-

expressed [13]. This study revealed that ephrin-A5 is co-expressed
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with EphA7 at the edges of neural folds prior to their fusion. It was
further postulated that truncated EphA7 receptors block repulsive
interactions between full-length EphA7 and ephrin-A5 and
that this process is essential for the fusion of neural folds during
embryonic development. Importantly, ephrin-A5 null mutant
embryos displayed neural tube defects caused by the failure of
neural folds to fuse at the midline. However, the neural tube defect
observed in ephrin-A5 knock-out embryos appears to depend on
the genetic background of null mutant mice. For example, neural
tube closure defects were hardly observed among ephrin-A5 null
mutant embryos in a C57BL/6] background. Also, it remains to
be determined whether a truncated version of EphA7 lacking a
tyrosine kinase domain plays a physiologically relevant role in
vivo.

A recent study in which a LacZ reporter was inserted into the
ephrin-A5 and EphA7 BAC more clearly demonstrates that
EphA7 and ephrin-A5 are co-expressed in the dorsal midline
of the diencephalon and mesencephalon at embryonic day
(E) 10.5~12.5 (Fig. 1B). In this dorsal midline region, naturally
occurring apoptotic cell death is frequently observed and is
implicated in neural tube closure [14]. In chicks, the inhibition
of apoptotic cell death in the dorsal midline region impairs
efficient neural tube closure, resulting in an exencephalic or
anencephalic phenotype. Also, genetically mutant mice lacking
both JNK1 and JNK2 show less apoptotic cell death at the neural
fold edges and a defect in neural tube closure [15]. In ephrin-A5
null mutant embryos, the number of EphA7-expressing cells is
significantly increased in the dorsal midline of the diencephalon
and mesencephalon [16]. These studies strongly suggest that, in the
dorsal midline region of the diencephalon and mesencephalon,
neuroepithelial cells transmit robust EphA7/ephrin-A>5 signaling
at sites of cell-cell contact, and this bi-directional signaling may
have a biochemical linkage with the pro-apoptotic pathway (Fig.
1C). During fusion of the dorsal neural folds, cell-cell contact may
be strong enough to strengthen the interaction between EphA7
and ephrin-A5, resulting in elimination of a subset of cells in this
region. Even after neural tube closure, it is possible that transient
up-regulation of either EphA7 or ephrin-A5 may be linked with
pro-apoptotic signaling, and this mechanism may regulate the size
of the neuroepithelial cell population in the dorsal midline region
of the diencephalon and mesencephalon.

EphrinA5-Fc, a soluble form of membrane-tethered ephrin-A5,
has been widely used to stimulate EphA receptors on the cell
surface [13]. Although preclustering ephrinA5-Fc with anti-Fc
secondary antibodies enhances its stimulatory effect on EphA
receptors, ephrinA5-Fc fusion protein also has a stimulatory
effect on EphA receptors without its preclustering [16]. Therefore,
145
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it is predicted that ephrinA5-Fc stimulates forward signaling
through EphA receptors when its expression is induced in cells
expressing both EphA7 and ephrin-A5. Does in vivo expression
of ephrinA5-Fc affect early brain development, in particular the
dorsal midline of the diencephalon and mesencephalon? This
issue was addressed in a recent study which a floxed GFP and
ephrinA5-Fc expression cassette was specifically inserted into
the first exon of ephrin-A5 BAC [16]. In this study, the pattern
of GFP expression was consistent with the well established
pattern of ephrin-A5 expression, and its elimination by Wnt1-
Cre induced expression of ephrinA5-Fc in the dorsal midline
where both EphA7 and ephrin-A5 are normally expressed (Fig.
2A). EphrinA5-Fc is secreted into the extracellular region and
then binds to EphA receptors on adjacent cells. Nevertheless, at
sites of cell-cell contact, EphA7 normally interacts with ephrin-A5
to transmit bi-directional signaling to each cell, perhaps because
these interactions are not disturbed by soluble ephrinA5-Fc due
to its low affinity. Instead, the soluble eprhinA5-Fc may interact
with freely available EphA7 receptors that are not engaged in
trans-interaction with ephrin-A5 in adjacent cells. These trans-
interactions of ephrinA5-Fc with EphA receptors would enhance
forward signaling downstream of EphA receptors. In this respect,
neuroepithelial cells expressing both ephrin-A5 and EphA7 in the
dorsal midline would have stronger forward signaling in addition
to a normal level of reverse signaling (Fig. 2A). Importantly, it was
shown that many neuroepithelial cells expressing EphA7 receptor
underwent massive apoptotic cell death, as these cells were positive
for TUNEL and anti-cleaved caspase 3. This study strongly
suggests that excessive Eph/ephrin signaling is biochemically
connected with the pro-apoptotic pathway.

What about in vivo expression of Eph-Fc fusion protein in the
dorsal midline of the diencephalon and mesencephalon? This
issue was also addressed in a recent study in which an EphA8-
Fc expression cassette was inserted into the EphA7 BAC and its
expression induced by Wnt1-Cre [17]. Very strikingly, expression
of EphA8-Fc was also responsible for inducing massive apoptotic
cell death in the dorsal midline of the diencephalon and
mesencephalon. The soluble EphA8-Fc is likely secreted from
EphA7-expressing cells and then bound to ephrin-A5 on adjacent
cells, which is freely separated from ephrin-A5/EphA7 complexes
at sites of cell-cell contact. Therefore, expression of EphA8-Fc is
also expected to strengthen reverse signaling in addition to normal
EphA7/ephrin-A5 signaling at sites of cell-cell contact (Fig. 2B).

Based on findings of massive apoptotic cell death in neuro-
epithelial cells expressing ephrinA5-Fc or EphA8-Fc, the following
hypotheses are proposed. First, in a brain region where EphA and
ephrin-A are co-expressed, cell-cell contact induces strong bi-
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Fig. 2. Schematic diagrams elucidating the potential roles of ephrinA5-Fc
and EphA8-Fc in inducing brain region-specific apoptosis. (A) EphrinA5-
Fc is secreted from ephrinA5-expressing cells and then bound to EphA7,
which is not involved in trans-interaction with membrane tethered
ephrin-A5. In this case, cells expressing both EphA7 and ephrin-A5
are predicted to transmit additional forward signaling in addition to a
normal level of bi-directional signaling. This total signaling may be above
a threshold for apoptosis, resulting in massive apoptotic cell deaths in
this region. (B) EphA8-Fc is secreted from EphA7-expressing cells and
then bound to ephrin-A5, which is not involved in trans-interaction with
EphA7.1t is expected that these cells transmit additional reverse signaling
in addition to a normal level of bi-directional signaling. Therefore, the
total signaling may exceed a threshold for apoptosis, resulting in apoptotic
cell death in this region. (C) When ephrin-A5 is transiently up-regulated
in the dorsal midline, bidirectional signaling of the Eph/ephrin complex
may be strong enough to trigger apoptotic cell death at sites of cell-cell
contact.

directional signaling downstream of the Eph/ephrin complex.
However, this signaling may remain below a threshold that triggers
pro-apoptotic cell death (Fig. 1C). Second, when activation of ei-
ther reverse or forward signaling occurs in addition to the pre-
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existing bi-directional Eph/ephrin signaling at sites of cell-cell
contact, the total signaling may be above a threshold for activation
of the pro-apoptotic pathway (Fig. 2A, B). In this respect, it is
possible that a transient wave of up-regulation of either ephrin
or Eph gene expression might play a causative role in triggering
excessive Eph/ephrin signaling, which is linked with activation
of the pro-apoptotic signaling pathway. This aberrant regulation
of ephrin or Eph gene expression may also provide a plausible
mechanism for controlling the size of the neuroepithelial cell
population and remodeling brain tissue (Fig. 2C).

PERSPECTIVES

How does bi-directional signaling of the Eph/ephrin complex
activate the pro-apoptotic pathway? As a recent study suggested,
one possible scenario is that EphA receptors may crosstalk with
cell death receptors such as TNFR1, although their interaction in
vivo remains to be determined [18]. An alternative hypothesis is
that EphA receptors crosstalk with cell survival receptors such as
Trk. Upon ligand binding, this receptor crosstalk may be disturbed,
resulting in greater activation of the pro-apoptotic pathway. On
the other hand, reverse signaling through ephrin-A type ligands
requires co-receptors such as RET tyrosine kinase receptor [19]
or p75NTR [20], which might be disturbed or stimulated upon
binding of EphA receptors. More intensive research regarding the
apoptotic roles of receptor tyrosine kinases, cell death receptors,
or caspases in bi-directional signaling of the Eph/ephrin complex
would facilitate the understanding of brain-region specific
apoptosis and brain tissue remodeling at the molecular level.
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