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Eph receptor tyrosine kinases and their corresponding surface-bound ligands, the ephrins, provide cues to the
migration of cells and growth cones during embryonic development. Here we show that ephrin-A5, which is
attached to the outer leaflet of the plasma membrane by a glycosyl-phosphatidylinositol-anchor, induces
compartmentalized signaling within a caveolae-like membrane microdomain when bound to the extracellular
domain of its cognate Eph receptor. The physiological response induced by this signaling event is concomitant
with a change in the cellular architecture and adhesion of the ephrin-A5-expressing cells and requires the
activity of the Fyn protein tyrosine kinase. This study stresses the relevance of bidirectional signaling
involving the ephrins and Eph receptors during brain development.
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Ephrins are surface-bound ligands for the large family of
Eph receptor tyrosine kinases (RTKs) that have key roles
during developmental processes such as the control of
angiogenesis, axonal guidance, and axonal fasciculation
(Drescher et al. 1997; Frisén and Barbacid 1997; Gale and
Yancopoulos 1997; Yancopoulos et al. 1998). In addition,
their complementary and mutually exclusive expression
patterns suggests an involvement in the formation of
spatial boundaries and tissue morphogenesis during em-
bryogenesis (Friedman and O’Leary 1996; Gale et al.
1996). The ephrins are divided into two major classes
based on their differential affinity for distinct classes of
Eph receptors (Gale et al. 1996). Interestingly, the two
classes of ephrins are structurally diverse—ephrins-A are
tethered to the plasma membrane by virtue of a glycosyl-
phosphatidylinositol (GPI) anchor, whereas ephrins-B
are transmembrane proteins.

Many of the ephrins and Eph receptors have been
shown to be expressed in the developing nervous system
where they participate in the topographic patterning of
neuronal connections (for review, see Drescher et al.
1997). The analysis of mice lacking the gene encoding
ephrin-A5 provides evidence for the importance of this

ligand for the proper guidance and topographic organiza-
tion of retinal axons in the midbrain (Frisén et al. 1998).
In vitro models also support a role for these molecules in
axon fasciculation and guidance (Drescher et al. 1995;
Winslow et al. 1995; Caras 1997; Meima et al. 1997; Gao
et al. 1998). Ephrins have been attributed the unique
function of being repulsive cues for receptor-bearing
axons by promoting the collapse of the actin cytoskele-
ton within the growth cone, thereby controling axonal
pathfinding (Gale and Yancopoulos 1997).

With the recent discovery that the transmembrane li-
gands (ephrin-B) for the Eph receptors could themselves
induce a cellular signaling response of their own (Hen-
kemeyer et al. 1996; Holland et al. 1996; Brückner et al.
1997), we sought to examine whether the GPI-anchored
ligands, particularly ephrin-A5, were also competent to
communicate an intracellular signal and what pheno-
typic effect this may have on the ligand-expressing cell.
The notion that GPI-anchored ephrins that do not span
the plasma membrane can signal upon interaction with
their cognate Eph receptor is supported by previous ob-
servations where other GPI-anchored proteins, mainly
present on hematopoietic cells, activate cellular signal-
ing responses upon cross-linking or binding to their
natural ligands (Brown 1993).

It is now known that the plasma membrane contains
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specific microdomains that can be purified from a wide
variety of cells and tissues (Simons and Ikonen 1997;
Anderson 1998). They are characterized by their enrich-
ment in glycosphingolipids and cholesterol and by their
unique protein composition (Simons and Ikonen 1997;
Anderson 1998). On the extracellular face of the plas-
ma membrane, GPI-anchored proteins accumulate in
these detergent-insoluble glycolipid-enriched complexes
(DIGs) (Brown and Rose 1992; Anderson 1998), whereas
proteins such as G proteins and members of the Src-
family of protein tyrosine kinases are found associated
with the inner leaflet of these lipid-rich domains (Sargia-
como et al. 1993; Shenoy-Scaria et al. 1994; Robbins et
al. 1995). The localization of various signaling compe-
tent molecules has allowed one to propose that these
microdomains act as sites of signal integration. DIGs
represent at least two different types of microcompart-
ments that can be distinguished by their shape and pro-
tein composition (Simons and Ikonen 1997). Caveolae
are one such type of compartment, characterized by the
presence of caveolin-1, a 22-kD protein known as the
structural component of these small flask-shaped caves
(Rothberg et al. 1992; Monier 1995). In addition to ca-
veolin-1, there are now two additional members of this
family, caveolin-2 and caveolin-3, but their role in the
formation of caveolae is still unclear (Way and Parton
1995; Scherer et al. 1996; Tang et al. 1996). Although
caveolae were originally thought not to be present in
cells of neuronal origin, recent reports have demon-
strated that caveolin-1 and caveolin-2 are expressed in
the brain (Cameron et al. 1997; Ikezu et al. 1998), sug-
gesting that they have a role in neuronal physiology.

When ectopically expressed in murine fibroblasts, eph-
rin-A5 is localized to caveolae-like plasma membrane
microdomains. Upon interaction with its cognate recep-
tor, ephrin-A5 is able to induce a signaling event within
the microdomains, requiring the activity of the Fyn pro-
tein tyrosine kinase. The physiological consequence of

such a signaling event is concomitent with alterations in
the cytoskeletal architecture consistant with the regula-
tion of the adhesive properties of the ephrin-A-express-
ing cells. This study stresses the essential role that ca-
veolae-like membrane microdomains have in signal
transduction, particulary during the development of the
nervous system. In addition, this work provides evidence
for the physiological significance of bidirectional signal-
ing on interaction between the Eph receptors and their
corresponding ephrins in controlling patterning during
brain development.

Results

Ephrin-A5 is compartmentalized in discrete
caveolae-like membrane microdomains

To examine the potential signaling capabilities of eph-
rin-A5, we have constructed murine fibroblast cell lines
that ectopically express the human ephrin-A5 protein on
their cell-surface. Ephrin-A5 expression in the individual
clones was detected by indirect immunofluorescence us-
ing a chimeric protein composed of the extracellular li-
gand-binding domain of ephrin-A5 fused with the Fc
fragment of human IgG (EphA5–Fc) (Davis et al. 1994).
Subsequently, we confirmed expression using a mono-
clonal antibody specific for ephrin-A5 (clone 5G2).
Whereas parental murine fibroblasts were negative for
ephrin-A5 expression, the transfected cell lines were
positive (Fig. 1). Two independent clones (A5.1 and A5.2)
have been used throughout this study showing no differ-
ences in any of the biological assays.

As mentioned previously, GPI-linked proteins are lo-
calized within specialized microdomains known as
DIGS, which in some cell types have been equated to
caveolae (Anderson 1993; Harder and Simons 1997). To
investigate whether ephrin-A5 was localized in similar

Figure 1. Ephrin-A5 is compartmentalized within discrete
plasma membrane microdomains. (A) NIH-3T3 cells stably
expressing human ephrin-A5 were subjected to immunoflu-
orescence using the Fc fragment of human IgG as negative
control (a), the EphA5–Fc fusion protein (8 µg/ml) to detect
the ephrin-A5 protein (b), or caveolin-1-specific monoclonal
antibody (c). (B) NIH-3T3 cells ectopically expressing eph-
rin-A5 (A5-1) or wild type (WT) were lysed in 1% Triton
X-100, and the caveolar (C) and Triton X-100 soluble (S)
fractions were collected as described previously (Robbins et
al. 1995) (left). The isolated caveolae-like fraction from eph-
rin-A5-expressing cells was incubated with 5 µg of either
EphA5–Fc or Fc fusion proteins, pelleted by the addition of
protein A–Sepharose and analyzed by immunoblotting
(right). Both blots were probed with a monoclonal antibody
to ephrin-A5 (clone 5G2). (C) The ephrin-A5-expressing fi-
broblasts were lysed in 1% Triton X-100 and fractionated by
linear sucrose gradients (5%–40%) as above, except indi-
vidual 1-ml aliquots were collected and subjected to a West-
ern blot analysis using caveolin-1, caveolin-2, and ephrin-
A5-specific antibodies as indicated. Molecular mass stan-
dards are labeled (kD).
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microdomains, the EphA5–Fc receptor was bound to the
ephrin-A5-expressing cells and detected with a fluores-
cently labeled secondary antibody specific for the Fc frag-
ment of human IgG. The staining pattern obtained after
binding of the EphA5–Fc receptor chimera was located at
the plasma membrane with a punctate distribution
throughout the cell, suggesting that ephrin-A5 is local-
ized in discrete domains within the plasma membrane
(Fig. 1A). This staining pattern was reminiscent of the
pattern obtained using a specific antibody for the struc-
tural resident protein of caveolae, caveolin-1 (Rothberg
et al. 1992) (Fig. 1A), suggesting that ephrin-A5 and ca-
veolin-1 have similar compartmentalized subcellular
distributions.

We have been able to confirm these results biochemi-
cally by isolating the detergent-insoluble low buoyant
density (caveolae-like) fraction of cells expressing eph-
rin-A5 as we and others have described previously
(Chang et al. 1994; Lisanti et al. 1994; Robbins et al.
1995). Through the use of a monoclonal antibody spe-
cific for ephrin-A5, a single protein was detected that
associates with the caveolae-like fraction of the cells
transfected with ephrin-A5 cDNA (Fig. 1B). This protein
was not present in wild-type (Fig. 1B, left) or mock-trans-
fected NIH-3T3 cells (data not shown). The presence and
identity of ephrin-A5 in the caveolae-like fraction, was
also verified using the EphA5–Fc chimera as an affinity
reagent to precipitate the GPI-linked protein from the
caveolar fraction of ephrin-A5 expressing cells (Fig. 1B,
right). Stepwise fractionation of the sucrose gradients,
and subsequent immunoblot analysis of the individual
fractions showed that ephrin-A5, caveolin-1, and caveo-
lin-2 copurify on these gradients, further indication that
all three proteins localize in discrete membrane micro-
domains with similar biochemical properties (Fig. 1C).
There were no detectable changes in the subcellular dis-
tribution of caveolin 1 or 2 whether ephrin-A5 was pres-
ent in the fibroblasts or not (data not shown). Further-
more, the localization of ephrin-A5 within the caveolae-
like fraction did not change upon binding of the EphA5–
Fc receptor chimera (data not shown). The results ob-
tained by immunofluorescence staining and biochemical
fractionation argue for a permanent localization of eph-
rin-A5 within discrete microdomains of the plasma
membrane. Immunofluorescent staining for ephrin-A5
and caveolin-1, however, only partially overlap. This
may suggest that the ephrin-A5 containing fraction is
distinct from bona fide caveolae and therefore has been
designated “caveolae-like” microdomains.

Ephrin-A5 is able to initiate a signaling event within
the caveolae-like domain upon binding to its
cognate receptor requiring the activity of
Src-family kinases

To determine whether ephrin-A5 was competent to pro-
mote an intracellular signal when bound to its cognate
Eph receptor, stimulation of the cells expressing ephrin-
A5 was performed by binding the soluble EphA5–Fc re-

ceptors. The binding of EphA5–Fc did not induce any
changes in the general tyrosine phosphorylation content
of NIH-3T3 cells expressing ephrin-A5 (data not shown).
When the caveolae-like fraction was analyzed, however,
EphA5–Fc binding induced an increase in the phospho-
tyrosyl level of at least two proteins (p60 and p75–80)
present in this membrane compartment (Fig. 2A). As a
control for quantitation of the isolated caveolae-like do-
mains, the blots were reprobed with a caveolin-2-specific
antibody (Fig. 2). Although caveolin-2 levels remained
constant, the tyrosine phosphorylation of p60 and p75–
80 (referred to hereafter as p80 for simplicity) increased
dramatically, reaching maximal levels 15 min after
stimulation with Eph–Fc (Fig. 2B). Fc alone was not suf-
ficient to induce tyrosine phosphorylation in this caveo-
lar compartment. Furthermore, when the same experi-
ment was performed on parental or mock-transfected
NIH-3T3 cells that did not contain ephrin-A5 cDNA,
incubation with EphA5–Fc did not induce any change in
the tyrosine phosphorylation pattern in the caveolae-like
fraction of these cells (data not shown). A detailed time
course demonstrated that the increased tyrosine phos-
phorylation levels in the caveolae-like domains of the
cells induced by binding of EphA5–Fc was concomitant
with the recruitment of the Src-family kinase, Fyn, to
these microdomains (Fig. 3A.)

The recruitment of Fyn to the microdomains upon re-
ceptor binding was consistent with a role for this kinase
in communicating the signal downstream of ephrin-A5.
In support of this hypothesis, the induction of tyrosine

Figure 2. Ephrin-A5 is competent to transmit a compartmen-
talized signal event on binding to its cognate receptor. (A) NIH-
3T3 cells expressing ephrin-A5 were incubated for the times
indicated with either Fc or EphA5–Fc. Cells were lysed and
fractionated on a sucrose gradient. Both caveolae-like fractions
(C) and soluble fractions (S) were analyzed by Western blot with
the 4G10 antibody. The blot was reprobed with an anti-caveo-
lin-2 antibody to control for the amount of TX-100 insoluble
material loaded. (B) Caveolae-like fractions purified from NIH-
3T3 cells expressing ephrin-A5 that were stimulated with
EphA5–Fc for the times indicated (minutes) were analyzed by
Western blotting with the 4G10 antibody. The blot was re-
probed with anti-caveolin-2 antibody to control for the amount
of material loaded. Molecular mass markers are indicated in kD.
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phosphorylation of the p80 phosphoprotein within the
caveolae-like fraction was abrogated in the presence of
10 µM PP1, a selective inhibitor for the Src-family ki-
nases (Hanke et al. 1996) (Fig. 3A). Interestingly, PP1
treatment did not prevent the recruitment of Fyn to the
microdomains, suggesting that the initial signaling
event upstream of Fyn does not require the activity of
the Src-family kinases (Fig. 3A).

Western bot analysis of fractionated NIH-3T3 cells
demonstrated that unlike Fyn, Src itself was not associ-
ated with the caveolae-like fraction, although it could be
detected in the detergent-soluble fraction (Fig. 3B). The
differential localization of the Src-family kinases reflects
the ability of Fyn to be modified by both myristoylation
and palmitoylation (Alland et al. 1994) a necessary re-
quirement for the association to the inner leaflet of ca-
veolae-like domains (Robbins et al. 1995).

The identity of the heavily phosphorylated p80 protein
is unknown but because its ability to be phosphorylated
upon ephrin-A5 activation was abolished in the presence
of PP1 (Fig. 3) it is possible that it is a substrate for the
Src-family kinases. Consistent with this, we have shown
that it binds to a glutathione fusion protein containing a
prototype SH2 domain (GST Src–SH2) (Fig. 4) but not the
Src–SH3 domain (data not shown), and its phoshoryla-
tion and/or binding was abrogated in the presence of PP1
(Fig. 4B). Based on Western blot analysis, it appears that
p80 is not cortactin, paxillin, or the tyrosine phosphatase
SHP-2 (data not shown).

Analogous signaling competent microdomains exist
in vivo in the CNS

A signaling compartment, highly enriched for Fyn, ca-
veolin, and a phosphoprotein consistent with p80 was
isolated from murine cortex (Fig. 5). Interestingly, the
tyrosine phosphorylation levels of both Fyn and p80
were regulated during embryogenesis, with higher phos-
phorylation when brain remodeling occurs (E18) (Fig.
5A). Although we have not been able to definitively es-
tablish that ephrin-A5 is compartmentalized within
these microdomains, we have determined that ephrin-
A5 is enriched within the caveolae-like domains of en-
dogenously expressing cells including both the neuro-
blastoma cell line NG108-15 and primary human astro-
cytes and neurons (data not shown). It has also been
observed independently that ephrin-A5 exhibits a patch-
like appearance on primary neurons consistent with its
presence in membrane microdomains (Hornberger et al.
1999).

To genetically confirm the direct role for Fyn in the
compartmentalized signaling pathway, the caveolae-like
fractions were isolated from the cortex of mice that were
deficient for Fyn expression. Western blot analysis of the
caveolae-like fractions isolated from the cortex of indi-

Figure 3. Fyn tyrosine kinase is recruited to the caveolae-like
domains upon ephrin-A5 engagement. (A) NIH-3T3 cells ex-
pressing ephrin-A5 were incubated for different times with
EphA5–Fc, in the absence or presence of PP1 as indicated. Ca-
veolae-like fractions (cav) were isolated and analyzed by West-
ern blot using in parallel 4G10 and an antibody specific for Fyn.
(B) NIH-3T3 cells expressing ephrin-A5 were fractionated on a
sucrose gradient. Caveolae-like fractions (C) and soluble frac-
tions (S) were tested by Western blot for the presence of Fyn and
Src proteins. Molecular weight mass are indicated in kD.

Figure 4. p80 is a putative substrate for Src-family kinases. (A)
Caveolae-like fractions isolated from EphA5–Fc-stimulated fi-
broblasts were solubilized in TX-100 at 37°C for 30 min and
incubated with 50 µg of either purified GST or GST–Src–SH2
fusion proteins. Protein complexes were pelleted by low-speed
centrifugation and analyzed by Western blotting using the phos-
photyrosine-specific antibody 4G10. (B) Caveolar fractions were
isolated from ephrin-A5-expressing cells that had been treated
with either Fc or EphA5–Fc in the presence or absence of PP1 (as
indicated). Samples were analyzed as above with GST–Src–SH2
fusion protein and Western blotting with 4G10. Molecular mass
markers are indicated (kD).
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vidual embryos that were either wild-type (Fyn+/+), het-
erozygous (Fyn+/−), or homozygous (Fyn−/−) littermates
demonstrated that the tyrosine phosphorylation events
occurring in the microdomains in vivo are completely
dependent on the presence of Fyn (Fig. 5B). Caveolin-2
was still detected in the Fyn−/− embryos, indicating that
a similar amount of caveolae-like microdomains was
present in these animals (Fig. 5B). It should be noted that
the genetic analysis was done on animals that were also
deficient in the expression of the Src-family kinase, Yes.
The lack of only Yes expression (labeled Fyn +/+ and Fyn
+/−) was not sufficient to abrogate signaling within this
compartment, but its contribution to the lack of com-
partmentalized signaling observed in the Fyn−/− animals
remains to be determined as Yes would presumably also
be present within the microdomains.

Activation of ephrin-A5 induces changes in cellular
architecture and adhesion

During the course of establishing ephrin-A5 expressing
cell lines, we observed that the growth rates of the cells
were retarded significantly and that these cells were
somewhat refractory to transformation by v-Src (A. Davy
and S.M. Robbins, unpubl.). Furthermore, they displayed
a different cellular morphology suggesting that ephrin-
A5 expression was not mitogenic but controls cytoskel-
etal architecture. This is consistent with the Eph recep-

tor-mediated signaling that also appears to regulate cel-
lular structure (Holland et al. 1997; Meima et al. 1997).
To investigate whether ephrin-A5-induced signaling
regulated cytoskeletal rearrangements and morphologi-
cal changes, we examined cell attachment by staining
focal adhesion complexes using vinculin as a marker. We
found that binding of the EphA5–Fc receptor body to
cells expressing ephrin-A5 caused a dramatic redistribu-
tion of the vinculin protein to focal adhesions that ap-
peared more numerous and more intense (Fig. 6A). The
regulation of cellular architecture was not limited to ex-
ogenously expressing cell systems as in primary cultures
isolated from the inferior colliculus of day 3 postnatal
mice, astrocytes (glial fibrillary acidic protein-positive
cells) that endogenously express ephrin-A5 also exhib-
ited dramatic changes in vinculin staining upon binding
of EphA5–Fc (Fig. 6A, panels c and d). The changes in the
various cell types were visible after 30 min in the pres-
ence of EphA5–Fc, and were reminiscent of those in-
duced by the Rho family of GTPases (Rho, Rac, and
Cdc42).

To assess the involvement of various protein kinases
in this process, cells were incubated with PP1, a selec-
tive inhibitor for the Src-family kinases or with a rela-
tively broad inhibitor of several of the protein kinase C
(PKC) isozymes (Gö 6983) before exposure to EphA5–Fc.
The number of focal adhesion complexes stained by the
anti-vinculin antibody decreased when cells were treated
with the kinase inhibitors (Fig. 6B, panels c–f), attesting
that the drugs were active and probably affected the sta-
bility of focal adhesion complexes. In the presence of the
PKC inhibitor, binding of EphA5–Fc to the cells still re-
sulted in the redistribution of vinculin to focal adhesion
complexes, suggesting that it is unlikely that the PKC
enzymes are involved in mediating the structural
changes observed (Fig. 6B, panels c and d). On the con-
trary, in presence of PP1, the binding of EphA5–Fc to
ephrin-A5 did not induce any changes in the vinculin
staining or in the number of focal adhesion complexes
(Fig. 6B, panels e and f), suggesting that the Src-family of
tyrosine kinases, presumably Fyn, is involved in the pro-
cess leading to vinculin redistribution to focal adhesions.
We were able to observe this biological effect as low as 3
µm PP1, which is well within the range for the in vivo
specificity to the Src-family of protein tyrosine kinases
(Hanke et al. 1996).

To further identify the physiological consequence in-
duced by ephrin-A5 stimulation, we monitored the effect
of the binding of EphA5–Fc on the adhesive properties of
the cells. Fibroblasts expressing ephrin-A5 treated with
EphA5–Fc demonstrated an increased adhesion to fibro-
nectin as assessed by the number of cells adhering to the
fibronectin-coated plates after extensive washing, as
compared with cells treated with Fc (Fig. 7). In contrast,
control cells transfected with the empty vector, that do
not express ephrin-A5, were not significantly affected by
the presence of EphA5–Fc in the medium (Fig. 7). More
importantly, a similar increase in adhesive properties
was also observed with the neuroblastoma cell line
NG108-15, which endogenously expresses ephrin-A5 li-

Figure 5. Fyn tyrosine kinase is essential for signaling in ca-
veolae-like microdomains in vivo. (A) Caveolae-like microdo-
mains (C) and detergent soluble fractions (S) were isolated from
cortex of mice at different stages of development (E18 and P3).
Samples were analyzed by Western blot using 4G10, caveolin-2,
and Fyn-specific antibodies. (B) Caveolae-like fractions (cav)
were isolated from brain of mice that were genotyped wild type
(Fyn+/+), defective for Fyn kinase (Fyn−/−), or heterozygous
(Fyn+/−). Fractions were analyzed by Western blotting using
4G10 and an antibody specific for caveolin-2.
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gand (Fig. 7). When the cells were pretreated with PP1 (10
µM), binding of EphA5–Fc did not induce an increased
adhesion of the cells to fibronectin (data not shown)—
further evidence for a role of the Src-family kinases as
effectors downstream of ephrin-A5. The interpretation of
these results, however, remains difficult as pretreatment
with PP1 affected the general adhesion properties of the
cells.

Discussion

The work described in this report on GPI-anchored eph-
rin-A5 established that GPI-tethered ligands are involved
in bidirectional signaling, as was described for trans-
membrane ephrins (Holland et al. 1996; Brückner et al.
1997). We have demonstrated that like other GPI-an-
chored proteins (Simons and Ikonen 1997; Anderson
1998), ephrin-A5 spontaneously localized within dis-
crete plasma membrane microdomains that may equate
to caveolae in some cell types. There is some contro-
versy regarding the exact molecular nature of these
membrane microdomains, but it is clear that they exist
in cells and are enriched in various molecules involved
in signal transduction (Simons and Ikonen 1997; Ander-
son 1998). There are at least two obvious consequences
to the unique localization of ephrin-A5 within mem-

brane microdomains. First, clustering of ephrin-A5
within the caveolae-like domains provides the level of
oligomerization necessary for the efficient activation of
its cognate Eph receptor (Davis et al. 1994; Stein et al.
1998). Second, compartmentalization localizes the GPI-
linked ligand in the proximity of downstream effectors,
thereby allowing the signal to be initiated. Interestingly,
localization of ephrins-B and Eph receptors within caveo-
lae-like domains has also been documented (Wu et al.
1997; Brückner et al. 1999).

The means by which GPI-anchored ephrin-A5 com-
municates with the intracellular milieu is not known,
however, the most common mechanism underlying the
ability of GPI-linked proteins to transmit a signal is by
association with a transmembrane adapter protein. This
type of mechanism has been described for various GPI-
linked proteins, including GDNFRa or CNTFR (Davis
and Yancopoulos 1993; Treanor et al. 1996). Another pro-
posed mechanism for signal transduction through GPI-
linked proteins involves enzymatic cleavage of the core
protein by a specific phospholipase, resulting in the for-
mation of a second messenger from the hydrolysis of the
GPI moiety (Chan et al. 1989; Movahedi and Hooper
1997). That type of release would explain why ephrin-A5
can be purified in a soluble form in vivo (Lackmann et al.
1996, 1997). However, because we were unable to detect

Figure 6. Binding of EphA5–Fc to ephrin-A5-expressing cells induces changes in cell architecture, requiring the Src-family kinases.
(A) NIH-3T3 cells expressing ephrin-A5 (A5-2) (a,b) and primary murine astrocytes (c,d) were incubated with Fc (a,c) or EphA5–Fc (b,d)
proteins for 30 min at 37°C, fixed and subjected to indirect immunofluorescence using anti-vinculin monoclonal antibody (clone
VIN-11-5, Sigma) and a Cy3-conjugated anti-mouse secondary antibody. (B) NIH-3T3 cells expressing ephrin-A5 (A5-2) (a–f) were
incubated with Fc (a,c,e) or EphA5–Fc (b,d,f) proteins for 30 min at 37°C, in the presence of either vehicle (DMSO) (a,b), 1 µM Gö 6983
(c,d), or 10 µM PP1 (e,f). The cells were then fixed with methanol and subjected to indirect immunofluorescence using anti-vinculin
monoclonal antibody.
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a soluble form of the ligand in culture supernatants after
binding of EphA5–Fc (data not shown), it is unlikely that
a significant proportion of ephrin-A5 is cleaved upon en-
gagement. This observation is in accordance with a pub-
lished report stating that ephrin-A2 and ephrin-A5 are
not detected in a supernatant media conditioned with
posterior tectal membranes on which retinal axons were
growing (Ichijo and Bonhoeffer 1998).

Src-family tyrosine kinases appear to be important
regulators of signaling through GPI-linked proteins
(Stefanova et al. 1991; Murray and Robbins 1998). Ac-
cordingly, we demonstrated that Src-related tyrosine ki-
nase activity was essential for the signaling pathway
downstream of ephrin-A5, because in the presence of the
Src-family selective inhibitor, PP1 (Hanke et al. 1996),
tyrosine phosphorylation of p80 induced upon engage-
ment of ephrin-A5 was abrogated. We suspect Fyn to be
the kinase responsible for the increased tyrosine phos-
phorylation of p80 based on its recruitment to the do-
mains. Moreover, we showed that Src, unlike Fyn, was
excluded completely from the microdomains. The differ-
ential localization of Src and Fyn in the microdomains
reflects a difference in the fatty acid modifications of
both proteins (Shenoy-Scaria et al. 1993; Alland et al.
1994; Robbins et al. 1995). Since fatty acid modification,
particularly palmitoylation, governs the ability of Fyn to
localize to caveolae-like domains, an interesting concept
would be that the recruitment of Fyn to the microdo-
mains in response of ephrin-A5 engagement is due to an
increase in the palmitoylation levels on Fyn, achieved
either by an increase in activity of a palmitoyl acyltrans-
ferase or inhibition of a palmitoyl thioesterase. Although
there is currently little evidence for such a mechanism,
it has been shown that there is rapid depalmitoylation of

the Gs a subunit of the trimeric G-protein upon agonist
stimulation (Wedgaertner and Bourne 1994).

The data presented in this work did not permit to es-
tablish whether Fyn became activated after its recruit-
ment to the microdomains, or if already activated Fyn
molecules were recruited to the domains. However, it is
tempting to speculate that massive recruitment of a ty-
rosine kinase into a restricted environment could lead to
a certain level of transactivation. This type of activation
would be similar to what has been described for RTKs
that are activated by dimerization. The slow kinetic of
activation that is observed for both ephrin-A5 signaling
and Eph receptors (Gale and Yancopoulos 1997) might
impart a requirement for high complexity clusters of pro-
tein kinases to form before maximal activation is
achieved. One of the major consequences of the activa-
tion of Fyn within the caveolae-like domains was the
tyrosine phosphorylation of p80. From the results pre-
sented, we cannot definitively rule out that the apparent
increase in tyrosine phosphorylation of p80 in response
to ephrin-A5 engagement is due to the recruitment of
p80 to the domains. The fact that PP1 blocked the tyro-
sine phosphorylation of p80 without blocking Fyn re-
cruitment, however, indicates that translocation is un-
likely to account for the increased tyrosine phosphory-
lation because translocation events occurred normally in
presence of PP1 and yet tyrosine phosphorylation of p80
was abrogated. To definitively establish the role of Fyn
in the compartmentalized signaling, we showed that this
particular member of the Src family of tyrosine kinases
is highly enriched in caveolae-like domains isolated
from cortex, and that its level of tyrosine phosphoryla-
tion correlated with that of p80. Analysis of mice defi-
cient for Fyn revealed that tyrosine phosphorylation
within the caveolae-like domains was completely abro-
gated in the absence of this kinase. The differential ty-
rosine phosphorylation of p80 in the caveolae-like do-
mains of embryos between E18 and P3 indicated a tem-
poral regulation of the compartmentalized signaling and
a possible functional involvement of the microdomains
in the nervous system development. Interestingly, tyro-
sine phosphorylation of p80 was diminished at P3, a time
when guidance and migration processes are no longer
prevalent because most of the axons have reached their
target structure. In addition, mice deficient for Fyn ex-
hibit defects in axon guidance (Morse et al. 1998). Al-
though our genetic data are consistent with a role for Fyn
downstream of ephrin-A5 signaling, the caveolae-like
domains may not be exclusive for ephrin-A5 and more
likely represent sites of compartmentalized signaling for
a number of different extracellular signals.

In accordance with a role for ephrin-A5 in axon guid-
ance and migration, we demonstrated that the signaling
induced by ephrin-A5 engagement resulted in a change
in the adhesive properties of the cells. Unexpectedly,
however, we observed an increased adhesion of the cells
to fibronectin following ephrin-A5 engagement, in con-
tradiction with the repulsion process that has been re-
ported previously (Drescher et al. 1995; Winslow et al.
1995). In support of the result obtained with cells ecto-

Figure 7. Activation of ephrin-A5 results in an increase in cel-
lular adhesion. Cells expressing ephrin-A5 (A5–2 and NG108–
15) or cells transfected with the vector control (WT) were de-
tached from their substratum by nonenzymatic removal, resus-
pended in low-serum containing media and spun down on plates
coated with fibronectin. Cells were immediately incubated
with either Fc (shaded bars) or EphA–Fc (solid bars) as indicated.
Nonadhering cells were removed and the remaining adhering
cells were trypsinized and counted. Values are expressed as the
number of adhering cells from three different experiments (in
triplicate).
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pically expressing ephrin-A5, we also observed a similar
increased adhesion with cells endogenously expressing
ephrin-A5. We attempted to evaluate the involvement of
members of the Src family of tyrosine kinases in this
process, by pretreating the cells with PP1 before engage-
ment of ephrin-A5. The interpretation of these results,
however, was hampered by the fact that the drug dra-
matically affected the ability of the cells to adhere to
fibronectin, independently of the treatment applied (data
not shown). This is consistent with the direct role that
the Src-family kinases have in integrin-mediated adhe-
sion (Lowell et al. 1996; Meng and Lowell 1998; Kling-
hoffer et al. 1999).

We were able to correlate the compartmentalized sig-
naling induced upon engagement of ephrin-A5 with the
regulation of cell adhesion and morphology by monitor-
ing later events such as the cellular distribution of vin-
culin, which is a protein participating in the formation of
focal adhesion complexes. We observed that upon eph-
rin-A5 engagement, vinculin protein redistributed to fo-
cal adhesions, in a time frame and a fashion similar to
that following activation of Rac or Cdc42 (Ridley and
Hall 1992; Nobes and Hall 1994). Importantly, the pro-
cess of redistribution was not restricted to fibroblasts,
but also occurred in primary astrocytes upon engage-

ment of ephrin-A5. To convincingly correlate the phe-
nomenon affecting vinculin protein to the signaling
through ephrin-A5, we demonstrated that the redistribu-
tion of vinculin to focal adhesions following ephrin-A5
engagement was strictly dependent on the activity of a
Src-family kinase. In the presence of PP1, ephrin-A5
stimulation did not result in the redistribution of vincu-
lin, correlating with the absence of signaling in the mi-
crodomains and absence of tyrosine phosphorylation of
p80. On the contrary, treatment with a PKC inhibitor did
not affect ephrin-A5-induced redistribution of vinculin.

A proposed model for the role of ephrins in controlling
cellular architecture and adhesion is depicted in Figure 8.
Upon binding of the extracellular domain of the Eph re-
ceptor to the ephrin-A ligands, a bidirectional signal is
initiated in both receptor and ligand expressing cells.
The ephrin-A molecule transduces the signal across the
plasma membrane by association with a proposed trans-
membrane adaptor (X). The signaling event results in the
recruitment and activation of Fyn within the caveolae-
like domains and the subsequent tyrosine phosphoryla-
tion of p80. The physiological consequences of ephrin-
A5 engagement reveal a complex role for the ephrins in
activating as well as modulating Eph receptor signaling,
in accordance with a recent report (Hornberger et al.
1999). This study, involving a signaling-competent eph-
rin-A ligand linked to the regulation of cellular morphol-
ogy, provides evidence for compartmentalized signaling
being instrumental during brain development.

Materials and methods

Reagents

The EphA5–Fc receptor bodies and control Fc were prepared as
described previously (Davis et al. 1994; Gale et al. 1996). A
monoclonal antibody (5G2) was generated using a glutathione
fusion protein encompassing amino acids 15–126 of ephrin-A5
as an antigen. The antibodies used in this study are as follows:
anti-phosphotyrosine monoclonal 4G10 (Upstate Biotechnol-
ogy, Inc.), monoclonal antibody raised against chicken vinculin
(Clone VIN-11-5, Sigma), monoclonal antibodies to Src and Fyn
were from Upstate Biotechnology, Inc. and Transduction Labo-
ratories, respectively, and both caveolin-1 and caveolin-2 mono-
clonal antibodies were from Transduction Laboratories.

Establishment of ephrin-A5-expressing cell lines

NIH-3T3 cells were transfected with 10 µg of ephrin-A5 expres-
sion vector and either 1 µg of LNCX vector or 1 µg of pBabepuro
using calcium phosphate precipitation (Canadian Life Tech-
nologies, GIBCO); individual clones were selected using 600
µg/ml G418 or 2 µg/ml puromycin, respectively. Resistant
clones were screened for ephrin-A5 expression by indirect im-
munofluorescence. Briefly, cells were incubated for 20 min in
PBS containing 1 µg/ml EphA5–Fc chimera at room tempera-
ture and washed twice in media. Bound chimera was then de-
tected by anti-human Fc-specific antibodies conjugated with
FITC and cells were analyzed by FACScan. All cell lines were
maintained in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% fetal calf serum (FCS; Canadian Life
Technologies, GIBCO).

Figure 8. Model for the activation of ephrin-A ligands regulat-
ing cellular architecture. Ephrin-A5 is localized to discrete
membrane microdomains. Upon binding to its cognate Eph re-
ceptor expressed on a neighboring cell, a signal is initiated
within the ephrin-A5-expressing cell. This signal, presumably
requiring the Rho family of small molecular weight GTPases,
results in a change in cellular adhesion that may affect neuronal
migration and guidance. The unknown p80 phosphoprotein, the
Src-family kinase Fyn, and a putative transmembrane adapter
protein (X) are indicated and presumably perform some essential
functions during intracellular signaling.
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Primary cultures

Inferior colliculus from postnatal day 3 (P3) mouse pups was
dissociated, and the cells were plated on polyornithine-coated
coverslips and grown in DMEM supplemented with 10% FCS.

Immunofluorescence microscopy

For experiments using kinase inhibitors, cells were preincu-
bated with either 1 µM Gö 6983 (Calbiochem), a pharmacologi-
cal inhibitor of several PKC isozymes (Gschwëndt et al. 1996),
or with 1–10 µM PP1 for 30 min at 37°C. The incubation with Fc
or EphA5–Fc was performed in the continued presence of the
inhibitors. For caveolin staining, cells were fixed for 10 min in
100% methanol at −20°C, washed in PBS and incubated for 1 hr
at room temperature in PBS/1% BSA containing a caveolin-1-
specific monoclonal antibody (2.5 µg/ml). After extensive wash-
ing in PBS, cells were incubated with a goat anti-mouse second-
ary antibody conjugated to Cy3 for 1 hr followed by washing.
For indirect staining of the ligand using the EphA5–Fc chimera,
viable cells were incubated in PBS containing 8 µg/ml EphA5–
Fc for 15 min at 37°C. Binding of the secondary antibody (anti-
Fc fragment of human IgG conjugated with FITC) was done as
described above. For functional assays, cells were plated on fi-
bronectin (NIH-3T3 clones) or polyornithine (primary cultures)-
coated coverslips. Cells were serum starved for 3 hr and were
then incubated with either Fc (control) or EphA5–Fc for 30 min
at 37°C, quickly rinsed in PBS, and subjected to methanol fixa-
tion. Immunofluorescence was then performed with the vincu-
lin monoclonal antibody (1:100 dilution of ascites) as described
for caveolin (see above).

Adhesion assay

NG108-15 cells and fibroblasts stably transfected with either
ephrin-A5 cDNA or with the vector control were detached from
the tissue culture plates by using PUCKS–EDTA (5 mM KCl,
130 mM NaCl, 3 mM NaHCO3, 5 mM D-glucose, 10 mM HEPES
at pH 7.3, 1 mM EDTA) to preserve the integrity of the extra-
cellular proteins. Cells were resuspended in DMEM containing
0.5% cosmic calf serum and incubated for 30 min at 37°C. One
milliliter of cell suspension (0.25 × 106 cells/ml) was plated per
well precoated with fibronectin and the plates were immedi-
ately spun at 800 rpm for 3 min. The medium was then supple-
mented with 8 µg/ml of either Fc or EphA5–Fc. After 5 min at
37°C for fibroblasts (30 min for NG108-15), the nonadhering
cells were removed by extensive, aggresive washing with PBS.
The remaining adhering cells were then trypsinized and
counted in a hemocytometer. The data are accumulated from
three independent experiments performed in triplicate and are
displayed as the number of adhering cells.

Cell stimulations and biochemical purification of DIGs

Confluent monolayers of cells (150-mm plates) were incubated
with either 2 µg/ml Fc, or 2 µg/ml EphA5–Fc in DMEM media
containing 10% cosmic calf serum (HyClone) for the indicated
times. The DIGs were then purified as described in detail pre-
viously (Robbins et al. 1995). For the pull-down experiments,
the caveolar fraction was harvested and solubilized by incuba-
tion at 37°C in the presence of 1% Triton X-100. The solubi-
lized caveolar fraction was then incubated with either purified
GST fusion proteins, Fc or EphA5–Fc at 4°C for 2 hr, and the
protein complexes were purified by the addition of either glu-
tathione–agarose or protein A–Sepharose, respectively. The pro-

tein complexes were then pelleted by low-speed centrifugation
and washed several times in PBS. All samples were analyzed by
Western blotting after transfer to nitrocellulose membranes as
described previously (Robbins et al. 1995) using enhanced che-
miluminescence detection reagents (Amersham). For the puri-
fication of the DIG fraction from brain tissues, the cortex was
isolated from stage E18 and P3 mice and solubilized in Triton
X-100 lysis buffer using a dounce homogenizer. A low-speed
(3000 rpm) clearing spin was performed to remove insoluble
debris and the cleared lysates were adjusted to a final concen-
tartion of 40% sucrose and overlayed with a linear sucrose gra-
dient as described previously (Robbins et al. 1995). Embryos
were also collected at E16.5 from Src+/−Yes−/−Fyn+/− parents.
Hybrid (129Sv:C57 B1/6) animals were used for these crosses.
PCR was used to genotype embryos for the Src and Fyn loci.
PCR for Src was performed as described previously (Thomas et
al. 1995). For the Fyn locus, a forward primer from intron 2
(58-GTCCCTCTTCCCACTCTTC-38) and a reverse primer
from intron 2 (58-TACTCCCAACGCTCACTAA-38) were used
to amplify a 270-bp fragment from the wild-type allele. The
forward primer and a neor-specific reverse primer (58-
CGCCTTCTATCGCCTTCTT-38) amplify a 450-bp fragment
from the mutant allele. The cortex was removed from the geno-
typed embryos and the DIG fraction was isolated as described
above.
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