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Thymus organogenesis requires coordinated interactions of multiple cell types, including neural crest (NC) cells, to orchestrate the
formation, separation, and subsequent migration of the developing
thymus from the third pharyngeal pouch to the thoracic cavity. The
molecular mechanisms driving these processes are unclear; however, NC-derived mesenchyme has been shown to play an important
role. Here, we show that, in the absence of ephrin-B2 expression on
thymic NC-derived mesenchyme, the thymus remains in the cervical
area instead of migrating into the thoracic cavity. Analysis of
individual NC-derived thymic mesenchymal cells shows that, in the
absence of ephrin-B2, their motility is impaired as a result of
defective EphB receptor signaling. This implies a NC-derived cellspeciﬁc role of EphB–ephrin-B2 interactions in the collective migration of the thymic rudiment during organogenesis.
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hymus development in the mouse begins at E9.5 with the formation of the third pharyngeal pouches and concomitant expression of transcription factors including Hoxa3, Pax1/9, Eya1,
and Six1/4 within the third pharyngeal pouch endoderm (1–4).
Soon after, neural crest (NC)-derived mesenchymal cells (NCCs)
from the posterior hindbrain undergo epithelial-to-mesenchymal
transition (EMT), delaminate, and migrate to and surround the
pouch, which simultaneously begins to grow into a separate structure containing the thymus and parathyroid primordia. By E12.5,
the thymic primordium is completely detached from both the
pharyngeal pouch and parathyroid. Subsequently, the bilateral
lobes descend into the thoracic cavity, where they ﬁnally settle in
the upper mediastinum above the heart.
NCCs, which contribute to various tissues in the mouse, are also
key players in thymus organogenesis. NC-derived cells have been
shown to regulate patterning of the third-pouch endoderm into
thymus and parathyroid-speciﬁc domains (5) and stimulate thymic
epithelial cell (TEC) proliferation and maturation through production of FGFs (6). NC-derived cells also stabilize blood-vessel
structures by differentiating into perivascular cells (7, 8).
The mechanisms that control the various morphogenetic events
during early thymus organogenesis are still largely unknown, although some genes have been identiﬁed that affect these events.
Hox3 and Pax1/9 transcription factors act in a pathway that is required for proper separation and/or migration of the developing
thymic and parathyroid primordia from the pharynx, although the
cell-type speciﬁcity of these functions is poorly understood (2, 9,
10). Splotch embryos, which have a null allele of Pax3 and are largely
deﬁcient of NCCs, also exhibit pharyngeal-pouch defects, including
an ectopic thymus (5, 11). This NCC deﬁciency resulted in delayed
separation of the thymus and parathyroid from the pharynx, and the
boundary between thymus and parathyroid-fated domains was ab13414–13419 | PNAS | July 27, 2010 | vol. 107 | no. 30

normal. These results strongly implicated NCC migration to the
third pharyngeal pouch in patterning and morphogenesis of the
thymus and parathyroids (5). Interestingly, embryos that have deleted the TGF-β type-1 receptor, ALK5, in NC-derived cells also
have ectopically located thymi as a result of delayed separation of
the parathyroid from the thymic rudiment without histological or
other differentiation defects. Moreover, this defect was not caused
by defective NC migration to the third pharyngeal pouch but was
thought to be caused by increased apoptosis in postmigratory
NCCs (12). However, to date, no mutants with ectopic thymi have
been veriﬁed to have migration defects without additional defects
in separation from the pharynx.
Eph receptors and their ligands, ephrins, are required for a
number of developmental processes [e.g., blood-vessel formation
through capillary sprouting (13), demarcation of arteries and
veins (13, 14), and NCC migration to the pharyngeal arches (15–
18)]. The mechanisms by which Eph/ephrins control these processes are believed to involve regulation of actin cytoskeleton
dynamics, cell-substrate adhesion, intercellular junctions, cell
shape, and cell movement (reviewed in refs. 19 and 20).
A signiﬁcant number of Eph receptors and ephrin ligands are
expressed in the thymus (21–25) and are known to have immunoregulatory properties (26). The defects seen in thymocyte maturation in Eph- or ephrin-deﬁcient thymi are thought to result from
abnormal development of the stromal cell compartments (27) and
modulation of T cell responses (28). For example, EphB2- and/or
EphB3-deﬁcient mice exhibit decreased numbers of thymocyte
subsets (29), the lack of EphA4 expression results in hypoplastic
thymi and decreased numbers of double-positive (CD4+ CD8+)
thymocytes (27), and blocking fetal thymic organ cultures with
EphB2/Fc or ephrin-B1/Fc fusion proteins decreases doublepositive and single-positive T cell populations (30).
To investigate the role of EphB ephrin-B2 interactions in thymus development, we have used Cre-Lox genetic tools to specifically ablate ephrin-B2 expression on TECs or NC-derived cell
populations. Mice with LoxP sites ﬂanking exon 2 of the Efnb2
gene (31) were crossed with mice expressing Cre recombinase in
TECs under the control of the IL7 (32) or in NCCs under the
control of the Wnt1 (33) promoter and regulatory elements. Cre
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activity was reported through activation of a silent enhanced YFP
(eYFP) expressed from the Rosa26 locus (34).
Results
Ephrin-B2 Expression on NC-Derived Cells Is Required for Correct
Positioning of the Thymus but Not for Thymocyte Development.

Analysis of TECs and NC-derived thymic mesenchyme showed high
levels of ephrin-B2 and EphB4 expression in adult and fetal tissues
using ﬂow cytometry and confocal microscopy (Fig. S1 A–C);
a similar and widespread expression of ephrin-B2 in embryos has
previously been observed (35). To study the role of ephrin-B2 expression on NC-derived cells and TECs, we used Cre recombinase
under the control of Wnt1 (NC-speciﬁc) or IL-7 (TEC-speciﬁc)
promoters. In mice that had deleted ephrin-B2 speciﬁcally from
NC-derived cells, the thymus was absent from its normal anatomical
location above the heart (Fig. 1A Lower Right). Instead, it was ectopically located in the cervical region (Fig. 1A Upper Right). In
a small number of embryos, one ectopic thymus lobe was located in
the cervical region, and the other was within the superior mediastinum above the heart. In contrast, deletion of ephrin-B2 on TECs
showed no requirement for normal thymus development and function (Fig. S2) or in peripheral T cell populations (Fig. S3).
To determine the cellular composition of ephrin-B2–deﬁcient
ectopic thymi, they were digested with collagenase. The resulting
cell suspension was counted and analyzed after staining with antibodies detecting CD4, CD8 (Fig. 1B Upper), and TCRβ (Fig. 1B
Lower) to label T cells and CD19 (Fig. S4) to label B cells. Expression patterns of T cell markers and a lack of B cell markers
indicated that the ectopic structures were thymus lobes and not

lymph nodes, and no changes were observed in neuronal innervation in the thymus (Fig. S5). Moreover, ectopic thymi exhibited very similar cellularity as thoracic thymi (252 × 106 compared
with 224 × 106). Analysis of spleens from controls and mice with
ectopic thymi showed no difference in peripheral T cell numbers
(1.35 × 108 in spleens of mutant mice and 1.5 × 108 in control mice)
(Fig. S6) or ability of T cells to proliferate in response to mitogenic
stimulation (Fig. S7). Thus, the absence of ephrin-B2 from NCCs
does not affect T cell development, but rather, it results in ectopic
thymus structures in the cervical region.
NCCs Colonize and Differentiate Normally Within the Thymus in the
Absence of Ephrin-B2. To determine whether there is a defect in

NCC migration to the third pouch, control Wnt1-Cre;Rosa26eYfp
and mutant Ephrin-B2Lx/Lx;Wnt1-Cre;Rosa26eYfp E10.5 embryos
were analyzed by in situ hybridization with a Crabp1 probe to
determine if there was a delay in NCC colonization. We show that
there is no signiﬁcant difference in NCCs migrating to and colonizing the rudiment by E10.5 in mutants compared with controls
(Fig. S8A). Thymi from E15.5 control Ephrin-B2+/+;Wnt1-Cre;
Rosa26eYfp (Fig. 2 A Left and B Left) and mutant Ephrin-B2Lx/Lx;
Wnt1-Cre;Rosa26eYfp (Fig. 2 A Right and B Right) embryos were
imaged by confocal and ﬂow cytometry. No signiﬁcant differences
were observed in eYFP+ NC-derived cells [5.8% (Fig. 2B Right)
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Fig. 1. Expression of ephrin-B2 on NC-derived cells is required for the
normal anatomical position of the thymus. (A) Three-month-old adult control Ephrin-B2+/+;Wnt1-Cre;Rosa26eYfp (Left) and mutant Ephrin-B2Lx/Lx;
Wnt1-Cre;Rosa26eYfp (Right) mice were dissected to reveal the cervical region (Upper) and thoracic cavity (Lower). White arrows, clavicle; red arrows,
thymus; green arrows, heart. (B) Thymi from 3-mo-old control Ephrin-B2Lx/Lx
and mutant Ephrin-B2Lx/Lx;Wnt1-Cre;Rosa26eYfp mice were dissected, digested with collagenase, stained with antibodies recognizing CD4, CD8 (Upper),
and TCRβ (Lower), and analyzed by ﬂow cytometry. Similar results were
obtained from more than three experiments consisting of 14 Ephrin-B2Lx/Lx;
Wnt1-Cre mice.
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Fig. 2. NC-derived mesenchymal cells associate normally with the blood
vasculature in the ectopic thymus. (A and B) Thymi from 3-mo-old adult
control Ephrin-B2Lx/+;Wnt1-Cre;Rosa26eYfp (A Left and B Left) and mutant
Ephrin-B2Lx/Lx;Wnt1-Cre;Rosa26eYfp mice (A Right and B Right) were dissected, digested with collagenase, and analyzed by ﬂow cytometry (A) or
ﬁxed, stained with an anti-YFP antibody, and analyzed by confocal microscopy (B). (C and D) One hundred-micrometer sections of thymi from 3-mo-old
adult control Ephrin-B2Lx/Lx (Left) and mutant Ephrin-B2Lx/Lx;Wnt1-Cre;
Rosa26eYfp (Right) mice were stained with antibodies recognizing (red)
endomucin and (blue) desmin (C) or (green) eYFP and (red) endomucin
(D) and analyzed by confocal microscopy.
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Deletion of Ephrin-B2 Does Not Disrupt Separation of the Thymus/
Parathyroid Rudiment from the Third Pharyngeal Pouch. The ectopic

thymus location in the mutant mice could be the result of a delay
in the separation of the organ primordia from the pharynx and
subsequent inability of the thymus rudiment to reach the superior
mediastinum before the thoracic cavity closes. The primordium,
which starts forming at E11, detaches from the third-pouch endodermal epithelium by E12. Because Eph/ephrins have been shown
to play a role in boundary formation and maintenance between
discrete structures in other tissues, it is possible that they could also
be involved in this process. To assess whether the defect seen in
Ephrin-B2Lx/Lx;Wnt1-Cre mice is caused by a failure in forming
a boundary between the rudiment and pharyngeal pouch, leading to
delayed separation, serial sections through the neck and thoracic
cavity from E12.5 and E13.5 control Ephrin-B2+/+ and mutant
Ephrin-B2Lx/Lx;Wnt1-Cre;Rosa26eYfp embryos were examined. This
analysis revealed that the rudiment does separate fully from the
third pharyngeal pouch with normal timing (Fig. 3 A and B).
In addition to separating from the third pharyngeal pouch, the
combined thymus and parathyroid rudiments also divide from
each other into two separate structures; the thymus migrates into
the thoracic cavity, whereas the parathyroid remains in the neck
adjacent to the thyroid gland. We examined whether deletion of
ephrin-B2 disrupts the separation between the thymus and parathyroid domains. Analysis of serial transverse sections of E12.5–
13.5 mutant embryos showed a defect in separation of the thymus
and parathyroid domains compared with control embryos (Fig.
3A). This phenotype was caused by a delay rather than failure,
because adult mutant mice showed complete separation of the
two organs (Fig. S9A). To investigate whether this delayed separation was caused by disruption of the boundary between thymus
and parathyroid, in situ hybridization for Foxn1 (thymus) (Fig. 3D
Right) and Gcm2 (parathyroid) (Fig. 3D Left) was carried out on
sagittal sections of E11.5 wild-type Ephrin-B2+/+ and mutant
Ephrin-B2Lx/Lx;Wnt1-Cre embryos. Despite the failure in thymus
and parathyroid migration (Fig. 3C), there was no mixing of parathyroid and thymus cells in the absence of ephrin-B2 expression on
NCCs (Fig. 3D Lower) compared with littermate controls (Fig. 3D
Upper), and no apparent defects associated with parathyroid dysfunction were observed.
13416 | www.pnas.org/cgi/doi/10.1073/pnas.1003747107
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from mutants compared with 6.4% in controls (Fig. 2B Left)]. To
determine if loss of ephrin-B2 expression leads to changes in
factors involved in positional information, we analyzed Hoxa3
expression in situ. Hoxa3 RNA was readily detected in the 3′
pharyngeal region of both mutant and wild-type mice, suggesting
that absence of Eph/Ephrin signaling does affect the expression of
this gene (Fig. S8B).
NC-derived cells in the thymus normally differentiate into cells
characteristic of pericytes and smooth-muscle cells associated with
blood vessels (11, 12). Ephrin-B2 and its preferred receptor EphB4
are known to play a role in normal vasculature development, and
deﬁciency in these molecules is embryonic lethal (24). To determine
whether ephrin-B2 expression is required for NC-derived mesenchyme attachment to the walls of vessels, we have analyzed 100-μm
vibratome sections of 3-mo-old adult control Ephrin-B2+/+;Wnt1Cre;Rosa26eYfp and mutant Ephrin-B2Lx/Lx;Wnt1-Cre;Rosa26eYfp
thymi. The sections were stained with antibodies detecting eYFP,
the pericyte marker desmin, and the endothelial marker endomucin. These analyses revealed that vessels in the mutant thymus develop normally with desmin+ perivascular cells surrounding endomucin+ vascular endothelium (Fig. 2C Right) compared with
control thymi (Fig. 2C Left). In addition, detection of eYFP+ perivascular cells in the adult thymus suggests that they are NC-derived
and are not replaced by cells of other mesenchymal origin (Fig. 2D).
Thus, ephrin-B2 is not necessary for NC association with the developing thymus or their mesenchymal differentiation.

FoxN1
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Fig. 3. Histological analyses and Foxn1 and Gcm2 expression in E11.5–E13.5
wild-type and Ephrin-B2Lx/Lx;Wnt1-Cre;Rosa26eYfp mutant embryos. (A and B)
Transverse sections through E12.5 (A) and E13.5 (B) wild-type [Ephrin-B2+/+;
(Upper Left) upper cervical region; (Upper Right) lower cervical region/thoracic region] and mutant embryos [Ephrin-B2Lx/Lx;Wnt1-Cre;Rosa26eYfp;
(Lower Left) upper cervical region; (Lower Right) lower cervical region/
thoracic region]. Upper and Lower are at equivalent positions along the
anterior–posterior axis; thus, Left panels are higher in the cervical region
than Right panels, indicating the slightly more anterior location of the
mutant thymus lobes. Asterisk in Upper Left indicates the area corresponding to the location of the mutant thymus lobe in Lower Left. Asterisk
in Lower Right indicates the equivalent position of the normal thymus in
Upper Right. (C) Histological analyses of the cervical region in (Left) E12.5
and (Right) E13.5 (Upper) wild-type (Ephrin-B2+/+) and (Lower) mutant
(Ephrin-BLx/Lx;Wnt1-Cre;Rosa26eYfp) embryos, indicating parathyroid position. Upper indicates the normal location of the parathyroids, attached to
the thymus at E12.5 (Left) and detached from the thymus and adjacent to
the thyroid gland at E13.5 (Right). (Lower) In mutant embryos, the parathyroids remain attached to the thymus lobes at both E12.5 (Left) and E13.5
(Right). th, thymus; pt, parathyroid; ty, thyroid. (D) Sagittal sections through
the common thymus–parathyroid primordium at E11.5 showing prospective
organ domains marked by (Left) Foxn1 (thymus) and (Right) Gcm2 (parathyroid). (Upper) Wild type. (Lower) Mutant. Dotted line in Left indicates
thymic rudiment and in Right, parathyroid rudiment. (Scale bar: 100 μm.)

Together, these results indicate that deletion of ephrin-B2
from NC-derived cells does not affect or delay the separation of
the thymus/parathyroid-combined rudiment from the third pharyngeal pouch, but it does affect the rate of separation of the
thymus and parathyroid rudiments from each other.
Eph/Ephrin Signaling Is Required for Normal Migration of NC-Derived
Mesenchymal Cells. The normal separation from the pharynx in

mutant mice suggested that thymus migration itself may be
delayed. To examine whether ephrin-B2 expression on NCCs is
required for normal mobility, we digested mutant E13.5 EphrinB2Lx/Lx;Wnt1-Cre;Rosa26eYfp and control Ephrin-B2+/+;Wnt1-Cre;
Rosa26eYfp embryonic thymi with collagenase and incubated the
resulting cell suspension in conditions described in the legend.
eYFP+ cell movements were imaged over a period of 4 h. Deletion
of ephrin-B2 resulted in marked changes in cell motility and behavior. They appeared to form many unstable lamellipodial protrusions, were unable to retract these protrusions, and had frequent
changes in overall direction of movement (Fig. 4B). Tracking
these cells indicated a displacement of 6.4 μm over 4 h (Fig. 4E) and
low meandering index (a measure of directionality where 1 is migration in one direction and 0 is totally random movement) of
0.19 (Fig. 4F). In contrast, control cells appeared polarized, migrated a total of 45.5 μm over 4 h, and exhibited a meandering
index of 0.67 (Fig. 4 A, E, and F and Movies S1 and S2).
Foster et al.
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Fig. 4. NC-derived cells deﬁcient in ephrin-B2 exhibit abnormal polarization
and migration. (A–D) Cells from E13.5 control Wnt1-Cre;Rosa26eYfp or mutant Ephrin-B2Lx/Lx;Wnt1-Cre;Rosa26eYfp thymi were incubated with or
without ephrin-B2/Fc cross-linked with IgG or EphB4/Fc for 2 h in serum-free
IMDM, as indicated on the ﬁgure, and imaged by ﬂuorescence microscopy.
Images of cells are shown at 0-, 2-, and 4-h time points. (Magniﬁcation: ×60.)
(E) Total displacement of the cells shown in A–D. t test: (A and B) P =
0.000315, (A–C) P = 0.000374, and (B–D) P = 0.0228. (F) Meandering index
was calculated for each cell shown in A–D; 1 indicates directional movement,
and 0 indicates random movement. t test: (A and B) P = 0.00101, (A–C) P =
0.00134, and (B–D) P = 0.0769. Similar results were obtained from at least
three experiments for each condition.

It was possible to induce cell behavior in control cells similar to
that seen in the mutants using an EphB4 fusion protein that blocks
receptor signaling induced by ephrin-B2. Under these conditions,
control cells became unable to polarize, acquired many unstable
lamellipodial protrusions, exhibited a displacement of 5.89 μm
over 4 h, and had a decreased meandering index of 0.16 (Fig. 4 C,
E, and F). In contrast, incubation of mutant cells with an ephrinB2 fusion protein cross-linked with anti-IgG, which binds and
activates the EphB receptors, restored polarization and directional migration, showing a 23.6-μm displacement over 4 h and
an increased meandering index of 0.55 (Fig. 4 D, E, and F and
Movies S3 and S4). It is possible that this is the result of a cell
autonomous function, or it could be because of either previous
cell–cell interactions or cross-talk with other receptor signaling
pathways in the same cell. Similar results were obtained when cells
were incubated with EphB4/Fc fusion protein or IgG cross-linked
ephrin-B2/Fc fusion protein for 2 h or overnight before imaging. These results indicate that deletion of ephrin-B2 from NCFoster et al.

Discussion
During embryogenesis, the thymic rudiment migrates down into the
superior mediastinum, resting above the heart. Shortly after thymus
migration is complete, the thoracic cavity closes by midline fusion of
paired cartilage bars. The mechanism leading to the collective migration of the thymus primordium is unknown. Several different
gene families have been shown to have important roles in the migration and cellular organization during neural development and
angiogenesis. One of these families includes the Eph receptors and
ephrin ligands, which are expressed on multiple cell lineages in the
thymus, including thymocytes, TECs, NC-derived mesenchyme,
and endothelial cells (this report and refs. 21–25). Eph-receptor
expression varies during the different stages of T cell maturation
and the different regions of the thymus (24, 36), suggesting a role in
the regulation of thymus organization and function. However, little
is known about the role of ephrin ligands in thymus organogenesis.
Eph/ephrins are bidirectional signaling molecules that are involved in cellular repulsion between receptor- and ligand-expressing
cells, driving them into distinct domains. Eph/ephrins are also known
to play a key role in the migration of NCCs, dictating the timing and
patterning of their migration. Speciﬁcally, ephrin-B2 has been shown
to be important for NCC migration into the second pharyngeal arch
after NCC delamination from the fourth and sixth rhombomeres
(17). Because of the essential role of ephrin-B2 in other developmental processes, we examined mice that lack ephrin-B2 speciﬁcally
on NCCs or TECs. Absence of ephrin-B2 from TECs had no effect
on thymus development. Deletion of ephrin-B2 in NCCs also had no
effect on thymocyte development or the migration of NCCs to the
developing thymic rudiment, indicating that an alternative ephrin
ligand may be responsible for their delamination and migration to
this region.
We found an essential role for ephrin-B2 in determining the
anatomical location of the thymus in adult mice. Our data indicate
that, in the absence of ephrin-B2 on NC-derived cells, the epithelial bud forms normally from the third pharyngeal pouch,
detaches from the endodermal epithelium at the correct embryonic stage, and contains fully functional thymus- and parathyroidfated domains. The thymic rudiment, however, fails to migrate
into the thoracic cavity. In E13.5 embryos that lack ephrin-B2
expression on NC-derived cells, the thymus and parathyroid
rudiments remain attached to each other, whereas in adult mice,
they can be isolated as individual structures, indicating that there
is a delay in separation of these two organs.
Our data suggest that a primary defect in the rate of migration is
the main mechanism for the ectopic location of the thymus in adult
NCC-speciﬁc ephrin-B2−/− mutant mice. It is possible that during
its descent, the rudiment may leave behind fragments in some
strains, leading to the cervical thymi described before, an extreme
manifestation of which are the mutants we present here (37, 38).
However, in mice deﬁcient for ephrin-B2 expression on NCCs, two
contralateral thymic structures were present, along with lymph
nodes. Importantly, we found no additional lymphoid structures
containing double-positive T cells that would indicate the presence
of extra cervical thymic lobes. The ectopic thymi exhibited a very
similar cellularity to the thoracic thymus of wild-type mice, unlike the cervical thymic structures that were much reduced in size
(Fig. 1). Moreover, H&E-stained sections of ectopic thymus indicated the presence of multiple thymic lobes similar to the thoracic thymus and in contrast to the cervical thymus that was previously published (Fig. S9A). Thus, we think it unlikely that the
ectopic structures observed in the mice described in this report are,
in fact, enlarged cervical thymi such as those described before.
Signaling mutants, which only block reverse signaling by disrupting the postsynaptic density protein/Drosophila discs large
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derived cells changes their polarization and migration capacity,
possibly by abolishing signaling pathways downstream of EphB
receptors within these cells.

A

tumour supresssor/Zonula occludens-1 protein (PDZ) domain or
phosphotyrosine docking sites of ephrin-B2, showed no disruption
in thymus positioning, indicating that forward signaling through
EphB receptors is probably responsible for the observed phenotype (Fig. S9B). Signaling molecules downstream of Eph receptors include small GTPases of the Rho and Ras family, focal
adhesion kinase, and the JAK/STAT and PI3K pathways (39, 40).
Rho family molecules such as Rac mediate actin dynamics, which
control cell shape and movement by promoting the formation of
lamellipodia, ﬁlopodia, and stress ﬁbers (41–43). In vitro experiments described here showed that, in the absence of ephrin-B2
expression, polarization and migration of NC-derived cells are
defective. This phenotype was rescued by exposure of the mutant
cells to soluble ephrin-B2/Fc cross-linked with IgG, thus providing
a substitute ligand to activate the receptor. Together, these results
strongly suggest that signaling downstream of EphB receptors is
required for normal migratory behavior of thymic mesenchyme
and correct positioning of the thymus.
These data raise the possibility that the behavior of individual
cells might control the migration of the whole thymic rudiment in
a process analogous to collective cell migration described in other
organisms. During morphogenesis, a number of developmental
steps require collective migration: cells of the inner blastocyst
during morphogenesis (43), branching of epithelial sprouts (44),
migration of border cells (45), movement of epithelial cells at the
rim of the optic and thyroid placodes (46), and migration of the
lateral line in zebraﬁsh (47). This process requires that the migrating mass comprising cells that are tightly adhered to each other
by cell–cell junctions is dragged forward by the cells at the leading
edge, whereas the relative position of the cells within the group is
maintained (48). Thus, it is possible that signaling downstream of
Eph receptors contributes to the formation of lamelipodia by NCderived cells that protrude into the surrounding extracellular
matrix. Subsequent shortening of actin ﬁlaments then results in
retraction of the trailing edge and movement of the cell body,
which drags behind it the whole rudiment. It remains unknown
how the contractile force of the NCCs that surround the thymic
rudiment are sufﬁcient to move the whole anlagen. Thus, it will be
interesting to identify in the future the molecular cues that provide
directionality and mechanical forces in these processes.
In summary, our data show that ephrin-B2 expression on NCderived cells is required for the migration of the thymic primordium to its normal position in the thoracic cavity. However, the
loss of ephrin-B2 on NC-derived cells or TECs has no functional
consequence for T cell development. Individual NC-derived cells
from mutant thymuses show perturbed migration, showing a key
role of EphB receptors in cell motility. Furthermore, although
previously shown to be important for various functions in em1. Wallin J, et al. (1996) Pax1 is expressed during development of the thymus epithelium
and is required for normal T-cell maturation. Development 122:23–30.
2. Su D, Ellis S, Napier A, Lee K, Manley NR (2001) Hoxa3 and pax1 regulate epithelial cell
death and proliferation during thymus and parathyroid organogenesis. Dev Biol 236:
316–329.
3. Peters H, Neubüser A, Kratochwil K, Balling R (1998) Pax9-deﬁcient mice lack pharyngeal
pouch derivatives and teeth and exhibit craniofacial and limb abnormalities. Genes Dev
12:2735–2747.
4. Zou D, et al. (2006) Patterning of the third pharyngeal pouch into thymus/parathyroid
by Six and Eya1. Dev Biol 293:499–512.
5. Grifﬁth AV, et al. (2009) Increased thymus- and decreased parathyroid-fated organ
domains in Splotch mutant embryos. Dev Biol 327:216–227.
6. Revest J-M, Suniara RK, Kerr K, Owen JJT, Dickson C (2001) Development of the
thymus requires signaling through the ﬁbroblast growth factor receptor R2-IIIb. J
Immunol 167:1954–1961.
7. Foster K, et al. (2008) Contribution of neural crest-derived cells in the embryonic and
adult thymus. J Immunol 180:3183–3189.
8. Müller SM, et al. (2008) Neural crest origin of perivascular mesenchyme in the adult
thymus. J Immunol 180:5344–5351.
9. Hetzer-Egger C, et al. (2002) Thymopoiesis requires Pax9 function in thymic epithelial
cells. Eur J Immunol 32:1175–1181.
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bryonic development, here we show a role for Eph/ephrin signaling in the process of collective cell migration.
Experimental Procedures
Mice. Ephrin-B2Lx/Lx (31), Wnt1-Cre (33), Rosa26eYfp (34), IL7-Cre (32), Foxn1Cre (49), and C57BL/6 mice were bred at National Institute of Medical Research
(London). Ephrin-B2ΔV/ΔV and Ephrin-B25Y/5Y (50) mice were bred at Cancer
Research UK. Experiments were carried out according to UK Home Ofﬁce
regulations.
Stereo Microscopy. eYFP expression was analyzed using a Zeiss M2Bio (Carl
Zeiss) microscope. Pictures were obtained in Open Lab (Improvision), and
contrast was enhanced in Photoshop (Adobe).
Whole-Mount Immunohistochemistry. Embryos and organs were prepared for
imaging as previously described (7). Brieﬂy, tissues were ﬁxed, cut into 100-μm
sections, and stained with antibodies recognizing eYFP (Alexa Fluor 647; Invitrogen), Endomucin (D. Vestweber, Max Planck Institute for Molecular BioMedicine, Muenster, Germany), Desmin (Abcam), and appropriate secondary
antibodies against rat IgG and rabbit IgG (Alexa Fluor 594; Invitrogen).
Confocal Microscopy. For detection of immunoﬂuoresence, samples were analyzed using a Leica SP2 confocal (Leica). Confocal images are presented as
single sections or a 3D rendering of many serial sections in Volocity (Improvision).
Video Microscopy. Thymic rudiments from E13.5 Wnt1-Cre;Rosa26eYfp control
or Ephrin-B2Lx/Lx;Wnt1-Cre;Rosa26eYfp mutant embryos were dissected, digested with collagenase D (Roche), seeded in glass-bottomed dishes (MatTek), and
incubated for 2 h or overnight in serum-free Iscove’s Modiﬁed Dulbecco Medium with or without ephrin-B2/Fc cross-linked with IgG or EphB4/Fc as indicated on the ﬁgure. Images (Fig. 4) were obtained at 5-min intervals on
a Deltavision microscope. Images were analyzed in SoftWorx (Applied Precision) and Volocity (Improvision).
Flow-Cytometric Cell Sorting. NC-derived cells and TECs were analyzed by
digesting the thymus with collagenase D. The resulting cell suspension was
stained with antibodies against ephrin-B2, EphB4 (R&D Systems), CD45, CD4,
CD8, TCRβ, and CD19 (eBiosciences). Samples were acquired on a FACS Calibur
(BD Biosciences) and analyzed in FlowJo (TreeStar).
In Situ Hybridization. In situ hybridization for Crabp1, Foxn1, and Gcm2 was
performed on 10-μm parafﬁn sections as previously described (51).
H&E Sections. Whole embryos were processed for parafﬁn sectioning and
stained with H&E.
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