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Summary

The signals directing primordial germ cell (PGC) mi-
gration in vertebrates are largely unknown. We dem-
onstrate that sdf-1 mRNA is expressed in locations
where PGCs are found and toward which they migrate
in wild-type as well as in mutant embryos in which
PGC migration is abnormal. Knocking down SDF-1 or
its receptor CXCR4 results in severe defects in PGC
migration. Specifically, PGCs that do not receive the
SDF-1 signal exhibit lack of directional movement to-
ward their target and arrive at ectopic positions within
the embryo. Finally, we show that the PGCs can be
attracted toward an ectopic source of the chemokine,
strongly suggesting that this molecule provides a key
directional cue for the PGCs.

Introduction

Directional cell migration during early development and
adult life is crucial for the establishment of the embry-
onic body plan, organogenesis, and organ function.
Identification of the molecular cues governing cell mi-
gration in vivo is of major importance for understanding
development and for therapy in cases of diseases re-
sulting from aberrant cell movement. A useful model
system for studying the process of directional migration
is that of primordial germ cells (PGCs). In most organ-
isms, the formation of a functional gonad depends on
the migration of PGCs from their site of specification to
the position where the somatic part of the gonad devel-
ops (Starz-Gaiano and Lehmann, 2001; Wylie, 1999,
2000). Therefore, the PGCs have to travel long distances
within the embryo, which itself undergoes complex pro-
cesses of morphogenesis and differentiation.

PGC migration has been studied in chick, mouse, Xen-
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opus, Drosophila, and zebrafish (reviewed in Starz-Gai-
ano and Lehmann, 2001; Wylie, 1999). These studies
showed that while migrating, PGCs interact with differ-
ent somatic structures in the developing embryo. These
structures can carry the PGCs along, as part of general
morphogenetic movements, repel them from certain re-
gions of the embryo, and attract them toward intermedi-
ate and final targets (Deshpande et al., 2001; Godin
et al., 1990; Jaglarz and Howard, 1995; Kuwana and
Rogulska, 1999; Starz-Gaiano et al., 2001; van Doren et
al., 1998; Weidinger et al., 1999, 2002; Zhang et al.,
1997). Yet, despite the fact that this migration process
has been studied for several decades in different model
organisms, the molecular nature of the actual signals
that direct PGCs toward their intermediate and final tar-
gets has remained unknown.

We have chosen to study PGC migration in zebrafish,
benefiting from the fast, extrauterine embryonic devel-
opment, the optical clarity, and the availability of mutant
strains and genomic tools. Previously, we have de-
scribed the migration path of zebrafish PGCs and ana-
lyzed the requirement for specific somatic structures in
allowing proper migration to take place (Weidinger et
al., 1999, 2002). As in other organisms, PGC migration
in zebrafish can be divided into several steps that appear
to rely on the integrity of specific somatic structures.
Nevertheless, even though PGC migration in zebrafish
has been described in great detail and the available data
support the notion that secreted factors are involved in
the process, the identity of such molecules was not
known (Braat et al., 1999; Weidinger et al., 1999, 2002;
Yoon et al., 1997).

In this work, we have identified the chemokine stro-
mal-cell-derived-factor (SDF)-1a as a pivotal component
guiding PGC migration. We show that sdf-1a is ex-
pressed in domains toward which the PGCs migrate
and that alterations in its expression pattern lead to
corresponding alterations in the migration route of the
cells. Importantly, inhibition of the translation of SDF-1a,
or its seven transmembrane G protein-coupled receptor
CXCR4b, lead to misguided PGC migration. Taken to-
gether, these findings indicate that SDF-1a and its re-
ceptor CXCR4b are key molecules directing the PGCs
toward their intermediate and final targets.

Results

SDF-1a Is Expressed in Regions toward Which

the PGCs Migrate, and Its Receptor Is

Expressed in the Migrating PGCs

In the course of a large-scale antisense oligonucleotide-
mediated knockdown screen for genes important for
PGC migration, we discovered that the seven-trans-
membrane G protein-coupled receptor CXCR4b (Chong
et al., 2001) plays a critical role in the directional migra-
tion of PGCs (see below). With significant relevance to
our work, it has been previously shown that CXCR4 and
its ligand, the chemokine SDF-1, are essential for stem
cell homing and mobilization (Peled et al., 1999b; Petit et
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Figure 1. Expression Patterns of cxcrdb and
sdf-1a

(A, C, E, and G) The distribution of the
CXCR4b transcripts in wild-type embryos
from gastrulation to mid-somitogenesis
stages. (A and C) During early gastrulation
the mRNA of the receptor is uniformly distrib-
uted. (E and G) Tissue-specific pattern is evi-
dent during somitogenesis stages when the
PGCs coexpress cxcrdb and a PGC-specific
RNA, nanos-1.

() The expression of the receptor persists in
the PGCs after they arrive at the region of the
gonad (arrowhead).

(B, D, F, and H) The expression pattern of sdf-
1a mRNA relative to the position of the PGCs.
(B and D) Expression of sdf-1 mRNA during
early gastrulation. (F) sdf-1a expression dur-
ing early somitogenesis. Depending on their
position at this stage, the PGCs migrate later-
ally or anteriorly (arrows). (H) During somito-
genesis, sdf-1ais expressed along the border
of the trunk mesoderm, in the somites, and
in specific domains in the head.

(J) By the end of the first day of development,
sdf-1a is expressed in the somites, in the
brain, and along the pronephric duct. In the
region where the gonad develops, a larger
number of cells express sdf-1a (arrowhead).
(K-M) Alterations in sdf-1a expression during
somitogenesis.

(N) sdf-1a is expressed in the lateral plate
mesoderm of the trunk lateral to the domain
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al., 2002), leuckocyte traffic (Aiuti et al., 1997; Baggiolini,
1998; Bleul et al., 1996a; Zou et al., 1998), neuronal cell
migration (Zou et al., 1998), nerve growth cone guidance
(Xiang et al., 2002), and determination of metastatic des-
tination of tumor cells (Muller et al., 2001; Murphy, 2001).
To establish direct relationships between this receptor
and PGC migration, we first analyzed the RNA expres-
sion patterns of this molecule and its ligand in relation
to the position of the PGCs at different steps of their
migration.

During early gastrulation stages, at the onset of PGC
migration, the cxcr4b RNA is uniformly distributed within
the embryo and is thus expressed also in the migrating
PGCs (Figures 1A and 1C). By the end of gastrulation,
the RNA is expressed in the PGCs that align along the
lateral plate mesoderm of the trunk and the border be-
tween the head and the trunk mesoderm (insert in Figure
1E). During somitogenesis stages, the PGC-specific ex-
pression of the receptor is evident in the clustered PGCs
(arrowheads and insert in Figure 1G) as well as in cells
migrating toward the clusters (small insert in Figure 1G).
At 24 hr postfertilization (hpf), the PGCs, found at the
anterior part of the yolk extension, strongly express
cxcrdb (arrowhead in Figure 1l). Thus, PGCs express
cxcrdb at the time when they migrate toward their clus-

expressing pax8.

(O and P) Two examples showing that the
position of the PGC clusters overlaps with
the anterior border of high sdf-1a expression
along the trunk mesoderm.

tering position and continue expressing it after arriving
at the site where the gonad will develop.

We next sought to determine whether the CXCR4b
ligand expression pattern is consistent with its putative
role in PGC migration. CXCR4 has been shown to bind
a single molecule, SDF-1, a CXC subfamily chemokine
(Baggiolini et al., 1997; Bleul et al., 1996a, 1996b), and
this ligand appears to interact exclusively with the
CXCRA4 receptor. We therefore cloned the zebrafish sdf-
1a gene, which encodes a protein that exhibits a high
level of conservation with the mouse SDF-1 protein (43%
identity at the amino acid level; see Supplemental Fig-
ure S1 at http://www.cell.com/cgi/content/full/111/5/
647/DC1).

Analysis of the sdf-1a spatio-temporal expression pat-
tern revealed a remarkable correlation with the PGC
localization at different developmental stages. Specifi-
cally, at the onset of gastrulation, sdf-1a is expressed
around the blastoderm margin with the exception of the
dorsal-most aspect of the embryo, coinciding with the
position where the PGCs are found at this stage (Figures
1B and 1D; Weidinger et al., 1999; Yoon et al., 1997).
During gastrulation and early somitogenesis, the PGCs
align along the lateral plate mesoderm of the trunk and
at the border between the head and trunk mesoderm
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(Weidinger et al., 1999), and at this stage too, the PGCs
are found mainly within domains of sdf-1a expression
(Figure 1F). At later stages, when the PGCs cluster at
the bilateral positions, strong expression of the ligand
is observed in the lateral plate mesoderm where the
PGCs are located (Figures 1H and 1N). During the last
step of migration, the PGCs migrate posteriorly to the
position where the gonad develops. Consistently, a high
level of sdf-1a RNA is detected at this position as well
(Figure 1J). In conclusion, we find a strong correlation
between the position of the PGCs at different stages of
their migration and the tissues expressing high levels
of sdf-1a transcripts.

If sdf-1a indeed acts as an attractant for the PGCs,
then one would expect that the dynamics of its expres-
sion pattern would mirror the migration pattern of these
cells. To test this notion, we looked more closely at
the expression pattern of the ligand at several stages
relative to concurring steps of PGC migration.

During early somitogenesis stages, the PGCs which
align along the tissues that express sdf-1a in the trunk
(steps llla and lllb in Weidinger et al., 1999; Figure 1F)
migrate toward the clustering positions (steps IV and V
in Weidinger et al., 1999; Figure 1F, arrows). Consistent
with a role for SDF-1a in directing this migration, we
find that its RNA is strongly expressed in a large number
of cells at the clustering position (Figure 1K). In addition,
in parallel to PGC migration toward the lateral clustering
sites (Figure 1F, horizontal arrows pointing left and right)
a reduction in the expression of the ligand at the first
somite is observed while the expression in lateral posi-
tions at the same anteroposterior level is enhanced
(compare Figures 1F and 1K). This presumably leads
to cell migration toward the adjacent lateral positions
expressing high levels of sdf-1a.

We then investigated another step of PGC migration
where the PGCs migrate posteriorly away from the posi-
tion where they initially cluster; that is, from the level of
the first three somites toward the anteroposterior level
of the eighth to tenth somites (step VI in Weidinger et
al., 1999, 2002). At this stage too, the expression of the
ligand is in perfect agreement with its proposed role
in directing the PGCs’ route of migration. Here, sdf-1a
expression in the lateral plate mesoderm progressively
recedes from the position of the first somites toward
more posterior somites in dynamics identical to that
observed for the posteriorly migrating PGCs (Figures
1K-1M; Weidinger et al., 1999). This striking correlation
between the expression pattern of the ligand and the
position of the PGCs can be visualized in double stain-
ings where the anterior border of sdf-1a coincides with
the position of the migrating cell cluster (Figure 10). This
pointis clearly demonstrated in Figure 1P where residual
sdf-1a expression can still be detected anterior to the
PGC cluster that has migrated toward the region ex-
pressing a higher level of the ligand.

Alterations in the Expression Pattern of sdf-1a

in Mutant Embryos Are Paralleled

by Abnormal PGC Migration

Based on the analysis of PGC migration in mutant em-
bryos that exhibit specific differentiation defects, we
have previously demonstrated that normal development
of certain structures within the embryo is essential for

proper PGC migration (Weidinger et al., 1999, 2002).
Therefore, we set out to reexamine some of those mu-
tants in an attempt to correlate the PGC migration de-
fects with possible altered expression pattern of the sdf-
1a gene in these embryos.

The spadetail (spt) gene, encoding a T box protein,
is important for normal development of trunk paraxial
mesoderm (Griffin et al., 1998). In spt mutant embryos,
the PGCs do not align along the border between the
head and the trunk mesoderm (step llla in Weidinger et
al., 1999), and as a result, some PGCs arrive at anterior
positions where they eventually cluster (Figure 2D; Wei-
dinger et al., 1999). Indeed, the abnormal PGC migration
pattern observed in spt mutant embryos coincides with
the altered expression pattern of sdf-1a. Specifically, at
the stage when the PGCs normally align between the
head and the trunk mesoderm, sdf-1a is not expressed
along this border as it is in wild-type embryos, thus
allowing some cells to reach anterior locations in the
embryo (arrowheads in Figure 2B). Consistent with the
proposed role for SDF-1a as an attractant for the PGCs,
while clustering occurs at the normal positions, the ec-
topic cells that arrive at the very anterior positions are
concentrated in a region where high levels of sdf-1a
mRNA can be detected (arrowhead in Figure 2D).

As we previously described, in spadetail and notail
(ntl) (spt;ntl) double mutant embryos, differentiation of
the somatic tissue at the clustering position is defective
as determined by marker gene expression, and conse-
quently, no PGC clustering occurs at the normal position
(Weidinger et al., 2002). In agreement with the proposed
role for SDF-1a in attracting PGCs toward the clustering
point, very low levels of sdf-1a RNA are detected at this
position in spt;ntl mutant embryos (compare Figure 2E
and Figure 2C).

Loss of function of the zebrafish chordin homolog
chordino, a BMP antagonist, leads to an expansion of
ventral-posterior tissues (Hammerschmidt et al., 1996;
Schulte-Merker et al., 1997). In chordino (din) mutant
embryos, starting at early somitogenesis stages, more
PGCs are found in the posterior positions (Weidinger et
al.,, 1999). Unlike the situation in wild-type embryos,
these cells never leave this region and are found in the
tail of 24-hour-old mutant embryos. The distribution of
sdf-1a provides the basis for the din PGC phenotype.
Here, instead of the posterior gap in sdf-1a expression
observed in wild-type embryos (Figures 2A and 2C), sdf-
1a is strongly expressed in the posterior-most part of
the mutant embryos (Figure 2F). This result is therefore
consistent with the idea that in wild-type embryos PGCs
migrate toward more anterior positions where the ligand
is expressed and eventually arrive at the clustering posi-
tion. The strong expression of the ligand in posterior
tissues of din mutant embryos therefore prevents the
anterior migration of PGCs and consequently they re-
main in the tail (Figures 2F and 2G). While we do not
know the basis for the ectopic posterior sdf-1a expres-
sion, a contributing factor to this phenomena could be
the abnormal cell movements in this mutant (Myers et
al., 2002). Specifically, the increase in nonconverging
ventral cells in this mutant could interfere with the elimi-
nation of the ventral sdf-1a expression.

The last step in PGC migration that we have analyzed
in mutant embryos is the migration of the cluster from
the original clustering site at the level of the first somites
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Figure 2. A Correlation between Specific Alterations in the Expression Pattern of sdf-1a in Mutant Embryos and the Direction of PGC Migration

(A) In wild-type embryos at 1 somite stage, the PGCs are found along the borders of the trunk mesoderm where sdf-1a is expressed.
(B) In spadetail embryos, the expression of sdf-1a along the border between the head and the trunk mesoderm is eliminated, thereby allowing

some cells to reach the head (arrowheads).

(C) In wild-type embryos at 12 somite stage, most of the PGCs are found in two cell clusters around the level of the fourth somite.
(D) At the same stage in spadetail embryos, PGCs that arrived at the head cluster ectopically in a region that exhibits a high level of sdf-1a

expression.

(E) In spadetail/notail double mutants, sdf-1a expression in the lateral plate mesoderm of the trunk is severely reduced, and consequently no

clustering occurs at the normal position.

(F) Posterior expression of sdf-1a in chordino mutant embryos (arrowheads point at posterior PGCs).

(G) In 24-hour-old chordino embryos, the ectopic cells are concentrated in regions expressing high levels of the ligand.

(H) In hands off mutant embryos, the expression of sdf-1a at the trunk lateral plate mesoderm is reduced (arrow).

(1) During subsequent somitogenesis stages in hands off mutants, sdf-1a expression continues to decline and a dispersed anterior PGC cluster

is observed.
(J) sdf-1a in a 24-hour-old wild-type embryo relative to the PGCs.

toward a more posterior position as well as anterior
migration of trailing posterior cells toward the region
where the gonad develops. We have previously found
that in hands off mutant embryos, which carry a mutation
in the bHLH transcription factor hand?2, the migration of
the PGC cluster posteriorly is disrupted (Weidinger et
al., 2002; Yelon et al., 2000). We therefore examined the
expression of sdf-1a in this mutant. From the 12 somite
stage and onward, the expression domain of sdf-1a be-
comes increasingly restricted in hands off mutant em-
bryos (compare Figure 2H, arrow, with Figure 2C), but
this has yet no effect on the cells that cluster normally
and align along the line defined by the expression pat-
tern of the gene. It is only at later stages that the level
of sdf-1ais reduced to a degree that leads to abnormal
migration (compare Figure 2| with Figure 2J). The severe
decline in the level of sdf-1a mRNA in the region where
the gonad should develop presumably results in inability

of the cluster to migrate posteriorly and of trailing poste-
rior cells to migrate anteriorly.

In conclusion, the expression analysis described
above in wild-type and mutant embryos shows a remark-
able correlation between the positions at which sdf-1a
is expressed at higher levels and positions toward which
the PGCs migrate during the first 24 hr of zebrafish
embryonic development. To examine more directly
whether CXCR4b and SDF-1a are functionally essential
for normal PGC migration, we studied the effect of
knocking down the activity of each one of them on the
migration process.

Knockdown of the Activity of CXCR4b

and of the SDF-1a Ligand Result in

Severe PGC Migration Defects

To determine how a reduction in the amount of CXCR4b
and the chemokine SDF-1a would affect PGC migration,
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Figure 3. Knockdown of CXCR4b and SDF-1a by Morpholinos Dis-
rupts PGC Migration without Affecting Their Identity

(A-C) him RNA is normally expressed in the PGC clusters of 14
somite stage control embryos as well as in ectopic PGCs in embryos
injected with a morpholino directed against cxcrdb or sdf-1a.
(D-F) PGCs in embryos injected with the control morpholino and
gfp-nanos-1 mRNA specifically protect the injected mRNA, similar to
ectopic PGCs in embryos injected with morpholino directed against
cxcrdb or sdf-1a.

(G-l) A GFP-Vasa fusion protein is subcellularly localized to perinu-
clear granules in the PGCs of control embryos similar to the localiza-
tion in ectopic cells in embryos injected with morpholino directed
against cxcrdb, or sdf-1a.

(J-L) Normal somatic development in embryos injected with the

we injected embryos with morpholino antisense oligonu-
cleotides (Nasevicius and Ekker, 2000) directed against
either one of these genes and examined the resulting
PGC distribution by in situ hybridization using different
PGC markers. Injection of these morpholino oligonucle-
otides (two different oligonucleotides were used for
each gene with similar results) resulted in a dramatic
migration phenotype where at mid somitogensis stages
most of the PGCs were randomly scattered in the em-
bryo (Figures 3A-3C).

Analysis of the morpholino-injected embryos using
different markers demonstrates that the abnormal phe-
notype reflects primarily migration rather than a PGC or
somatic differentiation defect. First, the ectopic PGCs
show normal expression of a PGC RNA marker, the
zebrafish h1m RNA (Figures 3A-3C; Miiller et al., 2002).
The regulation of h1m RNA tissue-specific expression
is unique considering that it is not incorporated into the
zebrafish germ plasm and is not subjected to “degrada-
tion-protection” regulation as seen in other PGC-spe-
cific genes (K6éprunner et al., 2001; Mdller et al., 2002;
Wolke et al., 2002). At the same time, the PGCs exhibit
normal expression of RNA molecules like nanos-1 (Fig-
ures 3J-3L) and vasa (data not shown) that characteristi-
cally reside in the germ plasm. Further, when a fusion
RNA between GFP and the 3’ untranslated region (3'-
UTR) of the nanos-1 gene was coinjected with the anti-
sense oligonucleotides, the abnormally migrating cells
were capable of specifically protecting this RNA from
degradation, thereby obeying to the degradation-pro-
tection rule of regulation as do the PGCs in control
embryos (Figures 3D-3F). Last, the knocked down PGCs
contained perinuclear granules, a characteristic feature
of germ cells (Eddy, 1974; Eddy and Ito, 1971; Hay et
al., 1988; Knaut et al., 2000; Schisa et al., 2001; Strome
and Wood, 1982). This point was demonstrated by ex-
pressing a Vasa-GFP fusion protein in the PGCs and
observing proper subcellular localization to the perinu-
clear granules whether the cells arrived at the gonad
region (Figure 3G; Wolke et al., 2002) or were found at
ectopic positions (Figures 3H and 3l).

While the reduction in the activity of SDF-1a or
CXCR4b results in severe migration defects, it is formally
possible that this effect is indirect, resulting from defects
in the differentiation of somatic tissues that normally
support PGC migration. Several lines of evidence argue
against this possibility. First, despite the adverse effect
on PGC migration, the morphology and development of
the embryos (e.g., Figures 3A-3l) appeared similar to
embryos injected with the control morpholino oligonu-
cleotides. To substantiate this point more rigorously, we
analyzed the injected embryos using different molecular
markers expressed in somatic tissues. Under the experi-
mental conditions that affected PGC migration, we could
not detect any obvious defects reflected by alteration
in gene expression. For example, the lateral border of

control morpholino or morpholinos against cxcrdb or sdf-1a as re-
vealed by the expression of sdf-1a mRNA.

(M) The PGC migration phenotype in embryos injected with morpho-
linos against the CXCR4b is reversed by specific expression of the
receptor in the PGCs.
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the mesoderm, the clustering point at the anterior trunk,
the developing somites, and specific structures in the
head were expressing sdf-1a in a pattern similar to that
in control embryos (Figures 3J-3L). Using other markers
for somatic structures such as MyoD (somites and adax-
ial cells), Pax8, and Pax2.1 (midhindbrain boundary and
pronephros), we did not detect any obvious abnormali-
ties in the injected embryos (data not shown).

To prove that the activity of CXCR4b is indeed re-
quired specifically in the PGCs, we coinjected embryos
with a morpholino against the receptor and different
amounts of cxcrdb-nanos-1 RNA lacking the morpholino
binding site. This way we targeted specific expression
of CXCR4b to the PGCs in embryos globally depleted
of the protein (see Experimental Procedures and Kop-
runner et al., 2001). Indeed, small amounts of this RNA
were sufficient to reverse the morpholino-induced phe-
notype, allowing all of the PGCs to arrive at the region
of the gonad in most of the embryos (Figure 3M). Inter-
estingly, when high amounts of the RNA were injected,
PGC migration appeared abnormal, presumably due to
basal level of signaling of the overexpressed receptor.

Taken together, these experiments show that
CXCR4b activity in PGCs is important for their direc-
tional migration. This finding allows us now to follow the
chemokine-dependent migration in live embryos and to
evaluate the effects of loss of this signaling pathway on
cell behavior.

Alterations in the Level of the SDF-1 Signaling
Interferes with Directional PGC Migration
To account for the abnormal distribution of the cells in
which the chemokine signaling level was altered, we
first analyzed PGC migration in knocked down embryos
at low magnification using time-lapse microscopy. A
detailed description of the effects of this treatment on
the dynamics of cell behavior and cytoskeletal architec-
ture will be presented elsewhere (M.R-F., M.D., and E.R.,
unpublished), but a clear phenotype is evident already
at this level of resolution. The PGCs in which the chemo-
kine signaling was knocked down were capable of mi-
grating relative to their neighboring somatic cells (Fig-
ures 4A-4C). However, in sharp contrast to the directed
migration of wild-type PGCs toward the borders of the
trunk mesoderm, the knocked down cells exhibit irregu-
lar nondirectional movement (Figures 4A-4C and see
Supplemental Movies S1-S3 at http://www.cell.com/
cgi/content/full/111/5/647/DC1). As a result, the cells
remained in regions that they normally vacate, such as
the segmental plate and the notochord, and exhibit no
specific anteroposterior positioning.

To observe the cellular morphology and movement at
a higher resolution, individual cells whose membrane
was labeled with GFP were examined at higher magni-
fication. Here again, a clear difference was observed
between the knocked down PGCs and the control. Al-
though PGCs depleted of CXCR4b generated lamelli-
podia, in striking contrast to control cells, these cellular
protrusions extended in multiple directions, leading to
a nonpolarized appearance of the cells (Figures 5A and
5B and see Supplemental Movies S5 and S6 at http://
www.cell.com/cgi/content/full/111/5/647/DC1). Similar
apolar cellular behavior was observed when the SDF-
1a level was reduced (data not shown).

The Chemokine SDF-1 Directs PGC Migration

The migration phenotype described above is consistent
with the notion that SDF-1a functions by introducing a
bias in the direction of cell migration, leading the PGCs
toward the source of the ligand. A prediction of this
proposal is that expression of the ligand at high levels
within the PGCs themselves would interfere with their
ability to detect the endogenous signal. Indeed, overex-
pression of the ligand in the PGCs results in pronounced
migration defects in otherwise wild-type embryos (Fig-
ure 4D and see Supplemental Movie S4 at http://
www.cell.com/cgi/content/full/111/5/647/DC1). Specifi-
cally, PGCs overexpressing the ligand exhibit limited
migration relative to their somatic neighbors and form
cellular protrusions all around the circumference of the
cell. As a result, the PGCs overexpressing SDF-1a are
randomly distributed within the embryo (Figure 4D). In-
terestingly, the morphology of the cellular extensions in
this case was different from that of the knocked down
cells. PGCs overexpressing the SDF-1a develop longer
and thinner cellular extensions (Figure 5C and Supple-
mental Movie S7), suggesting that high level of CXCR4b
activation promotes the stabilization of these protru-
sions.

In view of these results, coupled with the strong corre-
lation between the expression pattern of SDF-1a and the
direction of PGC migration, it is reasonable to consider
SDF-1a as the molecule that attracts the PGCs toward
their intermediate and final targets. To examine this as-
sumption, we designed experiments in which the endog-
enous SDF-1a activity was inhibited and tested the abil-
ity of exogenously introduced SDF-1a to attract the
PGCs to ectopic positions (Figure 6).

To overcome the activity of the endogenous SDF-1a,
we inhibited its translation by injecting specific anti-sdf-
1a morpholinos into 1 cell stage embryos as well as
mRNA encoding EYFP fused to the nanos-1 3'-UTR for
the purpose of labeling the PGCs. We then raised the
embryos to the 32 cell stage and injected cells with
morpholino-resistant sdf-1a mRNA and with mRNA en-
coding the ECFP protein, thereby generating an ECFP-
and SDF-1a-expressing clone of cells. The ability of the
EYFP-labeled PGCs to arrive at areas in the embryo
expressing high level of SDF-1a (marked by ECFP ex-
pression) was monitored and compared to that in control
experiments. Indeed, while the cells exhibited random
distribution with respect to the ECFP expression in the
control experiment in which SDF-1a was knocked down
(Figures 6B and 6E), they specifically arrived at regions
in which SDF-1a was expressed (Figures 6C and 6E).
Furthermore, the ability of the PGCs to respond to the
exogenously supplied SDF-1a depended on the expres-
sion of CXCR4b. Injection of anti-cxcrdb antisense oli-
gonucleotides at the 1 cell stage interfered with the
directed PGC migration toward the SDF-1a source (Fig-
ures 6D and 6E).

Discussion

Starting their migration from random positions within the
embryo, zebrafish PGCs execute a number of migration
steps, passing through several intermediate targets on
their way toward two clustering positions on either side
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of the body axis in the region where the gonad will be
formed. In this study, we provide strong evidence for
the involvement of the chemokine SDF-1a in providing
directional information to the migrating cells.

The expression pattern of SDF-1a perfectly overlaps
with the positions toward which the PGCs migrate, and
alterations in the expression pattern of SDF-1ain mutant
embryos lead to a predictable migration phenotype. Fur-
thermore, reduction in the level of SDF-1a or of its puta-
tive receptor CXCR4b results in migration defects. Last,
we show that migration of the PGCs can be redirected
toward sites of ectopically expressed SDF-1a. Our inter-

D

SDF-1-OEX

Figure 4. Alterations in the Level of the SDF-
1a Signaling in the PGCs Result in Nondi-
rected Cell Migration as Revealed by Time
Lapse Analysis

(A) In embryos injected with control morpho-
lino, the PGCs migrate toward the border be-
tween the head and the trunk mesoderm.

(B and C) Inhibiting the translation of the
cxcrdb or sdf-1a mRNA results in random mi-
gration with cells arriving at ectopic positions.
(D) Overexpression of SDF-1a in the PGCs
leads to a similar phenotype. In each image,
four time points are shown, representing 3 hr
of development starting at late gastrulation
(80% epiboly). In each image, the filmed em-
bryo is shown at the end of the first day of
development. In the experimental embryos,
two individual cells were artificially colored in
red and green (B-D). The filmed embryos
were injected with gfp-nanos-1 mRNA, lead-
ing to GFP expression in their PGCs, and ex-
press GFP under the control of the goosecoid
promoter, which labels their axial mesoderm
(see corresponding Supplemental Movies
S1-S4 at http://www.cell.com/cgi/content/
full/111/5/647/DC1).

pretation of these findings is that SDF-1a acts as a
natural chemoattractant for zebrafish PGCs. A formal
possibility is that SDF-1a is not the actual attractant,
but rather that the chemokine signal leads to the produc-
tion of another molecule that acts as the actual cue
for the PGCs. We consider the idea of such a relay
mechanism unlikely. First, consistent with our model, in
a wide range of experimental systems, SDF-1 has been
shown to act as the chemotactic factor per se, directing
cells toward their target. Second, we observe exceed-
ingly tight temporal relationships between the RNA ex-
pression of SDF-1a and the cellular response, a finding
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Figure 5. Alterations in the Level of the SDF-
1aSignaling Affects PGC Polarity and Cellular
Morphology as Revealed by High-Magnifica-
tion Time Lapse Analysis

(A) Migrating PGCs are characteristically po-
larized, exhibiting protrusions that are ex-
tended primarily in the direction of their
movement (indicated by arrowheads) and are
normally elongated in shape.

(B) Inhibition of cxcrdb translation leads to
apolar cell morphology.

(C) Overexpression of SDF-1a in the PGCs
similarly leads to loss of polarity with cellular
extensions that appear longer and more elab-
orate. In each image, snapshots from a time
lapse video recorded over 9 min (see Supple-
mental Movies S5-S7 at http://www.cell.
com/cgi/content/full/111/5/647.DC1).

that renders a relay mechanism less likely. Third, our
ability to redirect cells toward ectopic positions by
applying SDF-1a to these positions and to misguide
the PGCs by expressing the ligand within them is less
compatible with a relay mechanism in which a vast array
of cell types would be required to be capable of mediat-
ing this process. Last, restoring the activity of CXCR4b
specifically in the PGCs was sufficient to reverse the
abnormal migration phenotype in embryos globally de-
pleted for the receptor, providing further support to the
notion that the activity of the receptor is required in the
migrating cells themselves.

The PGCs appear to be very sensitive to changes in
the level of SDF-1a protein, which is reflected by the
tight correlation between high sdf-1a expression and
the position of the cells or their direction of migration.
This high sensitivity of the cells to small changes in
the attractant level is consistent with studies revealing
particularly high potency of SDF-1-mediated lympho-
cyte chemoattraction relative to other chemokines (Bleul
et al., 1996a). Such high sensitivity of the responding
cells to SDF-1a allows precise migration of PGCs toward

their target despite complex and sometimes opposing
morphogenetic movements that occur at the same time
during development (Weidinger et al., 1999). The robust
manner in which SDF-1a guides PGCs was demon-
strated here by its ability to attract PGCs to ectopic
locations. Conversely, PGCs transplanted into the ani-
mal pole of the zebrafish blastula, a region normally
devoid of PGCs, are able to arrive at the correct position
by the end of the first day of development (Ciruna et al.,
2002), notwithstanding the ectopic origin of migration
and the coinciding complicated gastrulation movements
in the embryo. Analogously, the potency of SDF-1 en-
ables efficient stem cell homing and mobilization (Peled
et al., 1999b; Petit et al., 2002) and leuckocyte traffic
(Aiuti et al., 1997; Baggiolini, 1998; Bleul et al., 1996a;
Zou et al., 1998). It will be interesting to determine if the
analogy between zebrafish PGC migration and leuko-
cyte trafficking can be extended to other levels such as
regulated cell adhesion, which plays an important role
in targeting of leukocytes (Campbell et al., 1998; Mazo
et al., 1998; Peled et al., 1999a; Springer, 1994).
Unlike other chemokines whose function and expres-
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Figure 6. PGCs Are Attracted toward an Ec-
topic Source of SDF-1a

(A) An embryo injected with control morpho-
lino and eyfp-nanos-1 RNA at 1 cell stage
and ecfp-globin at 32 cell stage. The EYFP-
labeled PGCs (black) are found at the normal
position.

(B) An embryo injected at the 1 cell stage with
SDF-1a-MO and eyfp-nanos-1 mRNA, fol-
lowed by a later injection of ECFP mRNA into
cells at the 32 cell stage. The PGCs are ran-
domly distributed with respect to the ECFP-
expressing clone of cells (pseudocolors of
red and white represent high and higher lev-
els of ECFP expression, respectively).

(C) Top: an embryo injected at the 1 cell stage
with SDF-1a-MO and eyfp-nanos-1 mRNA
followed by injection of cells at the 32 cell
stage with ECFP and morpholino-resistant
sdf-1a mRNA. The PGCs are preferentially
found in close proximity to the ECFP- and
SDF-1a-expressing cells (pseudocolors rep-
resent the levels of ECFP- and therefore SDF-
1a expression). Bottom: high-magnification
pictures of the head region (left) and the noto-
chord (right) of a different embryo treated as
above.

(D) An embryo injected at the 1 cell stage with
SDF-1a-MO, CXCR4b-MO, and eyfp-nanos-1
mRNA followed by injection of cells at the 32
cell stage with ECFP and morpholino-resis-
tant sdf-1a mRNA. In these embryos, many
PGCs are randomly distributed relative to the
ECFP-expressing clone of cells.

(E) Quantitative analysis of the experimental
results. In embryos treated as described in
(B), approximately 20% of the somatic cells
exhibit ECFP expression, and a similar pro-
portion (yellow bar, 21.5% *+ 6.4%) of PGCs
were found within the clone. In embryos
treated as described in (C), the PGCs are pref-
erentially found within the ECFP/SDF-1a-
expressing clone (red bar, 82.5% = 3.9%, p <
0.001 in t test). The attraction of PGCs toward
the SDF-1a clone is inhibited when CXCR4b
is knocked down (green bar, 38.4% =+ 4.5%,
p < 0.001 in t test).
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sion are centered around their role in leukocyte traffick-
ing, both SDF-1 and its receptor CXCR4 were found to
be expressed in a wide variety of cell types and tissues.
Consistently, mice lacking either the SDF-1 or its recep-
tor exhibit defects that extend beyond the immune sys-
tem, revealing roles for this chemokine in the genesis
of the circulatory and central nervous systems (Naga-
sawa etal., 1996; Tachibana et al., 1998; Zou et al., 1998).
Our finding that PGC migration depends on directional
signaling by SDF-1a allows us to model these processes
in a more accessible system at a higher resolution.
Furthermore, although embryos in which SDF-1a or
CXCR4b activity was knocked down did not exhibit in-
creased lethality or obvious somatic defects, given the
widespread expression of these genes, a thorough anal-
ysis of behavior of other cell types may reveal additional
requirements for SDF-1a and its receptor in zebrafish.

Our initial observations indicate that the activity of the
chemokine signaling pathway is not required for the
formation of the cellular extensions characteristic of mi-
grating cells, nor is it essential for the ability of the cell
to move. Rather, the most prominent feature of cells in
which SDF-1a function is inhibited is the loss of stable
cell polarity and directed cell migration. Consistent with
our findings, G protein-linked signaling has been shown
to polarize cells such as neutrophils that respond to
chemoattractants by polarizing the distribution of PIP;
and directed migration (Servant et al., 2000). The most
detailed understanding of establishment of cell polarity
in chemotaxis was obtained in Dictyostelium discoid-
deumn (reviewed in lijima et al., 2002; Parent and Dev-
reotes, 1999). In this model system, directional migration
toward the chemoattractant is also controlled by asym-
metric activation of a G protein-coupled receptor. This
is translated into asymmetrical distribution of PIP; by
spatially and temporally regulated production and sub-
sequent degradation of this phosphoinositide (Funa-
moto et al., 2002; lijima and Devreotes, 2002). In accor-
dance with our findings, an important conclusion
derived from studying chemotaxis in Dictyostelium is
that while directional sensing depends on receptor acti-
vation, the actual movement of the cell is independent
of it (Parent and Devreotes, 1999). An interesting avenue
of research would be to determine whether these strik-
ing similarities between Dictyostelium chemoattraction
and PGC migration includes the molecular cascade
downstream of the receptor. These questions can be
addressed now in vivo in the context of a live vertebrate
at a resolution approaching that obtained in Dictyoste-
lium.

As mentioned above, the process of PGC migration
takes place in many different organisms. The question
of whether PGC migration in these organisms is regu-
lated by molecular mechanisms similar to those de-
scribed here for the zebrafish remains open. While
strong tools are available for following PGC migration
in mouse (Anderson et al., 2000; Molyneaux et al., 2001),
they have not yet been applied to study mice deficient
for SDF-1 or for CXCR4. In addition, it is not clear
whether molecules that are functionally homologous to
SDF and its receptor are present in Drosophila. The
question of conservation is especially intriguing in the
chick (reviewed in Niewkoop and Sutasurya, 1979). In
this organism, following their segregation, the PGCs

penetrate the vascular system and are found in the ex-
traembryonic blood vessels and then in the blood circu-
lation of the embryo proper. The PGCs then leave the
blood vessels and begin to penetrate the gonadal epi-
thelium. This route of PGC migration is noticeably remi-
niscent of leukocyte trafficking, where the cells migrate
into and out of blood vessels to arrive at their target.
The involvement of attracting signals directing PGC mi-
gration in the chick has been suggested, for example,
by showing that an ectopically transplanted target tissue
is capable of attracting and then being colonized by
PGCs (Kuwana and Rogulska, 1999). In addition to seek-
ing a generalized concept underlying the findings pre-
sented here and PGC migration in other organisms, it
would be necessary to determine the relationships be-
tween SDF-1 signaling and the corresponding pathways
that are involved in PGC migration in other organisms
(Starz-Gaiano and Lehmann, 2001; Wylie, 1999, 2000).
For example, the possible relevance of lipid-metaboliz-
ing enzymes whose function is important for PGC migra-
tion in Drosophila (Starz-Gaiano et al., 2001; van Doren
et al., 1998; Zhang et al., 1996) should be investigated
in the fish. Similarly, the involvement of specific cell-cell
and cell-matrix adhesion molecules shown to partici-
pate in mouse PGC migration (Anderson et al., 1999;
Bendel-Stenzel et al., 2000) should also be examined in
the zebrafish system.

Besides their importance in normal processes such
as leukocyte migration and organ development, SDF-1
and CXCR4 have been shown to be involved in several
pathological conditions. CXCR4 plays a central role in
T cell accumulation in rheumatoid arthritis synovium
(e.g., Buckley et al., 2000; Gu et al., 2002; Nanki et al.,
2000), it determines the metastatic destination of tumor
cells (Muller et al., 2001), and it acts as a coreceptor for
the HIV-1 entry and membrane fusion with the target
cell (Muller et al., 2001). Using the available genetic and
genomic tools in zebrafish as a model for these diseases
would enhance our understanding of these disorders.
Moreover, compounds that may provide a possible pro-
spective treatment for conditions of this kind (e.g., Mat-
thys et al., 2001; Schols et al., 1997a, 1997b) could be
screened for, using PGC migration as an in vivo assay
for the SDF-1-CXCR4 signaling pathway (Peterson et
al., 2000).

Experimental Procedures

Cloning of CXCR4b and SDF-1a

The cxcrdb (Chong et al., 2001) cDNA was PCR amplified from early
somitogenesis AB cDNA using the primers 5-CCGGACTTAT
TGCGCCTTT-3' and 5'-TGATTTTTAGGTTTTATTATGAAATGG-3'.
Another cxcrd gene, the cxcrd4a (Chong et al., 2001), has been pre-
viously described. Based on the expression pattern of this gene
and the fact that inhibition of its translation does not affect PGC
migration, we consider it unlikely that it plays a role in this process.
The cDNA of sdf-1a (GenBank accession number AY147915) was
amplified from early somitogenesis AB cDNA using the primers 5'-
CAGTGCGGATCTCTTCTTCA-3' (forward) and 5'-AAACACGGAG
CAAACAGGAC-3' (reverse) based on expressed sequence tags
(ESTs) sequences identified using BLAST search for molecules ho-
mologous to the mouse sdf-1. An EST for another sdf-1-related gene
was identified (termed sdf-1b, accession number BM070896). Based
on the expression pattern of this gene and the fact that its overex-
pression in the PGCs did not affect their migration, we consider it
unlikely that this gene is involved in PGC migration.
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Knockdown Experiments
Two nonoverlapping morpholino oligonucleotides were used to in-
hibit the translation of cxcrdb with similar results: R4b-1-MO TGC
TCAAAAAGGTGCAATAAGTCCG and R4b-2-MO AAATGATGCTAT
CGTAAAATTCCAT. As a control, a morpholino oligonucleotide that
includes four mismatching bases was injected: R4b-2-CO-MO AAT
TGAAGCTATCGTAATATTGCAT. To inhibit the translation of sdf-1a
mRNA, two different morpholino oligonucleotides were used with
similar results: SDF-1a-1-MO 5'-CTACTACGATCACTTTGAGATC
CAT-3' and SDF-1a-2-MO 5'-TTGAGATCCATGTTTGCAGTGTGAA-3'.
For the knockdown experiments, 0.4 pmol of these morpholino
oligonucleotides dissolved in 10 mM HEPES (pH 7.6) were injected
into 1 cell stage embryos.

Construction of RNA Expression Vectors and RNA Synthesis
gfp-nanos-1 is a construct that includes the mmGFP open reading
frame (ORF) (Siemering et al., 1996) fused to the 3'-UTR of the
nanos-1 gene as previously described (Korpuner, 2001). Injection
of RNA generated from this construct results in specific GFP expres-
sion in the PGCs.

yefp-nanos-1-3'-UTR is a construct similar to gfp-nanos-1, with
YEFP replacing the mmGFP ORF.

vasa-gfp-nanos-1 is a construct that encodes a fusion between
Vasa and mmGFP ORFs as previously described (Wolke et al., 2002),
with the 3'-UTR of vasa exchanged for that of the nanos-1 gene.
The resulting fusion protein is subcellularly localized to perinuclear
granules in the PGCs (Wolke et al., 2002).

Farnesylated egfp-nanos-1 is a construct that was cloned for the
purpose of targeting GFP expression to the membrane of PGCs
(Weidinger et al., 2002).

cefp-globin was made by CEFP cloned into pSP64T. Injection of
RNA produced from this construct leads to CEFP expression in cells
that inherit it.

For cxcrdb-nanos-1, the CXCR4b ORF was fused to the 3'-UTR
of nanos-1 for the purpose of expressing the protein specifically in
PGCs. The coding region of cxcr4b was amplified by PCR using the
primers 5'-AAAGGATCCGAACAAAATGGAATTTTACGATAGC-3' and
5'-AAACTCGAGACATGCACACACTAACTCGTCA-3’ and was cloned
upstream of the nanos-1 UTR.

For sdf-1a- nanos-1, the SDF-1a ORF was fused to the 3'-UTR
of nanos-1 for the purpose of overexpressing the protein in PGCs.
The coding region of sdf-1a was amplified by PCR using the primers
5'-AAAGGATCCAACATGGATCTCAAAGTG-3’ (forward) and 5'-AAA
CTCGAGTTAGACCTGCTGCTGTTG-3' (reverse). The sdf-1a coding
region was cloned into the gfp-nanos-1 construct replacing the
GFP ORF.

Morpholino-resistant sdf-1a-globin was used for ectopic expres-
sion of SDF-1a in SDF-1a-MO-injected embryos. The SDF-1a ORF
was amplified using the primers 5'-AAAGGATCCAACATGGACTT
GAAGGTCATCGTAGT-3' (underline, nucleotide exchanges relative
to the wild-type sdf-1a which should eliminate the binding of the
SDF-1a-MO-1) and 5'-AAAACTAGTTTAGACCTGCTGCTGTTG-3'.
The amplification product that encodes a wild-type SDF-1a was
cloned into CEFP-globin construct replacing the CEFP ORF.

Phenotypic Rescue and Overexpression Experiments
To express CXCR4b specifically in the PGCs in embryos globally
depleted of CXCR4b, embryos were coinjected at 1 cell stage with
0.4 pmol of R4b-1-MO and different amounts of cxcrdb-nanos-1
and gfp-nanos-1 RNA. The injected amounts of cxcrdb-nanos-1
were 0, 2, 10, 20, 50, 100, and 200 pg per embryo, and the total
amount of injected RNA was supplemented with gfp-nanos-1 to 300
pg. For each combination, 40 embryos or more were analyzed. The
cxcrdb-nanos-1 RNA lacks the sequence recognized by the
R4b-1-MO.

For SDF-1a overexpression in the PGCs, embryos were injected
at 1 cell stage with 100 pg sdf-1a-nanos-1 RNA.

Whole-Mount In Situ Hybridization

One- and two-color in situ hybridization was performed as pre-
viously described (Jowett and Lettice, 1994) with modification ac-
cording to Hauptmann and Gerster (1994) and Weidinger et al.
(2002). The following probes were used: cmic2 (Yelon and Stainier,

1999), cxcrdb (Chong et al., 2001), myoD (myod; Zebrafish Informa-
tion Network) (Weinberg et al., 1996), nos1 (Képrunner et al., 2001),
ntl (Schulte-Merker et al., 1994), pax2.1 (pax2a; Zebrafish Informa-
tion Network) (Krauss et al., 1991), pax8 (Pfeffer et al., 1998), and
sdf-1a (this work).

Time Lapse Analysis of PGC Migration

For the time lapse analysis at low magnification (Figure 4, 10X
objective), the PGCs were labeled by microinjection of 150 pg gfp-
nanos-1 RNA (Koéprunner et al., 2001) into embryos obtained by
mating wild-type AB females with goosecoid-GFP transgenic males.
The embryos were oriented in 1.5% agarose ramps and overlaid
with 0.3X Danieau’s solution (Westerfield, 1995). The time lapse
movies were generated using the Metamorph software (Universal
Imaging) controlling a Zeiss Axioplan2 microscope. Pictures were
taken at 1 min intervals. For the time lapse analysis at high magnifi-
cation (Figure 5, 63X objective), wild-type embryos were microin-
jected with 140 pg of farnesylated -egfp-nanos-1 RNA leading to
GFP expression in the membrane of the PGCs. To obtain faint label-
ing of somatic cells, 2 pg farnesylated egfp-globin was also injected.
Pictures were taken at 10 s intervals.

Ectopic Expression of SDF-1a
To express SDF-1a in ectopic positions in the embryo, the embryos
were injected at the 1 cell stage with 0.4 pmol SDF-1a-1 MO, 0.2
pmol R4b-2-CO-MO, and 120 pg YEFP-nanos-1-3'-UTR RNA. The
embryos were raised to the 32 cell stage and cells were injected
with 100 pg morpholino-resistant sdf-1a-globin RNA and 100 pg
cefp-globin RNA. As a control, the embryos were treated at 1 cell
stage similarly to the experimental embryos and at 32 cell stage
were injected only with 200 pg cefp-globin RNA. As a second control,
the embryos were injected at 1 cell stage with 0.4 pmol SDF-1a-
MO, 0.2 pmol R4b-2-MO, and 120 pg yefp-nanos-1 and at the 32
cell stage were treated as the experimental embryos. The injected
embryos were photographed at around 24 hpf using ECFP and EYFP
specific fluorescent filters. Pseudocolors were used to improve the
visualization of the fluorescence intensities. The proportion of PGCs
in contact with red and white spots that correspond to high and
higher intensities, respectively, of ECFP (and therefore of SDF-1a)
was counted and the results were analyzed using student’s t test.
Additional information regarding experimental procedures is pro-
vided in the Supplemental Data at http://www.cell.com/cgi/content/
full/111/5/647/DC1.
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