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uring animal development, SDF1 simultaneously
guides various cell types to different targets. As
many targets are in close proximity fo one an-
other, it is unclear how the system avoids mistargeting.
Zebrdfish trigeminal sensory neurons express the SDF1
receptor Cxcr4b and encounter multiple SDF1 sources
during migration, but ignore all but the correct one. We
show that miR-430 and Cxcr7b regulation of SDF1a are
required for precise guidance. In the absence of miR-430

Introduction

During development the vertebrate embryo organizes cells into
tissues and organs. To achieve this organization, thousands of
cells must migrate from their birthplaces to their final destina-
tions. During their journey, cells follow guidance cues that lead
them to their different destinations. In contrast to the large num-
ber of migrating cells, there are relatively few guidance cues.
How a small number of cues can guide a large number of cells
to different destinations at the same time without creating con-
fusion is unclear.

The chemokine SDF1 (also known as CXCL12) is one of
these cues. SDF1 signaling through the G protein—coupled re-
ceptor CXCR4 (Bleul et al., 1996; Oberlin et al., 1996) attracts
many classes of cells (Tiveron and Cremer, 2008) that migrate
concurrently and in close proximity to each other to different
destinations. Classical models of chemotaxis in Dictyostelium
discoideum have suggested that chemoattractants form long-
range concentration gradients that guide migrating cells (Van
Haastert and Devreotes, 2004). Consistent with such models,
misexpression studies have demonstrated that SDF1 can act
as a long-range attractant (Blaser et al., 2005; Li et al., 2008).

Correspondence to Holger Knaut: holger.knaut@med.nyu.edu

Abbreviations used in this paper: BAC, bacterial artificial chromosome; hpf,
hours postfertilization; MHB, midbrain-hindbrain boundary; TgSN, trigeminal
sensory neuron; TSA, tyramide signal amplification.

The Rockefeller University Press  $30.00
J. Cell Biol. Vol. 200 No. 3  337-355
www.jcb.org/cgi/doi/10.1083/jcb.201207099

or Cxcr7b, neurons responded to ectopic SDF1a sources
along their route and did not reach their target. This was
due to a failure to clear SDF1a transcript and protein
from sites of expression that the migrating neurons had
already passed. Our findings suggest an “attractive path”
model in which migrating cells closely follow a dynamic
SDF1a source that is refined on a transcript and protein
level by miR-430 and Cxcr7b, respectively.

However, it is difficult to imagine how migrating cells that rely
on long-range attraction could distinguish between different
SDF1 sources.

To address this question, we analyzed the migration of tri-
geminal sensory neurons (TgSNs). TgSNs are born from neural
crest and placodal cells and assemble into two bilateral ganglia
(Baker and Bronner-Fraser, 2001). Neurons within the ganglia
extend peripheral axons underneath the skin to detect mechani-
cal, thermal, and chemical stimuli on the head, and they relay
this information through central axons to the hindbrain (Davies,
1988). In zebrafish, TgSNs are initially distributed as single
cells or small clusters of cells along the anterior—posterior axis
lateral to the midbrain—hindbrain boundary (MHB). This stripe-
like arrangement changes as neurons move posteriorly past the
MHB to the ganglion assembly site, against anteriorly directed
general tissue movements. The migration distance varies with
more anterior-born neurons migrating ~120 um and more pos-
terior-born neurons moving ~20 um. Correct trigeminal sen-
sory ganglion assembly requires the chemokine SDFla and
its receptor Cxcr4b. The TgSNs express Cxcrdb and migrate
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toward a local SDF1a source at the ganglion assembly site.
In the absence of SDF1a signaling, the TgSNs form one or
more displaced clusters rather than a single compact cluster,
whereas artificial SDF1a sources attract neurons to ectopic
sites (Knaut et al., 2005). TgSNs are born close to two differ-
ent SDF1a sources, one source at the trigeminal sensory gan-
glion assembly site and one source at the olfactory placode,
but respond only to the source at the ganglion assembly site.
Thus, these neurons efficiently distinguish between sources
of the same attractant, but the mechanisms that allow them
to do so are unclear.

Our results suggest that TgSNs follow the correct source
of SDF1a and ignore other nearby sources because they closely
associate with a dynamic SDFIa expression domain. Initially,
this expression domain delineates the migratory route. Over
time it gradually shifts toward the neuron assembly site. The
neurons track the shifting expression domain and, thus, are
led to their destination. We find that two processes facilitate
the rapid shift of the SDFIa expression domain. First, miR-
430 is required to clear SDFIa transcripts from sites of ex-
pression that the neurons have already passed. Second, Cxcr7b
is required to clear SDF1a protein from tissues the neurons
have already traversed. In the absence of either process, TgSNs
respond to ectopic sources of SDF1a and fail to reach their
destination. These results define synergistic pathways that
are required for precise cell guidance by a dynamic, attrac-
tive path of SDFla. We propose that this “attractive path”
model may explain how other shared guidance cues can di-
rect different cells to different destinations without causing
erroneous migration.

Results

TgSNs follow a shifting SDF1a

expression domain

To understand why TgSNs are attracted to the SDF1a expres-
sion domain at the future site of the trigeminal sensory gan-
glion rather than to other SDF1a expression domains, we used
HuC as a neuronal marker (Kim et al., 1996) to analyze the re-
lationship of migrating TgSNs to SDF1a mRNA-expressing
tissues. At the beginning of their migration, TgSNs are dis-
tributed bilaterally along the anterior—posterior axis between
the future sites of the olfactory placode (anterior to the neu-
rons) and the trigeminal sensory ganglion (posterior to the
neurons; Fig. 1 A). Coincident with the initiation of SDFla
mRNA expression at the future site of the olfactory placode
(Fig. 1, E-H, arrowheads), migrating TgSNs are closely as-
sociated with a stripe of SDF1a expression that extends from
the TgSNs to the ganglion assembly site (Fig. 1 B), prefigur-
ing the migratory route of the neurons (Fig. 1 E and Fig. S1 A).
As the neurons migrate, the anterior border of this SDFla
expression stripe shifts posteriorly, such that by 14—15 h post-
fertilization (hpf; 10-12 somite stage) the border has shifted
past the MHB to the ganglion assembly site (Fig. 1, C, D,
G, and H; and Fig. S1 B). Thus, the TgSNs are closely asso-
ciated with a shifting SDF/a expression domain throughout
their migration.
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miRNAs clear SDF1a mRNA and are
required for neuron migration

The anterior border of the SDFIa mRNA expression do-
main that the TgSNs follow shifts posteriorly by 50-100 pm
within 90 min (Fig. 1, F-H; and Fig. S1, A and B). Such a
rapid change in expression likely requires efficient clear-
ance of SDFIa transcripts from tissues that no longer ac-
tively transcribe SDFIa. One possible clearance mechanism
is miRNA-mediated mRNA degradation (Bartel, 2004). To
test this idea, we investigated SDF1a expression in relation
to the MHB, stained with pax2.1 (Krauss et al., 1991b; a), in
embryos that lack the maternal and zygotic contributions of
Dicer (MZdicer), an RNase required for the maturation of most
miRNAs (Bernstein et al., 2001; Grishok et al., 2001; Hutvagner
et al., 2001; Cheloufi et al., 2010; Cifuentes et al., 2010).
In contrast to 10-somite-stage wild-type embryos (Fig. 2 A),
the SDFla expression domain in stage-matched MZdicer
embryos fails to shift posteriorly. Instead, it extends beyond
the MHB (Fig. 2 B), resembling the SDF1a expression pat-
tern observed during neuron migration in wild-type embryos
(Fig. 1, B and F). We then analyzed the migration of TgSNs
in wild-type and MZdicer embryos at the 10-somite stage.
Using HuC to mark the neurons and the pax2./ expression
domain at the MHB as a positional landmark for assessing
correct migration, we found that TgSNs in MZdicer embryos
form one or more clusters displaced anteriorly toward the
eyes (Fig. 2 E) rather than single bilateral clusters as seen
in wild-type embryos (Fig. 2 D). Together, these data indi-
cate that miRNA-mediated clearance of SDFIa transcripts
from sites that the neurons have passed is required for cor-
rect migration.

mMiR-430 refines SDF 1a mRNA expression

The 3" UTR of an SDFIa transcript contains binding sites
for the miRNA miR-430 (Staton et al., 2011), which sug-
gests that miR-430 might mediate SDF1a refinement. To test
this notion, we resupplied miR-430 to MZdicer embryos and
found that it is sufficient to restore both the refinement of the
SDFla expression domain (Fig. 2 C) and TgSN migration
(Fig. 2 F). Although these observations are consistent with
the idea that lack of miR-430 regulation of SDFIa transcripts
underlies the defects observed in MZdicer embryos, miR-430
regulates many other mRNAs (Giraldez et al., 2006) that
could contribute to these defects. To interfere specifically
with miR-430-mediated regulation of SDF/a transcripts, we
used target protectors. Target protectors are antisense mor-
pholinos that are complementary to the miRNA binding site
in the transcript of interest (Choi et al., 2007) and should
disrupt interaction of an miRNA with a single target. In em-
bryos injected with a target protector against an miR-430
binding site in the SDFla 3" UTR (SDF1a-TP), we found
that the SDF/a mRNA expression domain fails to refine pos-
teriorly (Fig. 3 A) and has an anterior—posterior length of 130 +
3.0 um (Fig. 3 K) at the 10-somite stage. In embryos injected
with a control target protector morpholino (SDFa-ctrl-TP),
this domain refines to a length of 76 + 1.4 um (Fig. 3,
B and K). Consequently, TgSNs are often mislocalized along
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Figure 1. TgSNs follow a dynamic SDF1a expression domain. (A-D) SDFTa (blue) and HuC (brown, TgSNs indicated by black arrows) mRNA distribu-
tion in 6-, 8-, 10-, and 12-somite-stage embryos. TgSNs are initially distributed along the anterior—posterior axis (A). They gradually move posterior (B)
until they assemble in tight bilateral clusters lateral and posterior to the MHB (asterisks in A-D) by the 10-somite stage (C) and cease migration (D). SDF1a
mRNA-expressing cells were often found in close association with migrating TgSNs (arrow in B), but SDF Ta mRNA in this region was never detected further
anterior than the anterior-most TgSN (arrowhead in B). (D-G) 6-, 8-, 10-, and 12-somite-stage embryos stained for SDF 1a mRNA only so that TgSNs do
not obscure the SDFTa expression domain. Shown is the dynamic SDF 1a expression domain (bracket in E-H) that delineates the TgSN migration route.
In relation to the anterior border of rhombomere 2 (red arrow in E-H), the anterior border of the SDF 1a expression domain gradually shifted posteriorly
(F and G) to come to lie posterior to the ganglion assembly site by the 10- and 12-somite stages (G and H). Arrowheads in E-H denote SDF1a mRNA
expression at the site of the future olfactory placode, a location to which trigeminal sensory neurons are not normally attracted. Dorsal view, anterior to
the left. See also Fig. S1. Bar, 100 pm.
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the unrefined expression domain in SDF/a-TP embryos as Cxcr7b is required for TgSN migration

compared with SDFIa-ctrl-TP embryos (Fig. 3, C, D, and L;
and Table 1). First, these observations suggest that miR-430
clears SDFla transcripts from cells that no longer actively
transcribe the SDFla locus, preventing migrating neurons
from being retained at past sites of expression by protein
translated from remaining transcripts. Second, the stronger
neuronal migration defectin MZdicer mutants thanin SDFla-
TP embryos indicates that other miRNAs are required for
correct neuron migration, probably indirectly because mor-
phogenesis is also affected in MZdicer embryos (Giraldez
et al., 2005).

wild type

>
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HuC pax2.1

MZdicer

The requirement of miR-430-mediated SDF/a transcript clear-
ance suggests that correct TgSN migration requires tight spa-
tial and temporal control of chemokine distribution. Although
miR-430 clears SDFla transcripts from past sites of expression,
it does not clear SDF1a protein that has already been translated
and secreted. CXCR?7, the second SDF1 receptor, has been re-
ported to sequester SDF1 protein during germ cell and cortical
interneuron migration (Boldajipour et al., 2008; Naumann et al.,
2010; Sanchez-Alcaiiz et al., 2011). This suggests that CXCR7
could aid miR-430 in refining SDF1a protein expression dur-
ing TgSN migration. We analyzed the expression of the two

MZdicer + miR430

Figure 2. miR-430 refines SDF1a mRNA expression. 10-somite-stage embryos were stained for SDF 1a (blue, A-C) or HuC (blue, D-F) and pax2. T (brown)
mRNA fo visualize the SDFTa mRNA expression domain (A-C) or TgSNs (D-F) in relation to the MHB (asterisks), respectively. The bracket marks the
anterior—-posterior extent of SDF Ta mRNA expression in A-C. Arrows and arrowheads denote correctly positioned and mispositioned TgSNs, respectively,
in D-F. The red arrowhead in E denotes mispositioned neurons located close to the eye. Dorsal view, anterior to the left. (A and D) Uninjected wild-type
embryos. (B and E) Uninjected MZdicer mutant embryos. (C and F) MZdicer mutant embryos injected with miR-430 RNA. Bar, 100 pm.
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Figure 3. miR-430 is required for TgSN migration. 10-somite-stage embryos in A and B were stained for with SDF1a (blue) and pax2.1 (brown,
MHB marked with asterisks) mRNA. Embryos in C-J were stained for HuC (blue, neurons) and pax2.1 (brown, MHB with asterisks) mRNA. Arrows
and arrowheads in C-J denote correctly and incorrectly positioned TgSNss, respectively. Dorsal view, anterior to the left. (A and C) Wild-type embryos
injected with SDF1a-TP. (B and D) Wild-type embryos injected with SDF1a-ctrl-TP. (E and F) cxcr7b™/* embryos injected with SDF1a-TP or SDF T a-ctrl-TP.
(G and H) cxcr7b™"* embryos injected with SDF1a-TP or SDFTa-ctr-TP and a suboptimal dose of a translation blocking SDF1a morpholino. (I and J)
cxcr7b™/~ embryos injected with SDF1a-TP or SDF T a-ctrl-TP. (K) Quantification of the SDF 1a expression domain in SDF1a-TP embryos (n = 33) compared
with controls (n = 8 for SDF1actrl-TP, n = 16 for uninjected wild type). Anterior—posterior lengths in microns correspond to the bracketed region in A and B.
Student's ttest: P < 0.0001. (L) Quantification of TgSN positioning defects. Neurons adjacent or anterior to the MHB were defined as ectopic. Student’s
ttest: *** P =0.001; ****, P <0.0001. See also Table 1. Bar, 100 pm. Data are shown as mean + SEM (error bars).

zebrafish CXCR7 orthologues, cxcr7a and cxcr7b (Miyasaka
et al., 2007), in relation to the TgSN marker HuC. Cxcr7a and
cxcr7b are both expressed in the central nervous system during
TgSN migration: cxcr7a is expressed in parts of the midbrain
and the MHB (Fig. 4, A—C; and Fig. S2 A), whereas cxcr7b is
expressed in the midbrain, MHB, and rhombomeres 3, 5, and 6
of the hindbrain (Fig. 4, D-F; and Fig. S2 B). Additionally, we
observed low levels of ubiquitous cxcr7b expression in the tis-
sues through which TgSNs migrate (Fig. 4, E and F). Thus, both
cxcr7a and cxcr7b are expressed in the vicinity of migrating
TgSNs. In contrast to cxcr4b, however, neither of the cxcr7 para-
logues were detected in the TgSNs themselves (Fig. 4, arrows).

To test whether cxcr7a or cxcr7b is required for TgSN
migration, we reduced Cxcr7a function using antisense mor-
pholinos (Nasevicius and Ekker, 2000) and Cxcr7b function
using a cxcr7b mutant allele, in which the seven-transmem-
brane receptor is truncated after its first transmembrane do-
main (Fig. S3, A and B; Busch-Nentwich et al., 2010). In cxcr7a

morpholino-injected embryos, TgSN migration was indis-
tinguishable from control wild-type embryos (not depicted;
Fig. 5, A-D). In cexer7b™ embryos, however, TgSNs were
born in a pattern indistinguishable from wild-type embryos
(Fig. 5 E), but anterior-born neurons failed to migrate to join
posterior-born neurons at the ganglion assembly site, result-
ing in stretched, disorganized clusters (Fig. 5, F—H). These
neuronal clusters stretched from the normal ganglion assem-
bly site (Fig. 5 G, black arrow) to positions anterior to the
MHB (Fig. 5 G, black arrowhead ), delineating the migratory
route of the neurons. In some embryos, the stretched clusters
were split, and some neurons were found adjacent to the eyes
at the site where olfactory neurons assemble in response to
SDFla (Fig. 5 G, red arrowhead). Ectopic neurons persisted
to later stages and extended axons (Fig. S4), which suggests
that Cxcr7b activity is not required for neuron differentia-
tion. These observations indicate that cxcr7b is expressed
near TgSNs and is required for correct migration.
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Table 1. Quantification of neuron positioning defects in SDF1a-TP- and SDF1a-cirl-TP-injected embryos

Genotype Embryos with mispositioned Total embryos Total mispositioned neurons Severity Penetrance
neurons
%

Wild-type; SDF1a- 12 166 36 0.22 7.23
ctrl-TP

Mean 0.18

SD 0.9

SEM 0.06

Wild-type; SDF1a-TP 41 84 242 2.88 48.81

Mean 2.88

SD 4.83

SEM 0.53

Wild-type; SDF1a-TP; 28 74 198 2.68 37.84
SDF1a-AUG

Mean 2.68

SD 4.72

SEM 0.55

cxer7b™/*; SDF1a- 11 85 36 0.42 12.94
ctrl-TP

Mean 0.42

SD 1.23

SEM 0.13

cxcr7b~/*; SDF1a-TP 130 193 1143 5.92 67.36

Mean 5.92

SD 5.5

SEM 0.4

cxcr7b~/*; SDF1a-TP; 71 112 400 3.57 63.39
SDF1a-AUG

Mean 3.57

SD 4.05

SEM 0.38

cxer7b™/~; SDF1a- 31 31 506 16.32 100
ctrl-TP

Mean 16.32

SD 7.05

SEM 1.27

cxcr7b™/~; SDF1a-TP 21 21 496 23.62 100

Mean 22.25

SD 6.35

SEM 1.35

Mispositioned neurons were defined as neurons anterior or adjacent to the MHB at the 10-somite stage. Severity is defined as the average number of mispositioned
neurons per embryo. Penetrance is defined as the frequency of embryos with mispositioned neurons.

Cxcr7b and Cxcrdb mediate neuron
migration in distinct ways

Depending on the context, CXCR7 has been suggested to me-
diate cell guidance directly (Balabanian et al., 2005; Valentin
et al., 2007; Wang et al., 2011) or indirectly through clear-
ance of SDF1 protein (Boldajipour et al., 2008; Naumann
et al., 2010; Sanchez-Alcaiiiz et al., 2011). To distinguish
between these two roles for Cxcr7b during TgSN migration,
we first compared the cxcr4b and cxcr7b expression patterns.
Although cxcr4b is expressed in the migrating neurons (Knaut
et al., 2005), cxcr7b is expressed near the neurons and in the
tissues the neurons traverse (Fig. 4, D-F). Second, we com-
pared the distribution of TgSNs along the anterior-posterior
axis in wild-type, cxcr7b™"", cxcr4b™~, and SDF1b morpho-
lino—injected SDFla™’~ embryos (Fig. 5, A-P). For this com-
parison, the neurons were grouped into three categories based

on the location of each neuron relative to the MHB: neurons
located posterior to the MHB at the correct ganglion assem-
bly site, neurons adjacent to the MHB, and neurons anterior
to the MHB (Fig. 5, U and V; and Table 2; n > 20 embryos).
This analysis revealed that more TgSNs reached the ganglion
assembly site in cxcr7b~’~ embryos (Fig. 5, E-H) than in
cxcr4b™"~ embryos (Fig. 5, 1-L) or SDF1b morpholino—-injected
SDF1a™~ embryos (Fig. 5, M—-P), which suggests that Cxcr7b
and Cxcr4b facilitate TgSN migration in distinct ways.

If Cxcr7b acts as an SDF1a protein clearance receptor,
it should be required in the migration substrate. Conversely, if
Cxcr7b acts as a cell guidance receptor, it should be required in
the migrating neurons. To distinguish between these two pos-
sibilities, we generated genetic chimeras by cell transplantation
and analyzed TgSN positioning at the 12-somite stage (15 hpf;
Fig. 6 A). One caveat to this approach is that TgSNs interact and
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cxcr7a and cxcr7b are expressed during TgSN migration. (A-C) cxcr/a (blue) and HuC (brown) mRNA distribution in é-, 8-, and 10-somite-

stage embryos. HuC stains TgSNs (arrows). (D-F) cxcr7b (blue) and HuC (brown) mRNA distribution in é-, 8-, and 10-somite-stage embryos. Dorsal view,
anterior to the left. MHB is labeled with asterisks. Hindbrain rhombomeres 3 and 5 are indicated by “3” and “5.” Bar, 100 pm. See also Fig. S2.

influence each other’s position (Knaut et al., 2005). This neuron—
neuron interaction would confound cell autonomy analysis
because one could not distinguish whether donor-derived neu-
rons are located at a particular position because of their geno-
type or because of their interaction with host-derived neurons
of a different genotype. To circumvent this problem, we blocked
the development of TgSNs in host embryos by morpholino-
mediated knockdown of the transcription factor neurogl,
which is necessary for the specification of TgSNs in zebrafish
(Andermann et al., 2002; Cornell and Eisen, 2002; Blader et al.,
2003). This approach enabled us to study the behavior of donor-
derived TgSNs in a host embryo devoid of endogenous TgSNs
(TgSN-less host). Upon transplantation of wild-type cells into
TgSN-less cxcr7b~"~ hosts, most TgSNs were located at ectopic
positions (90% ectopic; Fig. 6, B and F; and Table 3), similar
to cxcr7b™” neurons placed into TgSN-less cxcr7b™ hosts
(87% ectopic; Fig. 6, E and F; and Table 3). Conversely, most
cxer7b™’~ TgSNs transplanted into TgSN-less wild-type hosts
were located at the correct position (15% ectopic; Fig. 6, C
and F; and Table 3), similar to wild-type neurons placed into
TgSN-less wild-type hosts (7% ectopic; Fig. 6, D and F; and
Table 3). These observations suggest that Cxcr7b primarily
functions in the migration substrate.

If TgSN migration is perturbed in cxcr7b™'~ embryos be-
cause SDF1a protein is not inactivated or cleared, then increas-
ing SDF1a protein levels in wild-type embryos should perturb
neuron migration in a manner similar to what is observed in
cxer7b™’” embryos. Conversely, increasing Cxcr7b protein lev-
els in wild-type embryos should decrease the levels of SDFla
protein and perturb neuron migration in a manner similar to
what is observed in cxcr4b™'~ embryos. To test the first predic-
tion, we expressed SDF/a under the control of a heat shock
promoter (tg(hsp70:SDF1a)) during neuron migration. In such
embryos, TgSN distribution was similar to what we observed in
cxer7b™’” embryos (Fig. 7, B and D; and Fig. 5 G) but distinct

JCB « VOLUME 200 « NUMBER 3 « 2013

from cxcr4b ™'~ embryos (Fig. 5 K). TgSN migration was rarely
affected in heat-shocked wild-type embryos (Fig. 7, A and D;
and Table 4). To test the second prediction, we expressed cxcr7b
under the control of a heat shock promoter (tg(hsp70:cxcr7b))
during neuron migration. Such embryos show a TgSN migra-
tion defect (Fig. 7, C and D; and Table 4), but this defect is not
as severe as the defect observed in embryos that lack cxcr4b
or SDF1a and SDF'1b function (Fig. 5, K and O; and Table 2).

Next, we compared TgSN positioning in cxcr7b™";
cxcr4b™~ embryos (Fig. 5 Q-T) to cxcr7b™’" and cxcrdb™~
embryos. The migration defect at 12 somites in double mu-
tant embryos (Fig. 5 T) resembled that of cxcr4b™~ embryos
(Fig. 5 L) rather than cxcr7b™’~ embryos (Fig. 5 H), with
TgSNs frequently forming ectopic clusters anterior to the
MHB, and relatively few neurons located at the ganglion
assembly site (Fig. 5 T and Table 2). Although quantifica-
tion suggests that the loss of Cxcr4b and Cxcr7b leads to a
slightly enhanced migration defect (Fig. 5 V), this observa-
tion is consistent with the idea that both receptors function
primarily in the same pathway.

Cxcr7b activity is required for TgSNs to

follow a shifting SDF1 expression domain

To determine if elevated Cxcr7b levels outside of the neurons
perturb migration, we generated genetic chimeras composed of
wild-type and tg(hsp70:cxcr7b) cells and induced cxcr7b ex-
pression during neuron migration (Fig. 8 A). Analysis with the
neuronal marker HuC and the MHB marker pax2.1 revealed
that the majority of wild-type TgSNs failed to reach the gan-
glion assembly site in host embryos that overexpress cxcr7b
upon heat shock (75% ectopic; Fig. 8, C and F; and Table 5),
whereas most wild-type neurons reached the assembly site in
heat-shocked, nontransgenic hosts (18% ectopic; Fig. 8, B,
D, and F; and Table 5). In the converse experiment, we ana-
lyzed the distribution of tg(hsp70:cxcr7b) transgenic neurons
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Figure 5. TgSN migration is disrupted in embryos deficient in chemokine signaling. 6-, 8-, 10-, and 12-somite-stage embryos in A-T were stained with HuC
(blue) and pax2.1 (brown) mRNA. MHB is marked with asterisks. Arrows and arrowheads denote correctly and incorrectly positioned TgSNs, respectively.
The red arrowhead in G denotes mispositioned neurons located close to the eye. Dorsal view, anterior to the left. Bar, 100 pm. (A-D) Wild-type embryos.
(E-H) cxcr7b™/~ embryos. (-} cxcrdb™/~ embryos. (M—P) SDF1a™/~ embryos injected with SDF b morpholino. (Q-T) cxcr7b™/~; cxcrdb™'~ embryos.
(U) Quantification of cell migration defects at the 12-somite stage. Zone 1 represents correctly positioned neurons located posterior to the MHB. Zones 2 and 3
represent mispositioned neurons located adjacent or anterior to the MHB, respectively. This approach was also used for quantification of neuron migration
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Table 2. Quantification of neuron positioning defects in different chemokine signaling mutants

Genotype Position relative to MHB n
Anterior Adjacent Posterior Neurons Embryos

Wild type 1 10 767 778 20
mean 0.05 0.5 38.35

SD 0.22 0.69 2.28

SEM 0.05 0.15 0.51

cxer7b™/~ 461 773 787 2,021 39
mean 11.82 19.82 20.18

SD 5.93 6 5.47

SEM 0.95 0.96 0.88

cxcrdb/~ 541 586 205 1,332 27
mean 20.04 21.7 7.59

SD 6.83 9.08 5.39

SEM 1.31 1.75 1.04

cxer7b™/~; 1,211 777 177 2,165 39

cxcrdb™/~

mean 31.05 19.92 4.54

SD 10.29 5.8 4.78

SEM 1.65 0.93 0.77

SDFla™/~; 500 502 106 1,108 22

SDF1b-MO

mean 22.73 22.82 4.82

SD 8.21 6.43 3.95

SEM 1.75 1.37 0.84

Neurons were categorized according to their position with respect to the MHB at the 12-somite stage as diagrammed in Fig. 5 U.

in TgSN-less wild-type embryos. In this scenario, most neurons
reached the assembly site (34% ectopic; Fig. §, E and F; and
Table 5). Injection of wild-type cxcr7b mRNA restored TgSN
migration in cxcr7b™” embryos (Fig. S3, C-I; and Table 6).
These observations are consistent with the idea that too much
Cxcr7b outside of the neurons lowers active SDF1 protein lev-
els and causes TgSNs to lose their association with the shifting
chemokine expression domain.

miR-430 and Cxcr7b act synergistically
during neuron migration

If SDF1a availability is modulated on a transcript level by miR-
430 and on a protein level by Cxcr7b, miR-430 and Cxcr7b
should synergize in guiding TgSNs to the ganglion assembly
site. We thus asked if disrupting miR-430 regulation of SDFla
transcripts in embryos with reduced (cxcr7b~’*) or absent
(cxer7b™"") Cxer7b activity makes TgSNs more susceptible to
misdirection. First, we found that more TgSNs were mislocal-
ized in cxcr7b~"* embryos injected with SDF1a-TP than in wild-
type embryos injected with SDF1a-TP (Fig. 3, C, E, and L; and
Table 1). Neuron migration was not affected in cxcr7b™"*
embryos injected with SDFIa-ctrl-TP (Fig. 3 F). Moreover,
lowering the levels of SDFla protein in cxcr7b™"*; SDF1a-TP
embryos by injecting suboptimal amounts of a translation-
blocking SDF1a morpholino (SDFIa-AUG) improved neuron
migration (Fig. 3, G and L; and Table 1), which is consistent

with the idea that SDFla levels are too high in cxer7b™*;
SDFIa-TP embryos. Second, we found that neuron migration is
more severely affected in cxcr7b™’"; SDF1a-TP embryos than
in cxer7b™"; SDF1a-ctrl-TP embryos (Fig. 3, I, J, and L; and
Table 1). Importantly, Cxcr7b activity is not required for the
refinement of SDFIla mRNA expression (unpublished data).
These genetic interactions support the idea that SDFla tran-
script clearance through miR-430 and SDF1a protein inactiva-
tion through Cxcr7b synergize to ensure precise cell guidance
by a dynamic chemokine expression domain.

miR-430 and Cxcr7b modulate

SDF 1-Cxcrdb signaling levels along

the migratory route

Our genetic analysis suggests that miR-430 and Cxcr7b refine
SDFla protein expression during TgSN migration. To test this
idea more directly, we developed a tool to measure SDF1a-
Cxcr4b signaling in the neurons. Because SDF1 triggers CXCR4
internalization and degradation (Marchese and Benovic, 2001;
Marchese et al., 2003; Minina et al., 2007), measuring the de-
gree of CXCR4 internalization should be a readout of the levels
of extracellular SDF1 (Fig. 9 A). Based on this concept, we cre-
ated transgenic zebrafish in which the cxcr4b promoter drives
Cxcr4b-GFP expression from a 69-kb genomic DNA fragment
(tg(cxcrdb:cxcr4db-GFP)). This transgene drives Cxcrdb-GFP ex-
pression in the TgSNs (Fig. 9 D) and restores neuron migration in

defects in Figs. 3, 6, 7, and 8. (V) Summary of the neuron positioning defects. The y axis corresponds to the percentage of neurons per embryo that are
located in each zone. n > 20 embryos for each genotype. Contingency table analysis using the x2 test was applied to determine statistical significance.

See also Table 2 and Figs. S3 and S4.
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Table 3.  Quantification of neuron positioning defects in genetic chimeras composed of wild-type and cxcr7b™/~ embryos

Genotype Position relative to MHB n (neurons) Ectopic
Anterior (ectopic) Adjacent (ectopic) Posterior (correct)
%

Wild type into 0 11 154 165 6.70
TgSN-less wild type

Wild-type into 94 81 20 195 89.70
TgSN-less cxcr7b™/~

cxer7b™/~ into 7 48 328 383 14.40
TgSN-ess wild type

excr7b™/" into 55 50 16 121 86.80

TgSN-less cxcr7b™/~

Neurons were categorized according to their position with respect to the MHB at the 12-somite stage as diagrammed in Fig. 5 U.

wild type tg(hsp70:SDF1a) tg(hsp70:cxcr7b)

(] -\v.
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h— .
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=
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D p < 0.0001
p < 0.0001 p < 0.0001
I 1T 1
1001
2 I anterior to MHB
o 80
S
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2 2 Il lateral to MHB
g 2 40.
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=
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wild type tg(hsp70: tg(hsp70:
SDF1a) cxcr7b)

Figure 7. Cxcr7b activity perturbs TgSN migration. (A) Heat-shocked 10-somite-stage wild-type embryo stained for HuC (blue, neurons) and pax2.1
(brown). Asterisks, MHB. (B) Similarly treated tg(hsp/0:cxcr7b) transgenic embryo. (C) Similarly treated tg(hsp/0:SDF 1a) transgenic embryo. Bar, 100 pm.
(D) Summary of neuron positioning depicted as in Fig 6. n > 20 embryos for each genotype. Contingency table analysis using the x? test was applied to
determine statistical significance. Dorsal view, anterior to the left. Arrows and arrowheads denote correctly positioned and mispositioned TgSNs, respec-
tively. See also Table 4.

(C-C") exer7b™/~ cells in a wild4ype host. (D-D") Wild-type donor cells in a wildtype host. (E-E") cxcr7b™/~ cells in a cxcr7b™/~ host. Bar, 100 pm.
(F) Summary of TgSN positioning. The y axis corresponds to the percentage of neurons per embryo that are located in each zone as diagrammed in
Fig. 5 U. Transplanted neurons >121 for each scenario. A contingency table analysis using the x? test was applied to determine statistical significance.
Dorsal view, anterior to the left in A-E”. See also Table 3.
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Table 4. Quantification of neuron positioning defects in embryos overexpressing SDF1a or Cxcr7b

Genotype Position relative to MHB n

Anterior Adjacent Posterior Neurons Embryos
Wild type, heat shocked 3 18 830 851 20
Mean 0.15 0.9 41.5
SD 0.49 1.21 3.12
SEM 0.11 0.27 0.7
hsp70:SDF1a 102 813 467 1,382 27
Mean 3.78 30.11 17.3
SD 3.31 8.91 13.16
SEM 0.64 1.71 2.53
hsp70:cxcr7b 113 293 471 877 22
Mean 5.14 13.32 21.41
SD 3.89 5.34 8.75
SEM 0.18 0.24 0.4

Neurons were categorized according to their position with respect to the MHB at the 12-somite stage as diagrammed in Fig. 5 U.

cxcr4b mutant embryos (Fig. 9, B and C). To assess whether
Cxcr4b-GFP internalization correlates with the levels of
extracellular SDF1a, we measured the neuronal uptake of
Cxcrdb-GFP in embryos with reduced or increased SDF1 levels
by immunofluorescence against GFP and the neuronal marker
HuC. Cxcr4b-GFP internalization was measured by normaliz-
ing the Cxcr4b-GFP fluorescence to the HuC fluorescence on
the membranes of the neurons using ImageJ-based automated
image analysis. Cxcr4b-GFP/HuC ratios were then normalized
to ratios from wild-type or heat-shocked wild-type control em-
bryos to reflect the fold change (see Materials and methods).
Tg(cxcrd4b:cxcr4db-GFP) embryos injected with morpholinos
against SDF1a and SDF1b displayed higher Cxcr4b-GFP/HuC
ratios on the membrane (Fig. 9, E and J; 1.3 = 0.06) than wild-
type neurons (Fig. 9, D and J; 1.0 = 0.04). Conversely, in heat-
shocked tg(cxcrd4b:cxcr4b-GFP); tg(hsp70:SDFla) embryos,
about half as much Cxcr4b-GFP was found on the membrane
(Fig. 9, Fand J; 0.6 = 0.1) compared with heat-shocked control
embryos. This suggests that Cxcr4b-GFP internalization corre-
lates with SDF1 protein activity.

Using Cxcr4b-GFP internalization as a readout, we asked
if TgSNs encounter higher SDF1 protein levels in embryos
lacking miR-430-mediated SDFIa mRNA clearance or Cxcr7b
activity. In rg(cxcr4b:cxcr4b-GFP) embryos injected with
SDF1a-TP or a morpholino against cxcr7b, we observed very
little Cxcrdb-GFP on the membrane relative to SDFIa-ctrl-TP—
injected or wild-type embryos (Fig. 9, G, H, and J; 0.4 + 0.02
and 0.7 = 0.04, respectively). Co-injection of SDF/a-TP and
cxcr7b morpholinos into tg(cxcr4b:cxcr4b-GFP) embryos en-
hanced the degree of Cxcr4b-GFP internalization (Fig. 9, I and J;
0.3 £ 0.02). Overexpression of Cxcr7b from a heat shock pro-
moter had no discernable effect on the Cxcr4b-GFP/HuC ratio
on the membrane (not depicted). These observations corrobo-
rate the idea that mir-430 and Cxcr7b synergize to regulate the
activity of SDF1a.

To assess whether miR-430 and Cxcr7b modulate the
SDFla protein distribution, we quantified the Cxcr4b-GFP/
HuC ratio on the membrane of the TgSNs at the eight-somite
stage when the neurons are still dispersed along their migratory

route. In wild-type embryos, the Cxcr4b-GFP/HuC ratio on the
membranes of neurons furthest away from the ganglion assem-
bly site was close to the Cxcr4b-GFP/HuC ratio on neurons in
embryos injected with morpholinos against SDFla and SDF1b,
and lower in neurons located closer to the ganglion assembly
site (Fig. 9 K). In SDFIa TP embryos, the Cxcr4b-GFP/HuC
ratio in the neurons along the migratory route was uniformly
lowered but remained higher in neurons further away from the
ganglion assembly site than in neurons closer to the assembly
site (Fig. 9 K). Similarly, in cxcr7b morpholino-injected em-
bryos, the Cxcr4b-GFP/HuC ratios were decreased along the
migratory route (Fig. 9 L). However, in contrast to SDFla TP
embryos, there was no apparent difference in the Cxcr4b-GFP/
HuC ratios between neurons close to or further away from the
ganglion assembly site. Reducing the activity of both miR-430
and Cxcr7b lowered the Cxcrdb-GFP/HuC ratios further (Fig. 9 L).
Because low Cxcr4b-GFP/HuC ratios correlate with high SDF1
activity and high ratios correlate with low SDF1 activity, these
observations are consistent with the ideas that TgSNs are ex-
posed to a graded distribution of SDF1 activity along their mi-
gratory route, and that SDF1 availability is sculpted through the
combined activities of miR-430 and Cxcr7b.

Discussion

We used zebrafish TgSN migration as a model system to un-
derstand how one cue can simultaneously guide multiple popu-
lations of cells to distinct locations during development. Our
results suggest an “attractive path” model in which a dynamic
domain of SDF1a expression that is closely associated with the
TgSNs leads these cells to their target and prevents them from
being attracted to inappropriate sources of SDF1a. This close
association between the expression domain of the guidance cue
and the neurons is ensured through two synergistic mechanisms
that refine the dynamic SDFla expression domain (Fig. 10).
First, the miRNA miR-430 eliminates persisting SDFla tran-
scripts from tissues that no longer actively transcribe the che-
mokine. Concurrently, the atypical chemokine receptor Cxcr7b
inactivates, possibly through chemokine clearance, SDF1la

Cell guidance by refinement of attractant expression ¢ Lewellis et al.
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Table 5. Quantification of neuron positioning defects in genetic chimeras composed of wild-type and hsp70:cxcr7b cells

Genotype Position relative to MHB n (neurons) ectopic
Anterior Adjacent Posterior
(ectopic) (ectopic) (correct)
%
Wild type into TgSN-less wild type 6 14 92 112 17.90
Wild type into TgSN-less hsp/0:cxcr7b 11 19 10 40 75.00
hsp70:cxcr7b into TgSN-less wild type 19 20 76 115 33.90

Neurons were categorized according fo their position with respect to the MHB at the 12-somite stage as diagrammed in Fig. 5 U.

protein from tissues that no longer express the chemokine. It is
conceivable that these mechanisms tailor the expression domains
of other shared cues in the nervous system, such that migrating
neurons follow the correct source of an attractant and are not
misguided by other nearby sources of the same attractant.

Dynamic SDF 1a expression paves an
attractive path for neurons that is refined
through Cxecr7b and miR-430

TgSNs are born amid multiple SDF1 expression domains and
need to follow the correct one to reach their destination. Our
analysis shows that TgSNs closely follow a dynamic SDFla
expression domain. This domain is closely associated with
TgSNs during migration, and its anterior border shifts posteriorly
toward the future site of ganglion assembly as migration pro-
ceeds. When migration is complete, the SDFIa mRNA expres-
sion domain is restricted to a compact patch slightly posterior
to the assembled ganglion. These observations suggest that the
close association of the migrating TgSNs with a shifting source
of attractant ensures that the neurons follow the correct SDF1a
expression domain and ignore the others. To create an attrac-
tive path, SDF1a protein needs to be inactivated at sites of ex-
pression that the neurons have passed. Without inactivation,
extracellular pools of active chemokine would persist at sites
that no longer express SDFla, resulting in misdirection of mi-
grating neurons. Our observations suggest that the tight control
of SDF1a expression is achieved via SDF1a transcript and pro-
tein inactivation by miR-430 and Cxcr7b, respectively. First,
the SDF1a mRNA expression domain fails to refine toward the
ganglion assembly site after either the collective loss of most
miRNAs or the specific loss of miR430-mediated regulation
of SDF Ia transcripts, resulting in displacement of neurons along
the migratory route. Second, disruption of Cxcr7b activity
prevents the TgSNs from assembling at the appropriate site.
Instead, they are found along the migratory route, a defect that
is also found in embryos with elevated levels of SDFla.
Although reducing Cxcr7a function did not perturb TgSN migra-
tion, Cxcr7a may play a redundant role in this context. Third,
removing cxcr7b function in cxcr4b-deficient embryos only
mildly enhances the neuronal migration defect seen in cxcr4b
mutants, which suggests that cxcr7b and cxcr4b act primar-
ily in the same pathway. Fourth, Cxcr7b activity is required
in the tissues the neurons traverse rather than in the neurons
themselves. Fifth, increased Cxcr7b activity in the migration sub-
strate impairs neuronal migration. Sixth, SDF1a-Cxcr4b signaling
in the TgSNs is enhanced in the absence of miR-430-mediated

SDF1a mRNA clearance and in cxcr7b mutant embryos. To-
gether, these observations suggest that miR-430 and Cxcr7b
clear SDFla mRNA and inactivate SDF1a protein, possibly
through chemokine clearance, from sites that no longer ac-
tively transcribe the SDFIa gene. Without these two mech-
anisms, active SDF1a inappropriately persists in tissues that
have ceased transcription of SDFIa. Such persistence could
cause normally separate SDF1a expression domains to over-
lap, putting migrating cells at risk of following the incorrect
path. Indeed, in cxcr7b mutant and MZdicer mutant embryos,
TgSNs are sometimes found close to the eyes (red arrowhead in
Fig. 5 G and Fig. 2 E, respectively), where a different SDFIa
expression domain assembles cxcr4b-expressing neurons into
the olfactory placode (Miyasaka et al., 2007).

Other SDF1-guided cells also follow a dynamic chemo-
kine expression domain similar to the one we observed for
TgSNs. This suggests that the cells in these cases may also rely on
an attractive path for guidance. For example, dynamic expres-
sion of SDF seems to underlie the clustering of olfactory neu-
rons (Miyasaka et al., 2007), the assembly of sensory neurons
into dorsal root ganglia (Belmadani et al., 2005), and the posi-
tioning of primordial germ cells (Doitsidou et al., 2002; Knaut
et al., 2003). In each context, the migrating cells express the
receptor CXCR4 and closely follow a refining SDFI expression
domain. However, other SDF1-guided migration events seem
to use a different mechanism. For example, Cajal-Retzius cells
and interneurons of the cortex migrate over a constant SDF/

Table 6.  Quantification of neuron positioning defects in cxcr7b™/~
embryos rescued by cxcr7b mRNA injection

Genotype cxcr7b mRNA Mispositioned  n (embryos)
dose neurons per embryo

cxer7b™/", pairno. 1, Uninjected 26.3 9
10 somites

cxer7b™/", pair no. 1, 150 pg 4.8 12
10 somites

cxer7b™/", pair no. 2, Uninjected 25.3 17
10 somites

cxer7b™/", pair no. 2, 150 pg 8.2 23
10 somites

cxer7b™/", pairno. 3, Uninjected 18.9 14
12 somites

cxer7b™/", pair no. 3, 150 pg 4.4 15

12 somites

Neurons were categorized according to their position with respect to the MHB
at the 10- or 12-somite stage. Mispositioned neurons were defined as neurons
anterior or adjacent to the MHB. This table is related to Fig. S3.
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the MHB (asterisks). (C) 12-somite cxcrdb ~/~; tgcxcrdb:cxcrdb-GFP) sibling embryo. Arrows and arrowhead denote correctly and incorrectly positioned
TgSNs, respectively. (D-I) Overview of a representative embryo of the indicated genotype stained for TgSNs with HuC (red) and for Cxcrdb-GFP (green).
(D’-I") High magnification of embryos stained as indicated in D-I. (D’-I") Overlay of Cxcr4b-GFP and HuC Fluorescence. (D"-I") HuC fluorescence.
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expression domain that does not refine (Daniel et al., 2005; Intriguingly, germ cells and cortical interneurons also
Tiveron et al., 2006; Stumm et al., 2007; Li et al., 2008; Lopez- require CXCR7 for their migration (Boldajipour et al., 2008;
Bendito et al., 2008; Sanchez-Alcaiiiz et al., 2011; Wang et al., Sanchez-Alcaiiiz et al., 2011; Wang et al., 2011). In both
2011). In these cases, it is thought that SDF1 acts as a retention cases, CXCR?7 activity is required outside the migrating cells,
signal that restricts the dispersal of the migrating neurons to the although interneurons also require CXCR7 cell autonomously
chemokine expression domain. (Wang et al., 2011). Although CXCR?7 is necessary to clear
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SDF1 protein from the tissues where it is not needed during
primordial germ cell migration (Boldajipour et al., 2008), its
role during interneuron migration appears to involve both
SDF1 protein clearance (Sidnchez-Alcaiiiz et al., 2011) and
intracellular signaling (Wang et al., 2011). During germ cell
migration, CXCR7-mediated chemokine clearance is thought
to sharpen the SDF1 gradient. In contrast, it seems that inter-
neurons use CXCR7 to lower the ambient concentrations of
SDF1 to levels that are suitable for CXCR4-mediated chemo-
taxis; in the absence of CXCR7, the ambient SDF1 concentra-
tion becomes high enough to induce complete internalization
of CXCR4, impairing the interneurons’ ability to respond to
SDF1 (Sanchez-Alcaiiiz et al., 2011).

Although the regulation of SDF1 levels through CXCR7
is similar in germ cell, TgSN, and interneuron migration, there
are also interesting differences in how CXCR?7 contributes to
these three migration events. In the absence of CXCR?7, cortical
interneurons in the marginal zone or intermediate/subventricular
zones prematurely exit a constant stripe of SDFI expression,
causing them to enter the cortical plate, a prominent site of
CXCRY expression, too early. Primordial germ cells and TgSNs
similarly fail to stay closely associated with their SDF1 expres-
sion domains in cxcr7b mutant embryos, but the reason for this
failure seems to be different. Whereas cortical interneurons in
CXCRY7 mutants appear to migrate actively away from an SDF/
expression domain, primordial germ cells and TgSNs in cxcr7b
mutants seem to fall off of a shifting SDFIa expression do-
main. This distinction follows from the contrasting rationales
for non-cell-autonomous CXCR?7 activity in these contexts.
Interneurons require CXCR7 for retention in a specific location,
whereas primordial germ cells and TgSNs require Cxcr7b to
follow a shifting expression domain without being misdirected
by former sites of expression or domains intended for other
SDF1-responsive cells.

Our observation that SDFIa transcript clearance through
the ubiquitously expressed miR-430 (Giraldez et al., 2006) con-
tributes to correct TgSN migration suggests that miRNA regu-
lation might also ensure precision in other chemokine-guided
cell migration events. In the contexts discussed in the previ-
ous paragraphs, SDFI is expressed either dynamically or in a

constant domain. In both cases, transcript availability needs to
rapidly reflect changes in transcriptional activity at the SDFI
locus. For instance, removal of SDF transcript from past sites
of expression can make a dynamic expression domain more
precise. A prominent example of dynamic chemokine expres-
sion is the SDF1a domain that guides primordial germ cells in
zebrafish (Doitsidou et al., 2002; Knaut et al., 2003). Similar
to TgSNs, the refinement of this expression domain requires
miR-430 activity (Staton et al., 2011). However, in contrast to
TgSNs, primordial germ cells seem to require miR-430 activity
to be retained at their target, as blocking miR-430 regulation of
SDFIa transcripts causes germ cells to migrate past their desti-
nation (Staton et al., 2011).

Although it is conceptually clear how transcript clear-
ance could help shape dynamic expression domains, it is less
clear how transcript clearance could contribute to constant
expression domains. In principle, cells neighboring constant
SDF1 expression domains might express low levels of SDFI
because of leaky promoters or shared progenitors. In this
case, clearance of SDF] transcripts could contribute to the
refinement of the chemokine expression domain. In the cor-
tex, for example, the cortical plate does not express SDF1,
but it is sandwiched between two SDFI-expressing layers.
Cajal-Retzius cells and interneurons rely on the expression
of SDF1I in these layers for proper migration (Stumm et al.,
2003; Borrell and Marin, 2006; Paredes et al., 2006). Thus,
it is intriguing to speculate that miRNA-mediated clearance
of SDFI transcripts in the cortical plate may confine SDFI ex-
pression to the marginal zone and intermediate/subventricular
zones to prevent erroneous neuronal guidance. Indeed, in silico
and in vitro approaches have shown that mammalian SDF/
transcripts contain miRNA target sites and are regulated by
miRNAs (Pillai et al., 2010; Staton et al., 2011).

In summary, our observations suggest that TgSNs are
guided to the ganglion assembly site through their close associ-
ation with the dynamic expression domain of the attractant
SDF1. This process requires the clearance of SDFIa transcripts
and the inactivation of SDF1a protein by miR-430 and Cxcr7b,
respectively, from past sites of expression to ensure that subtle
changes in transcriptional activity are precisely reflected at the
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protein level. This combination of dynamic gene expression,
transcript clearance, and protein inactivation paves an attractive
path of SDF1 protein (Fig. 10), ensuring that TgSNs follow the
correct SDF1 source. Using such an attractive path mechanism
allows the animal to use a shared guidance cue to guide differ-
ent cells to different positions, a strategy that may be used by
other shared guidance cues involved in organizing the develop-
ing embryo.

Materials and methods

Zebrdfish strains

Embryos were staged as described previously (Kimmel et al., 1995). In
brief, for stages in which somites were used as the unit of measurement for
developmental age, embryos were examined with a dissecting microscope
(Stemi SV11; Carl Zeiss), and the number of somites was counted based
on either a lateral or dorsal view. For stages in which hours postfertilization
was used as the unit of measurement for developmental age, one-cellstage
embryos (0 hpf) were incubated at 28.5°C until the indicated number of
hours postfertilization had elapsed. Embryos containing mutant alleles of
cxcr7b, cxcrdb, SDF1a, and MZdicer were generated by inbreeding ho-
mozygous adults to obtain 100% homozygous mutant embryos or by in-
breeding heterozygous adults to obtain 25% wild-type, 50% heterozygous,
and 25% homozygous mutant embryos for synchronized development. In
the latter case, heterozygous and homozygous mutant embryos were iden-
tified by PCR-based amplification of the mutant locus followed by sequenc-
ing. cxcrdb; cxcr7b double mutant embryos were generated by inbreeding
mutant embryos that were homozygous for both mutations. The cxcr7b®'®
allele contains a nonsense mutation that results in a premature stop at
codon 76 (Busch-Nentwich et al., 2010). The cxcr4b?¢%3 allele contains a
nonsense mutation that results in a premature stop at codon 239 (Knaut
et al., 2003). The SDF1a"%'¢ allele contains a nonsense mutation that re-
sults in a premature stop at codon 33 (Valentin et al., 2007). The dicer™”’
allele contains a nonsense mutation that results in a premature stop at
codon 1427 (Wienholds et al., 2003). MZdicer mutants were generated
through germ line replacement (Ciruna et al., 2002) and have been de-
scribed previously (Giraldez et al., 2005). Transgenic zebrafish carrying
the zebrafish heat-shock promoter (Halloran et al., 2000) driving SDF1a or
Cxcr7b expression have been previously described (Knaut et al., 2005) or
were generated in this study, respectively. The hsp70:SDF1a transgene
contains a genomic fragment spanning 1.5 kb upstream of the hsp70 start
codon (Halloran et al., 2000) fused to the coding sequence of SDFIa fol-
lowed by the SV40pA signal.

Generation of transgenic animals

For the hsp/0:cxcr7b transgene, a genomic fragment spanning 1.5 kb up-
stream of the hsp70 start codon (Halloran et al., 2000) was fused to the
coding sequence of cxcr7b followed by the SV40pA signal and cloned
info a vector that contains I-Scel sites (Thermes et al., 2002). For transgene-
sis, 25 ng/pl of this construct was coinjected with the I-Scel enzyme (New
England Biolabs, Inc.) into one-cell-stage embryos. Transgenic fish were
identified by in situ hybridization against cxcr7b after a 20 min heat shock
at 37°C. For the cxcrdb:cxcr4b-GFP transgene, the bacterial artificial chro-
mosome (BAC) clone DKEY-169F10 was modified in two ways by recom-
bineering (Warming et al., 2005). First, the Tol2 (exon 4)-FRT-GalK-FRT-Tol2
(exon 1)-a-Crystallin-dsRed cassette was inserted into the BAC, replacing
nucleotides 729-760 of its pindigo-356 backbone using GalK as a selec-
tion marker. GalK was removed by Flippase-mediated recombination. The
arms of homology were 320-bp fragments corresponding to nucleotides
409-728 and 761-1,080 of the pIndigo-356 backbone, respectively.
Second, a cassette consisting of EGFP, an internal ribosome entry site
(IRES) from the encephalomyocarditis virus, and kate2-CaaX followed by
FRT-kanamycin-FRT flanked by 1,457 bp and 812 bp of homology up-
stream and downstream of the cxcr4b stop codon, respectively, was in-
serted between the last amino acid and the stop codon of cxcr4b using the
kanamycin resistance gene as a selection marker. The kanamycin resis-
tance gene was removed by Flippase-mediated recombination. The final
BAC was characterized by restriction digest, PCR amplification, and BAC-
end sequencing. It was then purified with the nucleobond BAC 100 kit
(Takara Bio Inc.) and coinjected with tol2 transposase mRNA into one-
cellstage zebrafish embryos. The full name of this transgenic line is tg(cxcr4b:
cxcrdb-EGFP-IRES-kate2-CaaX)p 1.

JCB « VOLUME 200 « NUMBER 3 « 2013

Whole-mount in situ hybridization and antibody staining

Preparation of RNA probes and in situ hybridization were performed as
described previously (Ober and Schulte-Merker, 1999). For nonfluorescent
double in situ hybridizations, RNA probes against cxcr7a, cxcr7b, cxcrdb,
SDF1a, SDF1b, HuC, and krox20 were labeled with DIG (Roche), and RNA
probes against pax2.1 and HuC were labeled with DNP (Mirus). Probes
were detected with anti-DIG-AP antibody (1:5,000; Roche) and NBT/BCIP
(Roche) or anti-DNP-HRP antibody (1:1,000; PerkinElmer) with tyramide
signal amplification (TSA) Plus DNP (HRP) amplification (PerkinElmer) and
the DAB peroxidase substrate kit (Vector Laboratories), respectively. For
fluorescent in situ hybridization, DIG-labeled probes were detected with
anti-DIG-HRP antibody (1:1,000; Roche) and TSA FITC (PerkinElmer),
and DNP labeled probes were detected with anti—-DNP-HRP (1:1,000;
PerkinElmer) antibody with TSA DNP amplification and TSA Cy3 (PerkinElmer).
Antibody staining against HNK-1 (zn-12; Developmental Studies Hybrid-
oma Bank; 1:1,000) was performed as described previously (Trevarrow
et al., 1990). In brief, embryos were fixed overnight at 4°C in 4% PFA
(Sigma-Aldrich), dehydrated in 100% methanol for at least 1 h at —20°C,
rehydrated in PBS containing 0.1% Tween-20 (PBS-T; Sigma-Aldrich), per-
meabilized in a 1:1,000 dilution of proteinaseK (Sigma-Aldrich) in PBS-T
for 5 min, blocked for T h in a solution of PBS-T containing 2% BSA
(B-PBS-T; Sigma-Aldrich), incubated overnight at 4°C in a 1:1,000 dilution of
HNK-1 antibody in B-PBS-T, washed four times for 20 min with PBS-T, in-
cubated overnight at 4°C in a 1:2,000 dilution of biotinylated anti-mouse
IgG (Vector Laboratories), washed four times for 20 min with PBS-T, incu-
bated for 2 h at room temperature with a solution of avidin/biotinylated
enzyme complex (ABC kit; Vector Laboratories) in PBS-T, washed four times
for 20 min with PBS-T, and stained with the DAB peroxidase substrate kit
(Vector Laboratories). Embryos were stored in 4% PFA at 4°C until the time
of image acquisition. Antibody stainings against Cxcrd4b-GFP (mix of rabbit
anti-GFP from Invitrogen and Torrey Pines Biolabs, Inc.; 1:500 each) and
HuC (mouse anti-HuC; Invitrogen; 1:500) were performed as described
in this paragraph with the following changes: 90-min 4% PFA fixation
at room temperature, donkey anti-rabbit-Cy3 (Jackson ImmunoResearch
Laboratories, Inc.; 1:500) and goat anti-mouse-647 (Invitrogen; 1:500)
secondary antibodies, and exclusion of the methanol-mediated dehydra-
tion and proteinase K-mediated permeabilization steps. To exclude differ-
ences in antibody staining, embryos of different genotypes were stained
in the same tube.

Morpholino injections

Morpholinos were injected into one-cell-stage embryos. SDF 1a morpholino
(Doitsidou et al., 2002) was injected at a concentration of 0.02 mM and
a volume of 1 nl; the cxcr7a morpholinos were injected at different concen-
trations of 0.2, 0.5, and 1 mM and a volume of 1 nl; the cxcr7b morpho-
lino (Boldajipour et al., 2008) was injected at a concentration of 1.2 mM
and a volume of 1 nl; the SDF1b morpholino (Knaut et al., 2003) was in-
jected at a concentration of 2 mM and a volume of 2 nl; the neurog 1 mor-
pholino (Andermann et al., 2002; Cornell and Eisen, 2002) was injected
at a concentration of 0.5 mM and a volume of 1 nl; and SDF1a-TP and
SDF1a-control-TP (Staton et al., 2011) were injected at a concentration of
0.2 mM and a volume of 1 nl.

RNA injections

cxcr7b was amplified from cDNA generated from 10-somite-stage em-
bryos (SuperScript Il cDNA Synthesis kit; Invitrogen) and subcloned into
the pCS2+ vector. Forward primer, 5-GGCCAGATCTATGAGTGTGAAC-
GTGAATGATTTC-3’; reverse primer, 5'-CCGGCTCGAGTCATAATGGTC-
CCTGGTTTTCCAC-3’. mRNA was synthesized using the mMESSAGE
mMACHINE SP6 kit (Applied Biosystems) and injected into cxcr7b™/~ em-
bryos at concentrations of 75, 150, and 300 ng/pl and a volume of 1 nl.
miR-430 duplexes were obtained from Integrated DNA Technologies and
injected at a concentration of 10 pM and a volume of 1 nl into MZdicer
mutant embryos (Giraldez et al., 2005). Injected and uninjected embryos
were fixed at the 10- or 12-somite stages. In situ hybridization with RNA
probes against pax2.1 and HuC was performed as described previously.

Mosaic analysis

For mosaics involving the cxcr/b mutant, one-cell-stage donor embryos
were injected with lysinefixable biotin-dextran to label donor cells (Invitro-
gen). One<ellstage host embryos were injected with 1 nL of 0.5 mM neurog1
morpholino to block differentiation of endogenous TgSNs (Andermann
et al., 2002; Cornell and Eisen, 2002). At the 1,000-cell to sphere
stage, ~50 donor cells were transplanted into recipient embryos of an
equivalent stage. Embryos were incubated at 28.5°C and fixed at the 10- or



12-somite stages. TgSNs were identified with a DIG-labeled RNA probe
against HuC and the MHB was identified with a DNP-labeled probe
against pax2.1. The probes were detected with anti-DIG-HRP (Roche)
and TSA Fluorescein (PerkinElmer) or anti-DNP-HRP (PerkinElmer), TSA
Plus DNP (HRP) amplification (Perkin Elmer), and TSA Cyanine 3 (Perkin
Elmer), respectively. Biotin-dextran—containing donor-derived cells were
identified using HRP-coupled streptavidin (ABC kit) and TSA coumarin
(PerkinElmer). For wild-type into hsp70:cxcr7b mosaics, one-cell-stage
donor embryos were injected with lysine-fixable biotin-dextran to label
donor cells (Invitrogen). One-ell host embryos were injected with T nlL
of 0.5 mM neurog! morpholino to block differentiation of endogenous
TgSNs. Transplantation was performed as described in the beginning of
this paragraph. Embryos were incubated at 28.5°C, heatshocked at the
tail bud stage for 20 min and the four-somite stage for 20 min in a 39°C
water bath, and fixed at the 10- or 12-somite stages. Transgenic hosts
were identified by PCR-based amplification of part of the transgenic locus
(outer PCR: forward primer, 5'-TGAGCATAATAACCATAAATACTA-3’,
reverse primer, 5'-GAGGCCAATGATGAAGAGGAAGAT-3’; inner PCR:
forward primer, 5-AGCAAATGTCCTAAATGAAT3’; reverse primer, 5'-CTCTG-
GCTGAAGGTGCTGTG-3'). TgSNs, the MHB, and donor-derived cells were
detected as described for cxcr/7b mutant mosaics. For hsp70:cxcr7b into
wildtype mosaics, donor embryos were left uninjected, and one<ell-stage
host embryos were injected with 1 nlL of 0.5 mM neurogl morpholino
to block differentiation of endogenous TgSNs. Transplantation was per-
formed as described in the beginning of this paragraph. Embryos were
incubated at 28.5°C, heat-shocked at the tail bud stage for 20 min and the
four-somite stage for 20 min in a 39°C water bath, and fixed at the 10- or
12-somite stages. Transgenic donor cells in host embryos were identified
by in situ hybridization with a DIG-labeled RNA probe against cxcr7b
that was defected with an anti-DIG-AP antibody (Roche) and NBT/BCIP
(Roche). HuC and pax2.1 RNA probes labeled with DNP were detected
with anti-DNP-HRP antibody, TSA DNP amplification (PerkinElmer), and
the DAB peroxidase substrate kit (Vector Laboratories).

SDF1a and Cxcr7b misexpression

For ubiquitous misexpression of SDF1a and Cxcr7b, we used tgfhsp70:
SDF1a) and tg(hsp70:cxcr7b) transgenic lines, respectively. Transgenic
adults were bred with wild-type adults to yield 50% transgenic embryos
and 50% wild-type embryos. Tg(hsp70:SDF1a) embryos and their wild-
type siblings were raised at 28.5°C, heatshocked at the six-somite stage
for 20 min in a 39°C water bath, and fixed at the 10- or 12-somite stage.
tg(hsp70:cxcr7b) embryos and their wildtype siblings were raised at
28.5°C, heat shocked at the tail bud and four-somite stages for 20 min in
a 39°C water bath, and fixed at the 10- or 12-somite stage. Transgenic
embryos were identified by in situ hybridization against SDF Ta or cxcr7b
or by PCR-based amplification of part of the transgenic locus (for primer
pairs, see earlier in this section). All embryos were stained with antisense
RNA probes against HuC and pax2.1 as described earlier in this section.

Quantification of TgSN position

For quantification of the position of TgSNs in loss-offunction, gain-offunction,
and mosaic experiments, neurons were categorized and quantified based
on position relative to the MHB (see schematic in Fig. 5 U). The counts were
performed at the 12-somite stage, which is 60 min after the trigeminal
sensory ganglion has assembled in wild-type embryos. This time point was
chosen to ensure that slight staging errors were not mistaken for migration
defects. Embryos were dissected, flat mounted, and analyzed using an
epifluorescence microscope (Axioplan; Carl Zeiss) for chromogenic stain-
ings and a confocal laser scanning microscope (SP5; Leica) for fluores-
cent stainings. Significance values were determined using a two-tailed,
unpaired Student’s t test. All error bars represent SEM.

Image acquisition

For colorimetric in situ hybridizations and antibody stainings, embryos
were dissected and flat mounted on glass microscopy slides in a 2:1
mixture of benzyl benzoate (Sigma-Aldrich) and benzyl alcohol (Sigma-
Aldrich), respectively. Images were acquired on an Axioplan microscope
(10x air objective lens, NA 0.50) equipped with an AxioCam camera
and AxioVision 3.0 software (all from Carl Zeiss). Images were processed
using Photoshop CS5 (Adobe). The only operation used was adjustment of
input levels to eliminate unused intensity values. Gamma was not adjusted
in any of the images. For fluorescent in situ hybridizations used for mosaic
analysis, embryos were dissected and flat mounted on glass microscopy
slides in 50% glycerol. Images were acquired on a confocal microscope
(TCS SP5 II; 10x air objective lens, NA 0.30, and 20x air objective lens,

NA 0.70) equipped with photomultiplier tubes for detection and Leica Ap-
plication Suite Advanced Fluorescence software (all from Leica). Images
were processed using Photoshop CS5. The only operation used was adjust-
ment of input levels to eliminate unused intensity values. Gamma was not
adjusted in any of the images. For immunofluorescence of Cxcr4b-GFP and
HuC, embryos were dissected and flat mounted on glass microscopy slides
in 50% glycerol. Images were acquired on a confocal microscope (TCS
SP5 1I; 10x air objective lens, NA 0.30, and 63x oil-immersion objective
lens, NA 1.40-0.60) equipped with two hybrid detectors (HyD) for photon
counting and Leica Application Suite Advanced Fluorescence software (all
from Leica). 20x images were processed using the maximum intensity pro-
jection function in Image) (National Institutes of Health). 63x images were
processed using Image] as described in the following section. All imaging
described in this section was performed at room temperature.

Quantification of Cxcr4b-GFP internalization

Using Imagel, a custom Image) macro language script was written to
automate the measurement of the mean ratio of membrane Cxcr4b-GFP
fluorescence to membrane HuC fluorescence along the anterior—posterior
axis in HuC-positive TgSNs (supplemental text file). In brief, a mask was
applied to the HuC channel to selectively mark HuC-positive TgSNs using
thresholding algorithms. The membrane of the TgSNs was defined as a
1-voxel/240-nm-wide circumference of the HuC mask. This mask includes
only membranes between neurons and surrounding tissues but excludes all
membranes between neurons. The membrane mask was then applied to
a ratio image of Cxcrdb-GFP fluorescence divided by HuC fluorescence
to isolate the values that correspond to the ratio on the surface of the
TgSNs. For ease of comparison, the Cxcr4b-GFP/HuC ratio of each genetic
scenario was normalized to the mean Cxcr4b-GFP/HuC ratio of wildtype
controls. For measuring the Cxcr4b-GFP/HuC ratio along the migratory
route, a group of HuC-positive neurons at the position of the MHB was
used as a landmark to define the position of the ganglion assembly site.

Online supplemental material

Fig. S1 shows three pairs of embryos that show refinement of the SDF1a
mRNA expression domain that delineates the migratory route of the
TgSNis. Fig. S2 shows reference markers for identifying anatomical regions
where cxcr7a and cxcr7b are expressed in the central nervous system.
Fig. S3 shows information about the cxcr7b mutation and the ability of
cxcr7b mRNA to rescue the neuron positioning defectin cxcr7b™/~ embryos.
Fig. S4 shows the TgSN positioning defects through 24 hpf in different
mutants affecting chemokine signaling. A text file featuring an image-
processing script is also available. Online supplemental material is avail-

able at http://www.jcb.org/cgi/content/full/jcb.201207099/DC1.
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