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CXCR4 Controls Ventral Migration of Sympathetic Precursor

Cells
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The molecular mechanisms that sort migrating neural crest cells (NCCs) along a shared pathway into two functionally discrete structures,
the dorsal root ganglia and sympathetic ganglia (SGs), are unknown. We report here that this patterning is attributable in part to
differential expression of the chemokine receptor, CXCR4. We show that (1) a distinct subset of ventrally migrating NCCs express CXCR4
and this subset is destined to form the neural core of the sympathetic ganglia, and (2) the CXCR4 ligand, SDF-1, is a chemoattractant for
NCCs in vivo and is expressed adjacent to the future SGs. Reduction of CXCR4 expression in NCCs disrupts their migration toward the
future SGs, whereas overexpression of CXCR4 in non-SG-destined NCCs induces them to migrate aberrantly toward the SGs. These data
are the first to demonstrate a major role for chemotaxis in the patterning of NCC migration and demonstrate the neural crest is composed

of molecularly heterogeneous cell populations.

Introduction

The sympathetic nervous system plays a crucial role in maintain-
ing the homeostasis of an organism. Sympathetic neurons derive
from trunk neural crest cells (NCCs), a highly migratory, multi-
potent population of precursor cells that generate many compo-
nents of the peripheral nervous system (PNS) (LeDouarin and
Kalcheim, 1999). How trunk NCCs are guided through the em-
bryo to precisely position and assemble the sympathetic ganglia
(SGs) has been unclear.

After delaminating from the neural tube, NCCs navigate
along two discrete migratory routes within the trunk (for review,
see Kulesa et al., 2009). Medioventral migrating NCCs generate
the more distally positioned SGs and the proximally positioned
dorsal root ganglia (DRGs); later arising presumptive melano-
cytes follow a dorsolateral path (for review, see LeDouarin and
Kalcheim, 1999).

NCCs destined to colonize DRGs and SGs migrate along a
shared pathway, overlapping both in time and space. The cues
that guide SG-destined NCCs ventrally have yet to be determined
nor is it understood what makes NCCs destined for the DRGs
stop more dorsally than their SG-destined cohort. Deletion of
genes for neuregulin and semaphorin 3 alter the site of differen-
tiation of sympathetic neurons (Britsch et al., 1998; Kawasaki et
al,, 2002), indicating separate mechanisms for guidance and dif-
ferentiation, but no guidance signal has been identified that dif-
ferentially sorts SG- versus DRG-destined pools of NCCs. It is
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critical that trunk NCCs migrate ventrally to the dorsal aorta
because it is the source of local signals such as BMP4 that induce
their differentiation into sympathetic neurons (Reissmann et al.,
1996; Howard et al., 2000). Thus, an outstanding question is what
are the molecules attracting NCCs toward the dorsal aorta?

Although inhibitory molecules in the caudal somite sculpt
initial trunk NCC migratory streams through the rostral somite
(for review, see Kuriyama and Mayor, 2008), it is not clear how
NCCs reach distal locations. During enteric nervous system de-
velopment, NCCs are attracted to the gut entrance by Shh
(Reichenbach et al., 2008) and travel long distances throughout
the elongating gut, mediated by netrin and GDNF (glial cell-
derived neurotrophic factor), which act as chemoattractants
(Young et al., 2001, 2004; Jiang et al., 2003). However, whether
true chemotaxis mediates NCC migration and patterning in vivo
has not been determined.

Since chemokines, a superfamily of small glycoproteins with
chemoattractant ability, control multiple events during embry-
onic development including directed cell migration (Bagri et al.,
2002; Tran et al., 2004; Belmadani et al., 2005; Miller et al., 2008;
Raz and Mahabaleshwar, 2009), we sought to investigate their
role in patterning the PNS. We show here with gain- and loss-of-
function experiments, combined with intravital time-lapse
imaging, that differential expression of CXCR4 and its ligand
SDEF-1 sculpt a common stream of migrating NCCs into two
discrete structures, the SGs and DRGs. Furthermore, we show
the CXCR4+ subset of SG cells comprise the neuronal core of
the SGs while later migrating SG-destined NCCs that do not
express CXCR4 colonize the non-neuronal perimeter. These
data provide strong evidence for chemotaxis in directing trunk
NCC migration in vivo and provide the first identification of
an SG target guidance cue. Last, these data provide a mecha-
nism for regulating the balance of DRG- and SG-destined pop-
ulations of NCCs.
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Early and late emigrating trunk NCCs localize to specific regions of the SGs. A, Schematic of in ovo photoactivation paradigm of KikGR, green (unphotoactivated) to red (photoactivated)

conversion. Pre-photoactivation (green) image of trunk NCCs beginning to emerge from the neural tube in ovo. Post-photoactivation (red) of recently delaminated trunk neural crest cell in ovo. The
bottom panel shows location of photoactivated (red) trunk NCC found in SG neural core after 48 h of reincubation, stained with BEN (neural; blue). B, Two-color labeling approach at HH St. 10 (color
1) and HH St. 14 (color 2) of premigratory trunk NCCs shows cells labeled at HH St. 14 localize to the perimeter of the SGs. €, Summary of cell counts of location of early versus later migrating trunk
NCCs within the SGs. A percentage of 87 == 5.7% (n = 10 embryos, 18 cells counted) of early photoactivated cells were found in the neural core versus 9 = 6.2% (n = 8 embryos, 74 cells counted)
of later migrating cells. Schematic to the right of the graph highlights early migrating (green) NCCs localizing to neural core, and later migrating (red) NCCs localizing to the SG perimeter. Scale bars,
50 pem. Error bars indicate SEM. se, Surface ectoderm; so, somite; nt, neural tube; no, notochord; DA, dorsal aorta; dm, dermamyotome; sc, sclerotome.

Materials and Methods

Embryos. Fertilized White Leghorn chicken eggs (Ozark Hatchery) were
placed in a rocking incubator at 37°C (Kuhl) until appropriate develop-
mental stages. Eggs were rinsed with 70% alcohol, and 3 ml of albumin
was removed using a 5 ml syringe fitted with an 18 gauge needle, win-
dowed and staged according to Hamburger and Hamilton (1951). Em-
bryos were injected and electroporated (Stark and Kulesa, 2007) with an
enhanced green fluorescent protein (EGFP)-encoding plasmid, pMES,
short hairpin RNA (shRNA)-EGFP, full-length (FL)-CXCR4-EGFP, or
KikGR construct to fluorescently label premigratory NCCs located in the
dorsal neural tube. pMES is a control EGFP empty vector that uses the chick
[B-actin promoter and internal ribosome entry site, and KikGR is a photoac-
tivatable fluorescent protein (Kulesa et al., 2008). In some experiments, a
lipophilic dye, 1,1'-dioctadecyl-3,3,3,3’ -tetramethylindocarbocyanine per-
chlorate (Dil) (incorporated into cell membranes; C-7000; Invitrogen), was
mixed with plasmid DNA and coinjected into the lumen of the neural tube.
For labeling of early and late premigratory NCCs with lipophylic dyes, em-

bryos were injected at Hamburger and Hamilton stage 10 (HH St. 10) with
3,3'-dioladecyloxacarbocyanine perchlorate (DiO) and at HH St. 14 with
Dil, by microinjection, and embryos were harvested at HH St. 24. Eggs were
resealed with adhesive tape and incubated at 38°C for 2-3 d. After incuba-
tion, embryos were evaluated before manipulation for brightness and uni-
formity of EGFP label using a fluorescein isothiocyanate (FITC) filter to
observe green fluorescent protein (GFP)-positive cells on a Zeiss Axiovert
microscope with a 10X/0.3 (Carl Zeiss) objective, and embryos that were
well labeled and developing normally were selected.

Isolation of EGFP-positive NCCs using high-purity FACS methodology.
Trunk neural tubes were electroporated with control EGFP-plasmid or
CXCR4 shRNA-EGFP plasmids, as described previously. After ~36 h of
reincubation, embryos were harvested, membranes removed, and trunk
regions isolated by glass needle microdissection in cold Ringer’s. The
entire trunk region between the forelimbs and hindlimbs were excised
and prepared into a single-cell suspension by treatment with 0.25% tryp-
sin with EDTA at 37°C for 3 min. This reaction was stopped by addition
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(XCR1,and CXCR4in DRGs and SGs of E4 chick embryos. €, Schematic of transverse section through embryonic trunk region summarizing in situ expression patterns of CXCR4 (green shades) and SDF-1
(purple shades) at HH St. 14, 16, and 24. D-F, In situ hybridization of CXCR4 (purple precipitate) on chick trunk tissue at HH St. 14, 16, and 24 stained with HNK-1 on the same sections (D’ ~F’; N(Cs;
green). The black arrow indicates level of NCCs and CXCR4 expression, and the white arrow indicates later migrating NCCs that do not express CXCR4. G-I, In situ hybridization of SDF-1 (purple
precipitate) on chick trunk tissue at HH St. 14, 16, and 24 stained with HNK-1(G"~I"; green). The arrowheads indicate SGs or SG-destined NCCs. nt, Neural tube; no, notochord; DA, dorsal aorta. Scale

bars, 75 pum.

of fetal bovine serum (FBS) (10437-010; Invitrogen) to make a 10% final
volume concentration. The cells were then centrifuged at 1000 rpm for 5
min and resuspended in PBS with 2% FBS. The resulting single-cell
suspension was stained with 2 ug/ml 7AAD (7-amino-actinomycin D) to
label and exclude dead and dying cells, and sorted using a MoFlo cytom-
eter (Dako). A total of 5000 EGFP-positive and EGFP-negative cells were
collected from each sample.

Reverse transcription-PCR analysis. Reverse transcription (RT)-PCR
was used to examine the expression of chemokine receptors and ligands
in the trunk. RNA was isolated from 5775 FACS-sorted trunk NCCs.
Briefly, embryos where electroporated with EGFP to label premigratory
NCCs. After trunk neural crest cell migration commenced, embryos were
harvested, neural tubes discarded (leaving only NCCs that had migrated
into the periphery of the embryo), and FACS was used to collect only
EGFP-positive cells. RT-PCR was performed using primers (Invitrogen)
listed below. Resulting DNA products were ~500 bp. Touchdown PCR
was performed using the following conditions: 94°C for 5 min followed
by 34 cycles of 94°C for 1 min, annealing temperature decreasing every 2
cycles from 78 to 62°C for 1 min and 72°C for 1.5 min, and then 15 cycles
of 94°C for 1 min, 50°C for 1 min, and 72°C for 1.5 min. Resulting PCR
products were analyzed by gel electrophoresis. Primer sequences (listed
5'-3") used were as follows: B-actin, forward, CGGTTTCGCCGGG-
GACGATG, and reverse, CGTCAGGTCACGGCCAGCCAGA; CXCR4,
forward, GGACGGCCCGGACCTACTCG, and reverse, GGGGTCGCT-
GGCTGTTGGTG; CCR7, forward, CCCCGGTGCTCCATCATTGT,
and reverse, TCTCCCGGCAGGAGGACAGC; and CXCRI1, forward,

CAGAAGCAGCGCGCCATGAA, and reverse, CCATTGGGACCCC-
CATGCTG.

In vitro culture experiments. For in vitro cultures, glass-bottom dishes
(P35G-1.5-20-C; MatTek Corporation) were coated for 30 min with 1
mg/ml poly-L-lysine (P6282; Sigma-Aldrich), which was then removed,
and the dish was allowed to dry for 30 min. The plates were then coated
with 1 mg/ml fibronectin (F1141; Sigma-Aldrich) for 30 min followed by
30 min of drying. During this time, heparin—acrylic beads were washed
multiple times in PBS and soaked in 10-50 ng/ml SDF-1 (R&D Systems;
460-SD-010) or left in PBS for controls. HH St. 10 whole embryos were
removed from the egg and placed in Ringer’s. The trunk region was
excised using a sharpened tungsten needle and placed in 1 mg/ml dispase
for 15 min on ice. After agitation with a glass pipette to help remove most
of the tissue surrounding the neural tubes, the neural tubes were trans-
ferred into Neurobasal media (21103-049; Invitrogen) supplemented
with B27 (17504044; Invitrogen). Any lingering non-neural tube tissue
was removed and the neural tubes were washed in Neurobasal media plus
B27. The neural tubes were placed onto the coated glass-bottom dishes in
a minimum of media to maximize tissue adherence for 10 min at 37°C.
During this time, fresh 2 mg/ml collagen (354236; BD Biosciences) was
prepared following the “Alternate gelling procedure” protocol outlined
in the manual accompanying the collagen. Briefly, collagen was added to
10X PBS, ice-cold 1N NaOH, ice-cold dH,O in a sterile chilled tube, and
the contents were mixed gently and stored on ice. Beads were washed in
PBS and positioned adjacent to the adhered neural tubes and 150 ul of
collagen was placed over the cultures. If necessary, beads were pushed back
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into place before the collagen set. The collagen was allowed to set for 10-20
min at 37°C, and then 1.5 ml of Neurobasal media plus B27 was added and
the cultures were returned to 37°C.

In vivo implantations. Embryos were injected and electroporated with
an EGFP plasmid (pMES) at HH St. 10 and incubated for 18 h. At this
point, SDF-1 or PBS-soaked beads were implanted in ovo between the
neural tube and somites, lateral to the somites, or lateral to the DRGs
using fine glass pipettes and tungsten needles. After implantation, eggs
were sealed and reincubated for 48 h (until HH St. 21), harvested, and
fixed. Only embryos in which beads had stayed in place in regions where
NCCs do not typically invade (such as near the notochord, mesoderm
lateral to the spinal nerve and lateral to the dorsal aorta) were analyzed.
Trunk regions surrounding the bead transplant site were cut into 150 wm
vibratome transverse sections and immunolabeled with HNK-1 to visu-
alize all neural crest cells (see below, Immunohistochemistry).

Immunohistochemistry. Embryos were collected in PBS and fixed in 4%
paraformaldehyde for 4 h. Embryos for cryostat sectioning were rinsed in
PBS and run up in a sucrose gradient (5, 15, 30% in PBS), embedded in
OCT, and stored at —80°C. Sagittal cryostat sections were obtained at 10
pm thickness. Embryos for whole-mount staining and immunohisto-
chemistry were fixed as above and processed as in Kasemeier-Kulesa et al.
(2006). Primary antibodies included the following: HNK-1 (NCC

Attraction potential of SDF-1 on trunk NCCs in vitro and in vivo. A, B, Time-lapse analysis of trunk neural tube cultures
with control PBS- or SDF1-soaked bead adjacent to neural tube. Final image from time-lapse is shown. The white circles indicate
initial position of representative population of cells, and the black circles indicate final location of cells after 16 h. Note high density
of cells surrounding SDF-1-soaked bead. C, Staticimage of trunk neural tube culture and SDF-1-soaked bead, in the presence of the
SDF-1antagonist, AMD3100. D-H, In vivo analysis of PBS- and SDF-1-soaked beads. D, Example of bead placement in vivo into HH
St. 11 embryo. E-1, Images from HH St. 21 embryos. E, G, Transverse section of HH St. 21 embryo transplanted in ovo with a PBS-
or SDF-1-soaked bead, stained with HNK-1 (green). The black circle indicates final location of bead. F, H, Higher magnification of
bead region (boxed region in E, G). The dotted circle indicates position of bead and arrowheads indicate ectopic NCCs. /, SDF-1 bead
(black oval) in ovo placed lateral to the developing DRGs after presumptive SGs have migrated ventrally (HH St. 15). Presumptive
DRG-destined neural crest cells migrate and form normal ganglia. Neural crest cells labeled with HNK-1 (green; E-I). Scale bars, 50

(University of Iowa), and Tujl (neuronal
marker; R&D Systems).

Probe generation. The chick pcDNA3.1-
CXCR4 plasmid was a kind gift from Philip M.
Murphy (National Institutes of Health, Bethesda,
MD). The cCXCR4 fragment was harvested by
double restriction with enzymes Kpnl and Xba
and inserted into pBluescript I KS vector. For the
antisense probe, vector was linearized with Xbal
and synthesized with T3 RNA polymerase. For
the sense probe, vector was linearized with Kpnl
and synthesized with T7 RNA polymerase. The
pDrive-SDF-1 probe was a kind gift from Beate
Brand-Saberi (University of Freiburg, Freiburg,
Germany). The antisense probe was generated by
linearization with NotI and synthesized with T7
RNA polymerase, and the sense probe was linear-
ized with Kpnl and synthesized with SP6 RNA
polymerase.

In situ hybridization. Embryos were fixed as
above and run up in a sucrose gradient, frozen
in OCT with isopentane, and cut into 25 wm
sections. In situ hybridization (ISH) was per-
formed using Ventana Discovery Automated
ISH System using a RiboMap kit (Ventana).
Briefly, probes were incubated on slides over-
night (CXCR4 used at 620 ng/pl; SDF-1,
240 ng/ul). Antidigoxigenin-AP fragments
(Roche), 1:5000, was applied to each slide for
2 h and washed. The following day, slides were
rinsed in 20 ml of warm double-distilled (DD)
H,O with 0.5 ml of dish soap (Dawn; Procter &
Gamble) and washed twice in DDH,O. Slides
were put into NBT/BCIP (nitroblue tetrazo-
lium/5-bromo-4-chloro-3-indolyl-phosphate)
(11681451001; Roche; both at 50 mg/ml) for
2—4 h for color reaction to develop.

ShRNA and chick full-length CXCR4 con-
struction. Target sequences for shRNA knock-
down were designed using Ambion’s Target
Finder, which uses design guidelines first de-
scribed by Tuschl and colleagues (Elbashir et
al., 2001). The target sequences and oligonucle-
otides for insertion into pSilencer (listed 5" to 3")
were as follows: CXCR4 target sequence, GTC-
GATTCTTCGAGAGCAA, and corresponding oligonucleotides, top, GTC-
GATTCTTCGAGAGCAATTCAAGAGATTGCTCTCGAAGAATCGA
CTTTTTT, and bottom, AATTAAAAAGTCGATTCTTCGAGAGCA
ATCTCTTGAATTGCTCTCGAAGAATCGACTTTTTT; and control
scrambled target sequence, GATCTGACTTCTAAGGCAG, and corre-
sponding oligonucleotides, top, GATCTGACTTCTAAGGCAGTTCAA
GAGACTGCCTTAGAAGTCAGATCAATTTTTT, and bottom, AATTAAA
AAATGATCTGACTTCTAAGGAGTCTCTTGAACTGCCTTAGAAGTCA
GATCGGCC. A second CXCR4 shRNA construct targeted to a different
region was generated to confirm results with the target sequence, GATTG-
GCTCAGCTGACTAT, and corresponding oligonucleotides, top, GATTG-
GCTCAGCTGACTATTTCAAGAGAATAGTCAGCTGAGCCAAATCT C
TTTTT, and bottom, AATTAAAAAAGAGATTGGCTCAGCTGACTA
TTCTCTT GAAATAGTCAGCTGAGCCAATCGGCC. After positive clones
were confirmed via sequencing, the mouse U6 promoter and shRNA
regions were excised and cloned into the EGFP control vector, pMES, for
dual expression of the shRNA and EGFP. The chick pcDNA3.1-CXCR4
plasmid (Philip M. Murphy, National Institutes of Health, Bethesda,
MD) was subcloned into pMES-EGFP, which encodes a cytoplasmic
fluorescent marker.
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Reduction in CXCR4 mRNA impairs ventral migration of trunk neural crest cells. A, RT-PCR of control 3-actin and CXCR4 on FACS-sorted NCCs expressing control EGFP or CXCR4-shRNA

plasmid at HH St. 16 (E2.5). B—F, Premigratory NCCs were electroporated with CXCR4-shRNA alone or with Dil. B, Percentage of electroporated NCCs (control scrambled-shRNA and CXCR4-shRNA)
found in the SGs compared with the DRGs at HH St. 21 and 24. Error bars indicate SEM. C, Transverse section of HH St. 21 embryo transfected with control-shRNA plasmid at HH St. 10 shows NCCs
(HNK-1; red) distributed between and within DRGs and SGs. D, E, Images of embryos coinjected with CXCR4-shRNA (green) and Dil (red) at HH St. 15 and 17. The arrowheads in D indicate
Dil+-/CXCR4-shRNA — cells that have migrated further ventrally than CXCR4-shRNA+ cells. F, Image of embryo injected with CXCR4-shRNA (green) and stained for HNK-1 (red) at HH St. 21. no,

Notochord; DA, dorsal aorta; se, surface ectoderm; nt, neural tube. Scale bar: (—F, 50 wm.

Three-dimensional confocal and time-lapse imaging. Three-dimensional
image z-stacks were collected on an inverted laser-scanning confocal micro-
scope (LSM5 Pascal; Zeiss) using either a Plan-Neofluar 10X/0.3 (Zeiss),
Plan-Neofluar 40X/0.75 (Zeiss) or C-Apochromat 40X/1.2 W objective
(Zeiss). Images were visualized using AIM software (Zeiss).

For in vitro time-lapse confocal imaging, cultures were chosen based
on quality of tissue, level of construct expression, and distance from bead.
The top cover of the glass-bottom dish was replaced with a top containing
a coverslip insert. An LSM5 Pascal (Zeiss) was used to collect single-plane
images every 4 min.

For embryo explant time-lapse microscopy, the microscope was sur-
rounded with a snug-fitting cardboard box and thermal insulation (Re-
flectix; BP24025) with a tabletop incubator (Lyon Electric; 950-107) fed
into one side of the box (Kulesa and Kasemeier-Kulesa, 2007). The EGFP
plasmid was excited with the 488 nm laser line using the FITC filter and
all other imaging parameters were as described by Kasemeier et al.
(2004).

Photoactivation experiments were performed as in the study by Kulesa
et al. (2008). Briefly, embryos were injected at HH St.10 with a plasmid
encoding KikGR, which undergoes a green to red fluorescence conver-
sion when photoactivated with 405 nm laser excitation, and allowed to
develop to desired stage. All photoconversions were performed in ovo
using an upright confocal microscope (LSM 5 Pascal; Carl Zeiss). KikGR-
expressing cells were located using normal 488 nm laser excitation and
selected cells photoconverted. Eggs were then reincubated until the ap-
propriate developmental stage.

Data analysis. Images were collected, processed, and analyzed using
Zeiss AIM software. Measurement calculations were performed using
AIM software. Statistical analysis was performed using Student’s t test.
To standardize multiple datasets (because of varying sizes of DRGs)

when measuring the fluorescence intensity signals, we used a grid con-
sisting of 20 horizontal bars, and their height altered so for each DRG we
only measured 20 horizontal bars (see Fig. 6). The upper limit of the grid
was positioned at the dorsal root entry zone (DREZ) of each DRG ana-
lyzed, and the lower limit just above the motor exit point (ventral region
of neural tube where motor axons exit and join with the peripherally
growing DRG axons). We then averaged the fluorescence intensity across
multiple datasets for each of the 20 horizontal bars. The distance along
the dorsolateral migratory pathway was measured from the midline of
the neural tube to the furthest GFP+ cell located on this migratory route.
To determine the location of all transfected NCCs in both control- or
CXCR4-shRNA-expressing embryos, we counted all transfected NCCs at
HH St. 24 [embryonic day 4 (E4)] in the DRGs, SGs, ventral root and
dorsolateral pathway on the electroporated (ipsilateral) side of the em-
bryo and in the DRGs, SGs, and dorsolateral pathway on the nonelectro-
porated (contralateral) side of the embryo, and also those found in
ectopic locations (where NCCs are not usually found). We calculated the
number of GFP+ cells residing in the dorsal root region compared with
the entire DRGs by measuring the length of the DRGs (from the DREZ
to the motor exit point—ventral root region). We counted those cells
within the top one-fourth of the ganglia and compared this to the total
number of GFP+ cells in the entire DRGs.

Results

Delamination order from the neural tube determines position
and cell fate within SGs

Previous studies have established a temporal order in the exodus
of NCCs from the neural tube with the earliest delaminating
NCCs migrating furthest ventrally to form SGs, and the last
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NCCs to delaminate migrating dorsolaterally to form melano-
cytes (for review, see Serbedzija et al., 1989; LeDouarin and
Kalcheim, 1999). We hypothesized that temporal differences could
also pattern the relative distribution and contribution of neural and
progenitor cell populations in the immature SGs. From previous
work in our laboratories, we identified a novel late subpopulation of
NCCs that migrates through the rostral somite and directly targets
the region between two incipient SGs, before coalescing with one of
the two SGs (Kasemeier-Kulesa et al., 2006). To further investigate
the fate of these temporally distinct migratory waves, we differen-
tially labeled early and late delaminating NCCs and determined their
identity within the SGs.

To specifically mark the earliest trunk NCCs exiting the neural
tube, we used in ovo photoactivation, labeling premigratory
NCCs with KikGR (Fig. 1 A) (Stark and Kulesa, 2007). Single and
small numbers of early delaminating NCCs at HH St. 13 were
photoactivated in ovo (green to red fluorescence change after
exposure to 405 nm laser excitation; 23) (Fig. 1 A). After SG for-
mation was complete (~48 h after photoactivation), SGs were
analyzed using neural markers. Fourteen of 18 early photoacti-
vated cells were found in the neural core (immunopositive for
neural markers) of the SGs (n = 10 embryos, 18 cells) (Fig. 1C),
indicating the earliest delaminating NCCs (HH St. 13) colonize
the core of the SG anlagen and differentiate into neurons.

To determine the fate of later delaminating NCCs that colo-
nize the SGs, we used a two-color labeling approach (Fig. 1B).
Premigratory NCCs were labeled at HH St. 10 with one fluores-

F St.15

Location of cells that are found in the SG

Perimeter 35%

Role of CXCR4 in NCC migration and position within the SGs. A—E, Staticimages from time-lapse of HH St. 13 embryo
coinjected with CXCR4-shRNA (green) and Dil (red) imaged in whole-embryo explant. The white and green circles track individual
Dil- and CXCR4-shRNA-labeled cell throughout time-lapse, respectively. F, Average cell speeds of Dil-control (22.1 == 7.6 um/h)
and CXCR4-shRNA (9.8 = 1.5 um/h)-transfected trunk NCCs from time-lapse analysis (n = 3 sessions). Error bars indicate SEM. G,
Graphical representation of localization of control-shRNA and CXCR4-shRNA + NCCs, core (red) or perimeter (light blue), within the
SGs. Fluorescentimages represent typical SGs expressing control-shRNA or CXCR4-shRNA plasmids (green), labeled with BEN (red,
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cent marker (DiO or EGFP) and at St. 14
with a second fluorescent marker [Dil or
RFP (red fluorescent protein)]. After pri-
mary SG formation, most cells labeled at
St. 14 (later migrating NCCs) were found
along the perimeter of the SGs (Fig. 1C),
with only 9 * 6.2% of cells found in the
core (n = 8 embryos, 74 cells). Together,
T these data demonstrate that early and late
delaminating NCCs destined for the SGs
colonize distinct regions of the SGs with
the earliest emerging NCCs forming the
neuronal core and later emerging NCCs
colonizing the SG perimeter.

CXCR4
shRNA

CXCR4 is expressed by a subset of
trunk NCCs

These data indicated that temporal differ-
ences in NCC delamination correlated
with distinct fate within the SGs. To deter-
mine whether NCC migration patterning
is also regulated by heterogeneous gene
expression, we examined expression of
multiple chemokine receptors in trunk
NCCs. We hypothesized that, if a given
HNK chemokine receptor functioned to selec-
tively direct the migration and targeting of
SG-destined NCCs, it should not be ex-
pressed by DRGs or DRG-destined NCCs.
Using RT-PCR, we found expression of
CXCR4, CCR7, and CXCR1 (Fig. 2A) in
HH St. 24 SGs. Whole-mount ISH of HH
St. 24 embryos showed CCR7 highly ex-
pressed in DRGs and SGs, and CXCR1
diffusely expressed in SGs and faintly in
DRGs (Fig. 2 B; supplemental Fig. 1, avail-
able at www.jneurosci.org as supplemental material). CXCR4,
however, was selectively expressed in SGs and not DRGs (Fig. 2 B;
supplemental Fig. 1C, available at www.jneurosci.org as supple-
mental material). Since ventrally migrating trunk NCCs typically
follow a medioventral migratory route, stopping at the DRGs or
SGs, selective expression of CXCR4 by NCCs that generate SGs
suggested a potential novel role for chemokines in imparting a
pattern on a migratory stream of NCCs.

To determine the spatiotemporal expression of CXCR4 and
its ligand SDF-1 during SG development, we combined in situ
hybridization with HNK-1 immunostaining at HH St. 14 (early
trunk NCC migration), St. 16 (arrival of NCCs at SG sites), and
St. 24 (primary SGs formed). At HH St. 14, early emerging trunk
NCCs expressed CXCR4 (Fig. 2D), and SDF-1 was expressed
from the dorsal aorta dorsally around the notochord just past the
level of the ventral neural tube (Fig. 2G), along the migratory
pathway of SG-destined NCCs. By HH St. 16, CXCR4+ NCCs
localized to the presumptive SGs (cells dispersed, but adjacent to
the dorsal aorta) (Fig. 2 E) but more recently delaminated NCCs
lacked CXCR4 expression. SDF-1 localized to the perinoto-
chordal region (between the level of the dorsal aorta and noto-
chord) (Fig. 2H). By HH St. 24, CXCR4+ cells were localized
primarily in the neural core of the SGs (Tsarovina et al., 2008)
(Fig. 2 F). Importantly, although at HH St. 24 numerous NCCs
were distributed among different target locations, double label-
ing with HNK-1 clearly showed only a discrete subset of NCCs
express CXCR4. It is not expressed in the DRGs, nor by NCCs
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comprising the SG perimeter. SDF-1 expression remained
strongly localized around the notochord, tapering off laterally
near the spinal nerve (Fig. 2I). These expression patterns are
summarized in Figure 2C and are supported by other recent in
situ hybridization analyses in chick (Yusuf et al., 2005) showing
strong expression of CXCR4 in developing SGs but absence of
expression in immature DRGs. Based on these data, we hypoth-
esized SDF-1 expression may guide SG precursors toward the
dorsal aorta.

SDF-1 is a chemoattractant for trunk NCCs in ovo
To assess the chemoattractant activity of SDF-1 on trunk NCCs,
HH St. 10 trunk neural tube explants were cultured with beads
coated in PBS (control; # = 11) or recombinant SDF-1 protein
(n = 16) (Fig. 3). Using time-lapse microscopy, in the presence of
a PBS-coated bead, NCCs emerged and migrated away from the
neural tube in a uniformly radial direction with no apparent
localization pattern with respect to the bead (Fig. 3A). However,
in the presence of an SDF-1-coated bead, cells were found con-
gregated in an asymmetric distribution around the bead (Fig.
3B). To confirm the directed response to SDF-1, we also cultured
neural tubes and SDF-1-coated beads with an SDF-1 antagonist
1,1'-[1,4-phenylenebis(methylene)]bis[1,4,8,11-tetra-azacy-
clotetradecane]octohydrobromide dihydrate (AMD3100), also
an agonist for CCR7; n = 6] (Kalatskaya et al., 2009), which
generated a similar cell distribution pattern to controls (Fig. 3C).
To determine whether SDF-1 could act as a chemoattractant
in ovo, SDF-1- or PBS-coated beads were transplanted (n = 9
embryos, 1 bead/embryo) into the lateral somite of HH St. 11
embryos (Fig. 3D, arrowhead). At HH St. 21, NCCs populated
SGs in both conditions (Fig. 3E-H ). However, when beads were
implanted into regions from which NCCs are typically inhibited,
NCCs were only found in these ectopic locations in association
with SDF-1- and not PBS-coated beads. Additionally, we tested
the effect of SDF-1 on DRG-destined NCCs by transplanting
SDF-1-coated beads in ovo, underneath the ectoderm near the
developing DRGs at HH St. 15 after the majority of SG-destined
NCCs had migrated ventrally. At HH St. 21, DRG and SG forma-
tion was unaltered, indicating DRG-destined NCCs are not influ-
enced by SDF-1 (Fig. 3I).

CXCR4 expression is required for ventral migration of

SG precursors

To disrupt CXCR4 signaling in trunk NCCs, we generated an
EGFP-tagged CXCR4-shRNA construct (CXCR4-shRNA) and a
plasmid encoding EGFP-tagged control-shRNA (scrambled tar-
get sequence). Embryos were electroporated in ovo with the
shRNA constructs at St. 10. Confirmation of reduction in
CXCR4 in neural crest cells was obtained by RT-PCR (Fig. 4A).
Scrambled-shRNA transfected NCCs distributed normally
throughout the DRGs and SGs (n = 4 embryos, 229 cells) (Fig.
4C). In contrast, CXCR4-shRNA+ NCCs were absent in SGs
(n = 6 embryos, 255 cells) (Fig. 4 D—F). Static analysis of CXCR4-
shRNA transfected embryos coinjected with Dil (n = 4 embryos)
showed normal NCC delamination and emigration from the dor-
sal neural tube and migration within rostral somite halves (HH
St. 15). However, Dil+/shRNA— cells migrated further ventrally
than CXCR-shRNA+ cells (Fig. 4 D).

Strikingly, very few CXCR4-shRNA+ NCCs were found in
the SGs compared with control-scrambled shRNA+ cells (HH
St. 17, 21) and those that did were primarily located along the
perimeter of the ganglion (Fig. 5G; control data for St. 17 not
shown). We also measured a decrease in the distribution of NCCs
between the SGs and DRGs in CXCR4-shRNA-treated embryos
compared with control embryos by determining the percentage
of GFP+ cells that resided in the SGs compared with the total
number of GFP+ cells in the DRGs and SGs combined at HH St.
21 and 24 (Fig. 4B). To determine the overall migration pattern
of transfected NCCs in control or CXCR4-shRNA embryos, we
counted all transfected NCCs at HH St. 24 in the DRGs, SGs,
ventral root, and dorsolateral pathway on the electroporated (ip-
silateral) side of the embryo and in the DRGs, SGs, and dorsolat-
eral pathway on the nonelectroporated (contralateral) side of the
embryo, in addition to those found in ectopic locations. A higher
percentage of CXCR4-shRNA+ cells settled within the DRGs
than did control-transfected NCCs (72.7 = 7.1 vs 60.1 = 4.8% in
controls; p = 0.002). Conversely, we found a significant decrease
in cells in the SGs compared with controls (4.7 = 5.6 vs 17.1 =
6.8%; p = 0.001). However, there was no significant difference in
the percentage of NCCs found in the other locations analyzed
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(see Fig. 8A). Thus, CXCR4 signaling functions to segregate
NCCs between the DRGs and SGs.

CXCR4-shRNA + NCCs migrate more slowly than

control cells

We used time-lapse confocal microscopy to assess behaviors of
CXCR4-shRNA+ cells in whole trunk explants (HH St. 15) in
which the majority of NCCs were colabeled with Dil. Time-lapse
analysis (n = 5) showed that most CXCR4-shRNA + cells stopped
midway through the rostral somite (approximately the ventral edge
of the presumptive DRGs), whereas nontransfected-Dil+ cells mi-
grated further ventrally (Fig. 5A—E). Dil+ NCCs that initially trailed
CXCR4-shRNA+ cells, migrated around and past CXCR4-
shRNA+ cells distally along the migratory route. Quantification

Full-Length CXCR4

Overexpression of (XCR4 alters migration and localization of trunk NCCs. A-D, Analysis of FL-CXCR4 (green) on
ipsilateral SG (electroporated side) formation, HNK-1 (blue) and Tuj1 (red). E-H, Analysis of contralateral SGs (un-electroporated
side) in control-EGFP (E, F) and FL-CXCR4 (G, H)) electroporated embryos. I-L, Analysis of contralateral DRGs of control-EGFP and
FL-CXCR4 electroporated embryos. The arrowheads indicate cells found in ectopic locations lateral to the DRGs. M—R, FL-CXCR4 +
NCCs migrate further along the dorsolateral pathway than control-EGFP+ NCCs. At E3, control-EGFP+ NCCs are found 58.5 =
11.1 wm (SD) along pathway (measured from the midline of the neural tube), and FL-CXCR4 + NCCs found 173 == 21.1 um (SD;
p=10.001). At E4, control-EGFP + NCCs found 254 == 40.8 um (SD) and FL-CXCR4+ NCCs found 374 = 60.9 m (SD; p = 0.001)
along the dorsolateral pathway. N, Schematic of measurements of cells along the dorsolateral pathway, graphed in M. 0-R,
Images of control EGFP and FL-CXCR4 electroporated cells along the dorsolateral pathway with the migratory route shown in red.
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of cell velocity indicates that CXCR4-
shRNA+ cells migrated slower (9.8 = 1.5
pum/h; n = 5 time-lapse sessions, 42 cells
total) than control-Dil+ NCCs (19.3 = 7.8
pm/h; p = 0.001; n = 4 time-lapse sessions,
45 cells total) (Fig. 5F ). These velocities were
calculated only during active migration and
measurements ceased once the cells had
stopped midway through the rostral somite
(at the ventral level of the DRGs).

What happens to CXCR4-shRNA +
NCCs?

Although very few CXCR4-shRNA+
NCCs reached the presumptive SG loca-
tion, those cells that did were primarily
found along the (non-neural) perimeter
of the ganglion, in contrast to the uniform
distribution of transfected cells in control
embryo SGs (Fig. 5G). At HH St. 24,
79.2 £ 26% of CXCR4-shRNA NCCs
(n = 7 embryos, 591 cells) were found
along the SG perimeter compared with
only 353 *= 7.7% of control-shRNA
transfected NCCs (n = 4 embryos, 201
cells), a 78% increase above control (Fig.
5G) (p = 0.001). Thus, NCCs that
reached the SGs and typically would have
localized to the neural core of the gan-
glion, instead colonized the perimeter
when CXCR4 signaling was disrupted.

Within the DRGs (HH St. 21), there
was no difference in the percentage
of EGFP+ neurons that differentiated
into neurons between control-shRNA-
transfected NCCs versus CXCR4-shRNA-
transfected NCCs (15.3 *+ 6.7 vs 10.3 *+
1.1% in controls; p = 0.1; n = 4 embryos
each, 201 and 183 total cells counted, re-
spectively). However, more CXCR4-
shRNA+ NCCs were localized to the
dorsal root and DREZ than in control-
shRNA transfected DRGs (Fig. 6A-C).
We quantified the number of EGFP+
cells residing in the dorsal root region
(dorsal one-fourth of the total DRGs mea-
sured dorsal to ventral) compared with
the entire DRGs (length from the DREZ
to motor exit point). In CXCR4-shRNA-
transfected embryos, 24.2 * 5.9% of transfected NCCs (n = 4
embryos, 183 cells) were found in the dorsal root compared with
control embryos in which 11.4 = 4.4% of transfected cells (n = 4
embryos, 201 cells) were in the dorsal root ( p = 0.001); in con-
trast, the distribution of transfected cells within the DRG core
was comparable (Fig. 6 D, E) between conditions.

To confirm that the CXCR4-shRNA effects were target specific,
we generated a second shRNA targeted to a different region of
CXCR4 (n = 6 embryos). Transfected NCCs with both shRNAs
show similar results with very few cells found in the SGs (with these
restricted to the SG perimeter) and a higher percentage of trans-
fected cells localizing to the dorsal pole of the DRGs (supplemental
Fig. 2 B, C, available at www.jneurosci.org as supplemental material).
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premigratory NCC with a FL-CXCR4 ex-
pression plasmid that also encoded EGFP
to track their migration and position
within the embryo. We determined the lo-
cations of all FL-CXCR4+ NCCs using
the same methods as in the previous experiments (Figs. 7, 8 A, D).
The distribution of transfected cells was opposite to that obtained
when CXCR4 levels were reduced: transfection with CXCR4
induced a significant decrease in NCC colonization of the ipsilat-
eral DRGs and an increase in the ipsilateral SGs. Of the FL-
CXCR4+ transfected cells that incorporated into the SGs, 82%
colonized the neural core, compared with only 62% in controls
(Fig. 7A-D). Furthermore, SGs in FL-CXCR4-transfected em-
bryos were more compact compared with controls, which were
less tightly aggregated. There was also a significant increase in
FL-CXCR4+ cells along the dorsolateral pathway (14.9 = 3.1 vs
4.8 + 1.6% in controls; p = 0.001). At HH St. 18 (E3), FL-CXCR4
cells were found 173 = 21.1 um along the dorsolateral path-
way, compared with 58.5 = 11.1 um in controls ( p = 0.001)
(Fig. 70,Q). Additionally, we found 5.0 * 3.4% of FL-
CXCR4+ cells (compared with 0.2 = 0.5% in controls; p =
0.003) in ectopic locations (where NCCs never reside) (e.g.,
lateral to the DRGs, perinotochordal, and in the contralate-
ral SGs).

Interestingly, FL-CXCR4+ NCCs migrated widely not only
on the ipsilateral but also on the contralateral side of the embryo
(nonelectroporated side) (Fig. 7E-L). Previous studies from one
of our laboratories (George et al., 2007) identified a subpopula-
tion of trunk NCCs that cross the dorsal midline and colonize the
contralateral DRGs but not other NCC-derived structures such
as the SGs. Within the DRGs, the majority of contralateral cells
were shown to colonize the non-neuronal regions of the DRGs
including the dorsal pole and perimeter (George et al., 2007). Here,
we report that FL-CXCR4+ NCCs were found not only
throughout the contralateral DRGs, including the neural core
at HH St. 24 (Fig. 7I-L), but also in the contralateral SGs
(8.4 £ 3.9 vs 0% in controls; p = 0.001) with 91.8 = 8.25% in
the neural core (Fig. 7E-H ).

either CXCR4-shRNA or FL-CXCR4. Error bars indicate SEM. B—D, Schematic showing distribution of cells expressing control,
CXCR4-shRNA, or FL-CXCR4. contra, Contralateral; dI, dorsolateral pathway; nt, neural tube; no, notochord; ec, ectopic locations;
VR, ventral root; DA, dorsal aorta. The asterisks indicate Student's ¢ test significant difference ( p << 0.01).

Discussion

A fundamental question in neural development has been to un-
derstand how a common pool of migrating NCCs sort themselves
to stop at different locations along a shared migratory pathway to
give rise to distinct structures of the PNS. The data reported here
indicate that SG-destined NCCs are selectively targeted to their
site of ganglion formation because of their differential expression
of CXCR4 that confers the ability to respond chemotactically to
an asymmetrically distributed ligand. We show with gain- and
loss-of-function manipulations, that expression of CXCR4 is re-
quired to attract NCCs to the incipient SGs.

Chemotaxis has been hypothesized to be a mechanism for guid-
ing NCCs to targets, particularly for cells that travel long distances
(McGrath et al., 1999). Arguments against NCCs using chemotaxis
as a guidance mechanism include the fact that NCCs typically mi-
grate before their target tissue has fully developed, and that a cohort
of NCCs can have multiple distinct targets along a shared, common
migratory route. However, the data presented here are the first to
demonstrate an in vivo role for chemotaxis in patterning the migra-
tion of trunk NCCs. In support of chemotaxis as a neural crest guid-
ance mechanism, we found that only a subset of NCCs express
CXCR4, and CXCR4+ cells are found in the SG anlagen but not in
the DRG anlagen. Furthermore, the gain-of-function data reported
here indicate that this selective, restricted expression of CXCR4 is
crucial to ensure the normal distribution of NCCs to their various
requisite targets. The temporal pattern of CXCR4 expression in neu-
ral crest is consistent with its mediating a role in SG-destined, but not
DRG-destined NCCs, the majority of which colonize the DRGs after
CXCR4 expression ceases in the region where the DRG anlagen will
form (Serbedzija et al., 1989; George et al., 2007). It will be of interest
to identify factors regulating the tight temporal and spatial expres-
sion of CXCR4 in only a distinct subset of NCCs.

These data demonstrate that a subset of SG-destined NCCs are
molecularly distinct from their larger cohort. We suggest that differ-



Kasemeier-Kulesa et al. @ Sympathetic Ganglia Formation and CXCR4

ential expression of CXCR4 generates two distinct subpopulations of
neural crest cells that initially share a common pathway, yet subse-
quently diverge because of their differential response to SDF-1. This
is analogous to the selection of target choices for sympathetic neu-
rons in the superior cervical ganglion: the endothelin receptor Endra
is expressed on the subset of sympathetic neurons that selectively
extend along the endothelin-3-secreting external carotid artery
(Makita et al., 2008). Thus, both studies demonstrate that differen-
tial expression of a particular guidance receptor prepatterns the tar-
get selection of sympathetic precursors in the neural crest, and of
neurons in sympathetic ganglia.

In light of evidence that SDF-1 reduces the effectiveness of
multiple axon repellents, including slits and semaphorins (Cha-
lasani et al., 2003), we hypothesize that CXCR4-SDE-1 signaling
enables SG-destined NCCs to migrate through potentially inhib-
itory environments to arrive at the dorsal aorta. As they migrate
to the dorsal aorta, NCCs must traverse the perinotochordal area,
a region rich in inhibitory molecules (Tosney, 1991). Slit-1, -2,
and -3 are expressed in the ventral neural tube, notochord, and
near the dorsal aorta (De Bellard et al., 2003), all regions in close
proximity to the migratory pathway along which NCCs travel to
arrive at the SGs. Since NCCs in the DRGs fail to express CXCR4,
they would be unable to penetrate into this inhibitory region and
hence would stop more dorsally and form the DRGs. Thus, dif-
ferential expression of CXCR4 might determine whether NCCs
travel long or short distances along a common migratory route
and hence pattern the colonization of NCCs to specific “stop”
sites. These data are additionally supported by the fact that NCCs
ectopically expressing CXCR4 were detected in locations that are
typically inhibitory to NCCs: the perinotochordal region and
along the dorsolateral pathway, which initially repels NCCs be-
cause of eph/ephrin interactions (Santiago and Erickson, 2002).
Furthermore, ectopic expression of CXCR4 caused more NCCs
to migrate contralaterally than is normal, again, perhaps failing to
respond to an inhibitory signal that would normally restrict them
to the ipsilateral pathway (George et al., 2007). These data suggest
that a normal function for CXCR4 is not only to guide NCCs che-
motactically toward the dorsal aorta, but it does so by abrogating
signaling pathways that would otherwise restrict the directional de-
cisions made by NCCs, especially within inhibitory regions.

In the absence of a chemotactic gradient, how NCCs would be
directed through an inhibitory zone is not clear. If CXCR4/SDF-1
signaling is modulating inhibitory signals, NCCs could be directed
by physical contact, such as contact inhibition of movement. Recent
evidence in zebrafish has shown NCCs display contact inhibition of
movement. In the presence of local inhibitory signals, contact inhi-
bition has been suggested to direct NCC migratory streams
(Carmona-Fontaine et al., 2008). However, our time-lapse analysis
reveals trunk NCCs migrate as individuals or in chain-like arrays to
the SGs, demonstrating that contact inhibition is insufficient to ex-
plain the complex behaviors exhibited by NCCs as they migrate
through the trunk (Kasemeier-Kulesa et al., 2005).

A second possible model that could account for the aberrant
navigation and decreased migratory speed of CXCR4-shRNA+
sympathetic precursors is that CXCR4 signaling modulates cell
contact with the extracellular matrix (ECM). For example,
CXCRA4 is highly expressed in several neuroblastoma cell lines
and overexpression leads to increased metastasis (Zhang et al.,
2007). SDF-1 can upregulate integrins through CXCR4 in mi-
grating chondrosarcoma and lung cancer cells (Huang et al.,
2007; Lai et al., 2009) and integrins are crucial for avian trunk
NCC migration on fibronectin (Kil et al., 1998). Decreasing
CXCR4 signaling in NCCs may decrease integrin expression and
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thereby reduce the ability of cells to efficiently attach to the ECM
and limit their migratory speed and ability to travel deep within
the embryo. As a result, NCCs would pool more dorsally (Figs. 6,
8). In contrast, ectopic overexpression of CXCR4 could enhance
NCC interactions with the ECM thereby indiscriminately pro-
moting motility and migration, at the expense of their normal
appropriate response to the non-ECM, stop signals and cell ad-
hesion cues (Figs. 7, 8). Our shRNA data are also consistent with
a role for CXCR4 signaling in regulating cadherin expression
since ectopic expression of CXCR4 increased the compaction of
SG. It has been shown that the protocadherin pcdh-1 plays a key
role in positioning cells within either the neural core versus pe-
rimeter of chick DRGs (Bononi et al., 2008).

Many studies have identified developmental roles for SDF-1/
CXCR4 signaling (Bagri et al., 2002; Jaleel et al., 2004; Vasyutina
et al., 2005). In the zebrafish, lateral line primordium cells are
guided to their target location by chemokine signaling and block-
ing CXCR4 on lead lateral line cells prevents proper navigation of
the entire cluster (Valentin et al., 2007). Similar to chick, a subset
of mouse NCCs express CXCR4 and SDF-1 is expressed along
their migratory route (Belmadani et al., 2005). This study also
showed that, in vitro, mouse NCCs could chemotax toward
SDEF-1. Although the identity of the CXCR4+ subpopulation of
NCCs was not determined in the mouse nor was SG development
examined in CXCR4-null mice, the genetic deletion of CXCR4
altered DRG morphology (Belmadani et al., 2005). Thus, both
studies demonstrate an important function for CXCR4/SDF1
signaling in PNS development. Recently, it has been shown that
CXCR4 plays yet a different role in zebrafish cranial NCC migration;
although zebrafish trunk NCCs do not express CXCR4, reductions
in CXCR4 interfered with cranial ganglia development (Olesnicky
Killian et al., 2009). In summary, CXCR4, plays a key role in NCC
migration in all three species, although it apparently does not regu-
late the migration of the same subpopulation of NCCs.

Our data indicate that the ventrally migrating pool of NCCs is
molecularly heterogeneous. This molecular heterogeneity could
be the manifestation of temporal differences in delamination in
that the CXCR4+ NCC cohort delaminates in the first wave of
emigration from the neural tube. Whatever cues might induce
the early wave of NCCs to express CXCR4 may no longer be
present once the subsequent waves of neural crest delaminate.
Although transplantation studies clearly indicate a tremendous
degree of plasticity among NCCs, differential expression of
CXCRA4 is not necessarily an indication of cell commitment, but
rather cell specification. According to this model, expression of
CXCR4 facilitates ventral migration to the dorsal aorta, where the
CXCR4+ cells will receive cues such as BMP4 that will induce
MASH (mammalian achaete/scute homolog) expression, and
commit these cells to a sympathetic neural fate.

In summary, our data indicate chemokine signaling may be
crucial for proper trunk NCC guidance and potentially for the
distribution or balance of NCCs that target DRGs or SGs. For
example, at a particular somite level, in response to embryologi-
cal manipulations that cause a significant increase in the number
of NCCs that contribute to the DRGs, there is a corresponding
decrease in cells in the SGs (Goldstein and Kalcheim, 1991). This
could partially be explained by intercellular signaling among the
pool of NCCs that will colonize DRGs and SGs within a particular
axial level. Evidence for such cross talk was observed in our time-
lapse sequences in which NCCs were observed at early ages moving
back and forth between presumptive SG and DRG sites at a given
axial level (Kasemeier-Kulesa et al., 2005). Additional insights into
the interplay of molecular signals that regulate trunk NCC invasion
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and distribution into specific structures may shed insight on mech-
anisms underlying hereditary sensory and autonomic neuropathies
and the neural crest-derived cancer, neuroblastoma.
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