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During amniote embryogenesis the nervous and vascular systems interact in a process that significantly
affects the respective morphogenesis of each network by forming a “neurovascular” link. The importance
of neurovascular cross-talk in the central nervous system has recently come into focus with the growing
awareness that these two systems interact extensively both during development, in the stem-cell niche,
and in neurodegenerative conditions such as Alzheimer's Disease and Amyotrophic Lateral Sclerosis.
With respect to the peripheral nervous system, however, there have been no live, real-time investigations of
the potential relationship between these two developing systems. To address this deficit, we used multi-
spectral 4D time-lapse imaging in a transgenic quail model in which endothelial cells (ECs) express a
yellow fluorescent marker, while neural crest cells (NCCs) express an electroporated red fluorescent
marker. We monitored EC and NCC migration in real-time during formation of the peripheral nervous
system. Our time-lapse recordings indicate that NCCs and ECs are physically juxtaposed and dynamically
interact at multiple locations along their trajectories. These interactions are stereotypical and occur at
precise anatomical locations along the NCC migratory pathway. NCCs migrate alongside the posterior
surface of developing intersomitic vessels, but fail to cross these continuous streams of motile ECs. NCCs
change their morphology and migration trajectory when they encounter gaps in the developing vascu-
lature. Within the nascent dorsal root ganglion, proximity to ECs causes filopodial retraction which
curtails forward persistence of NCC motility. Overall, our time-lapse recordings support the conclusion
that primary vascular networks substantially influence the distribution and migratory behavior of NCCs
and the patterned formation of dorsal root and sympathetic ganglia.

Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

How a precisely patterned peripheral nervous system (PNS)
emerges from a heterogeneous population of neural crest cells
remains a fundamental question in developmental biology. Trunk
NCCs undergo an epithelial-to-mesenchymal transition to dela-
minate from the neural tube and then migrate ventrally and lat-
erally through the embryo: those NCCs that stop next to the dorsal
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aorta differentiate into the paravertebral chain of sympathetic
ganglia (SG) while those that stop adjacent to the neural tube give
rise to the dorsal root ganglia (DRG) (Lallier and Bronner-Fraser,
1988; Le Douarin and Kalcheim, 1999; Tosney, 1978; Weston,
1970). The cues that guide NCCs to preferentially colonize either
the presumptive SG or DRG are not fully understood. NCCs dela-
minate in a temporal sequence that corresponds to their migratory
route and cell fate, with NCCs that form the SG exiting the neural
tube prior to those that form the DRG (Lallier and Bronner-Fraser,
1988; Le Douarin and Kalcheim, 1999; Tosney, 1978; Weston, 1970;
George et al., 2007; Loring and Erickson, 1987; Thiery et al., 1982;
Teillet et al., 1987; Erickson, 1985). The earliest, SG-fated NCCs
-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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migrate ventrally either between the somites or between the
neural tube and somite and differentiate directly into neurons,
while later SG-destined NCCs migrate along the ventral border of
the dermomyotome and through the sclerotome to form a peri-
meter composed of mitotically-active progenitor cells (Kasemeier-
Kulesa et al., 2010). This change in migration pathway is likely
mediated by SEMA3A and NRP1, since an increase in NCC migra-
tion through the intersomitic furrow is observed when the ex-
pression of either of these genes is ablated in the somite (Schwarz
et al., 2009). All NCCs destined for the DRG associate with the
sclerotome (Loring and Erickson, 1987; Teillet et al., 1987; Bronner-
Fraser, 1986), with the last NCCs to colonize the ganglion also
forming a perimeter of mitotically active progenitors (George et al.,
2007, 2010). An interesting spatial dynamic of trunk NCC migra-
tion is the fact that although NCCs delaminate along the entire
length of the neural tube, they migrate rostrally and/or caudally
within the migration staging area (MSA) (Weston, 1991) to pre-
ferentially penetrate the anterior halves of each somite, in part due
to repulsive EphrinB and Sema3F cues expressed in the posterior
somite half (Gammill et al., 2006; Krull et al., 1997). In addition to
cell membrane mediated guidance cues, NCCs destined to colonize
the SG selectively express CXCR4 and chemotax towards periaortic
sources of SDF-1 (Kasemeier-Kulesa et al., 2010; Saito et al., 2012).

Most studies of NCC migration have relied on static analyses to
discern intercellular interactions. However, live time-lapse ima-
ging of intact embryos and explants has revealed novel NCC be-
haviors (George et al., 2007, 2010; Krull et al., 1997; Clay and
Halloran, 2010; Clay and Halloran, 2011; Jesuthasan, 1996; Kase-
meier-Kulesa et al., 2006, 2005; Krull et al., 1995; Kulesa and
Fraser, 1998; Kulesa et al., 2009, 2013, 2008; Langenberg et al.,
2008; Teddy and Kulesa, 2004; Young et al., 2004; Druckenbrod
and Epstein, 2005; Druckenbrod and Epstein, 2007). These studies
have shown that NCCs are highly dynamic as they migrate, ex-
tending and retracting filopodia and moving in all four directions
(dorsal, ventral, rostral, and caudal) as they interact with cues in
their environment. Most NCC studies also tend to be “neural crest-
centric”, that is they do not describe the surrounding non-neural
crest cell types with which NCCs interact along their migratory
routes. Other than the clear effect the anterior versus posterior
somite plays in patterning NCC migration (Schwarz et al., 2009;
Gammill et al., 2006; Kalcheim and Goldstein, 1991; Newgreen
et al., 1990), the potential influence of other non-NCCs on NCC
behavior has not received much attention. In the trunk, a major
cell type migrating at the same time and place as NCCs, are ECs as
they form the embryonic vasculature. Static analyses in the trunk
have demonstrated the colocalization of NCCs and ECs in the in-
tersomitic furrow, around the dorsal aorta and postcardinal veins,
and along the longitudinal anastomosis of the neural tube (Erick-
son, 1985; Schwarz et al., 2009; Miller et al., 2010; Spence and
Poole, 1994). In the developing enteric nervous system (ENS),
while one study did report a dependency of NCC migration in the
hindgut along blood vessels (Nagy et al., 2009), other studies in
both chick and mouse have found that the vascular and ENS sys-
tems develop autonomously or do not spatially align (Young et al.,
2004; Delalande et al., 2014; Coventry et al., 1994; Landman et al.,
2011). A study in zebrafish found no affect on DRG positioning in
the absence of normal vascular patterning (Miller et al., 2010).

An emerging focus in both neurodevelopment and neurode-
generative disease is the “neurovascular link”: that is, the re-
cognition of extensive intercellular signaling between blood ves-
sels, in particular, ECs and neurons, axons, and glia (Bautch and
James, 2009; Carmeliet, 2003; Eichmann and Thomas, 2013; Gel-
fand et al., 2009; Bates et al., 2002; Taylor et al., 1994; Quaegebeur
et al., 2011). The close congruency of blood vessel and peripheral
nerve growth is well documented (Bates et al., 2002; Taylor et al.,
1994; Vesalius, 1543), and numerous studies have shown that the
developing vascular and peripheral nervous systems share gui-
dance cues (Erskine et al., 2011; Suchting et al., 2005; Zacchigna
et al., 2008). For example, blood vessels often track alongside
peripheral nerves, while signals from both blood vessels and
nerves can promote the branching and survival of each other
(Burnstock and Ralevic, 1994; Martin and Lewis, 1989; Mukouya-
ma et al., 2002). In the developing central nervous system (CNS),
blood vessels have been shown to act as a substrate for migrating
neuroblasts and olfactory bulb interneurons (Bovetti et al., 2007;
Saghatelyan, 2009; Snapyan et al., 2009). In addition, the devel-
opment, maintenance and proper functioning of both the nervous
and vascular systems have been shown to be mutually inter-
dependent via the secretion of growth factors including NGF, BDNF
and VEGF (Schwarz et al., 2009; Eichmann and Thomas, 2013;
Goldman and Chen, 2011; Haigh et al., 2004; Makita et al., 2008;
Mukouyama et al., 2005; Sondell et al., 1999; Vieira et al., 2007;
Zacchigna et al., 2008; Hashimoto et al., 2006). Neurons and en-
dothelial cells share additional molecular pathways including
Ephrins/Ephs; Nrpns/Semas/Plexins, Netrins, Notch/Delta, Slit/
Robo, and SDF-1/CXCR4 (Kasemeier-Kulesa et al., 2010; Bouvree
et al., 2008; Fujita et al., 2011; Gu et al., 2005; Herzog et al., 2001;
Le Bras et al., 2006; Pan et al., 2007; Suchting et al., 2007; Wein-
stein, 2005). In the CNS, these bidirectional interactions are such
that they comprise a “neurovascular unit” that includes neurons,
glia, pericytes, and ECs, and this ensemble provides a critical stem
cell niche in which mitotically active neural progenitors are found
in close proximity to blood vessels (Bautch and James, 2009; Shen
et al., 2004). Crosstalk between the two systems promotes the
survival and maintenance of neurons and ECs and in fact, the
neural degeneration that is the hallmark of many neurological
diseases (e.g. Alzheimer's, Amyotrophic Lateral Sclerosis) is pos-
tulated to result from disruptions in this crosstalk (Zacchigna et al.,
2008).

Given the significance of neurovascular interactions in other
regions of the developing nervous system, we sought to in-
vestigate a potential “neurovascular link” during the formation of
the trunk peripheral nervous system. To capitalize on the en-
hanced perspective provided by live imaging techniques, we used
a line of transgenic quail, Tg(tie1:H2B-eYFP), in which endothelial
cells are genetically engineered to express nuclear-localized en-
hanced yellow fluorescent protein (H2B-eYFP) (Sato et al., 2010).
By simultaneously imaging NCCs tagged with monomeric cherry
fluorescent protein (ChFP), and eYFPþ ECs, we recorded these two
distinct cells types interacting with each other in real time during
the formation and patterning of the PNS. Our work reveals the
extensive nature of these interactions and provides evidence for
interconnectedness and interdependence between the nervous
and vascular systems as they develop concurrently within the
embryo.
2. Materials and methods

2.1. Quail embryos

The generation of a tie1 transgenic quail line Tg(tie1:H2B-eYFP)
has been previously described (Sato et al., 2010) as well as our
methods for electroporation of avian embryos (George et al., 2010).
Briefly, for fluorescent labeling of NCCs, Japanese quail, (Coturnix
coturnix japonica) embryos were incubated until Hamburger and
Hamilton Stage (St.) 10–11 (Hamburger and Hamilton, 1992), and
the fluorophore expressing plasmid, plenti-PGK:mCherry (Shaner
et al., 2004), was injected at a concentration of 0.25 mg/ml in PBS
until the entire length of the neural tube was filled. Electroporator
settings were 5 pulses and 23 V with an interval of 100 ms.



Movie 1A. By the end of NCC migration the peripheral ganglia and spinal nerves
are surrounded by a vascular network. St. 23 quail. Fly thru Movie 1A shows a
medial to lateral progression through the mid-trunk (between the wing bud and
hind limb), beginning at the midsagittal plane that includes the embryonic spinal
cord. The embryo was immunostained using primary antibodies that recognize
NCCs and NCC derivatives (HNK1), and ECs and EC derived vasculature (QH1),
cleared, and then cut in half along the sagittal midline (see methods). DRG, dorsal
root ganglia; ISV, intersomitic vessel; PNVP, perineural vascular plexus; PSV, peri-
somitic vessel; SG, sympathetic ganglia. (Scale bar: 110 μm). Supplementary ma-
terial related to this article can be found online at http://dx.doi.org/10.1016/j.ydbio.
2016.02.028.

Movie 1B. The developing PNS and vasculature are tightly juxtaposed. St. 18 quail.
Rotational Movie 1B shows a reconstructed view of the sagittal half of the mid-
embryonic trunk. The embryo was immunostained with primary antibodies that
recognize NCCs and NCC derivatives (HNK1), and ECs and EC-derived vasculature
(QH1), cleared, and then cut in half along the sagittal midline (see methods). DRG,
dorsal root ganglia; ISV, intersomitic vessel; PNVP, perineural vascular plexus; SG,
sympathetic ganglia. (Scale bar: 120 μm). Supplementary material related to this
article can be found online athttp://dx.doi.org/10.1016/j.ydbio.2016.02.028.
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2.2. Immunohistochemistry (IHC)

Detailed methods for performing IHC using 16 mm cryosections,
including embryo preparation, sectioning, and immunostaining,
have been previously described (George et al., 2010). Unless
otherwise stated, all IHC images correspond to the mid-trunk axial
level. Mouse monoclonal primary antibodies anti-HNK1(IgM)
(1:25) and anti-neurogenin2 (NGN2) (1:30,000) were gifts from
Dr. Ben Novitch, UCLA. Anti-TUJ1 monoclonal mouse antibody
(1:1000) was obtained from Covance (MMS-435P). Mouse mono-
clonal antibodies anti-PAX3, anti-Laminin, and anti-QH1 were
obtained from the Developmental Studies Hybridoma Bank
(http://dshb.biology.uiowa.edu) and used at a final concentration
of 1 mg/ml. Rabbit polyclonal antibody anti-phospho-histone H3
(pH3) was obtained from Millipore (06-570).

For whole mount IHC, embryos were fixed in 4% PFA/PBS for 4–
6 h (depending on age), and rinsed in PBS. For antibody staining,
embryos were placed in scintillation vials and bathed in PBST (PBS
and 0.5% triton X-100) for 40 min, followed by NGS block (20%
normal goat serum, 1% glycine, 0.5% triton X-100 in 30 mM Tris,
150 mM NaCl) for 1 h, and incubated for 4 days with mouse
monoclonal primary antibodies anti-HNK1 IgM (1 mg/ml) and anti-
QH1 IgG (1 mg/ml) in NGS block. Embryos were then rinsed for
30 min in NGS block, rinsed for 5 h in PBST, and incubated for 1 h
with NGS block prior to incubation in secondary antibodies [goat
anti-mouse IgM, Alexa Fluors 568 at 1:2000 (Thermo fisher sci-
entific); goat anti-mouse IgG Fcγ 488 at 1:300 (Jackson Immuno
research Labs)] in NGS block for 6 days. Embryos were then rinsed
in PBST and stored overnight in PBS at 4 °C.
2.3. Imaging

All static fluorescent images with the exception of Fig. 3A and B
were captured using an inverted laser scanning confocal micro-
scope (Olympus FV300) with 488 nm, 543 nm, and 633 nm laser
lines and Fluoview Software v. 5.0. Objectives included a 20X Plan
Apo (NA¼0.70) dry objective and a 60X Plan Apo (NA¼1.4) oil
immersion lens (Olympus). Sections shown in 1B, 2B, 4C, 5A-F, and
6A, B, D were 16 mm.

For Movies 1A, 1B, the trunks of immunostained whole em-
bryos were cut in half sagittally using a feather blade under a
dissecting scope. For Movies 1A–1C, embryos were rendered op-
tically transparent (cleared) prior to imaging using a methyl sali-
cylate and benzyl benzoate (MSBB) method described previously
(MacDonald and Rubel, 2008). Briefly, embryos were dehydrated
using a series of ethanol solutions in distilled water (70%, 95%,
100%), and placed in a methyl salicylate, benzyl benzoate (5:3)
solution for 30 min. All 3D images were acquired using the FV300
confocal and 20X objective described above, with a lateral (x-y)
resolution of 0.69 mm per pixel and optically sectioned at 2 mm in
Z. Confocal images were converted to 3D tiff-stacks using ImageJ
(http://imagej.nih.gov/), and then imported to Osirix imaging
software (http://www.osirix-viewer.com/) to generate rotational
and fly thru movies (Movies 1A–1C).

For time-lapse imaging in Movies 2A and 2B, and photo-
micrographs shown in Figs. 2A and 3F and G, whole embryos were
mounted on paper rings and transferred to Millicell-CM 0.4 mm
culture plate inserts (Millipore, Bedford, MA) with the legs re-
moved and saturated in neurobasal media (Invitrogen) supple-
mented with B27 (Invitrogen) within a 35 mm glass bottom dish
(MatTek, Ashland, MA). Images of a single focal plane were cap-
tured every 5 min using the 20X dry objective on our FV300
(above) within an enclosure heated to 37 °C. For Movies 3E–3G, 4,
5, 6, and Fig. 3E, H–K, and 4B showing transverse slice
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Movie 1C. NCCs are directly apposed to ECs as they enter the intersomitic furrow.
St. 15/16 quail. Fly thru Movie 1C shows a dorsal to ventral progression through the
dorsal half of the mid-embryonic trunk (somites 16–21). The embryo was im-
munostained using primary antibodies that recognize NCCs and NCC derivatives
(HNK1), and ECs and EC-derived vasculature (QH1), cleared, and then imaged
whole mount with the dorsal surface laid down on a cover glass. At this stage, the
MSA is densely populated with NCCs with a few entering the intersomitic furrow in
tight juxtaposition to ECs comprising the intersomitic vessel. The anterior half of
the somite also shows some HNK1 immunoreactivity. DRG, dorsal root ganglia; ISV,
intersomitic vessel; MSA, migration staging area; NCCs, neural crest cells; NT,
neural tube. (Scale bar: 130 μm). Supplementary material related to this article can
be found online at http://dx.doi.org/10.1016/j.ydbio.2016.02.028.
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preparations, embryos were dissected in sterile, ice cold 1xPBS,
embedded into low melting point agarose and sectioned at
250 μm using a vibratome. Transverse slices were then transferred
to Millicell-CM 0.4 mm culture plate inserts (Millipore, Bedford,
MA) saturated in neurobasal media (Invitrogen) supplemented
with B27 (Invitrogen). The Millicell membrane with slice pre-
paration was then cut from the plastic insert and placed in a
35 mm glass bottom dish (MatTek, Ashland, MA). Single focal
plane images were captured every 5 min using the 20X objective
on our FV300 within a heated enclosure.

For time-lapse imaging in Movies 2C and 3A–3D embryos were
maintained ex ovo by mounting the specimens on paper rings as
previously described (Cui et al., 2006; Rupp et al., 2008) and
transferred to the environmentally controlled stage of a conven-
tional microscope and wide-field time-lapse recordings were
performed using an automated microscopy system; the in-
strumentation and methods have been described in detail else-
where (Rupp et al., 2008; Czirok et al., 2002; Rupp et al., 2004,
2003). Twelve-bit gray-scale images were recorded every 7 min in
both DIC and epi-fluorescence modes. Images were acquired at 7–
9 focal planes, separated by 10 mm, and in most cases at multiple
XY positions arranged as overlapping image tiles. This procedure
over-sampled the specimen in X-Y-Z space thus ensuring that any
point of interest remained in focus despite the normal movements
of the embryo over the recording period (8–20 h). The imaging
system was based on a computer-controlled standard compound
Leica DMR inverted (Movies 2C) or upright (Movies 3A–3D) mi-
croscope equipped with a motorized stage and a QImaging Retiga-
SRV TM camera, using a Leica 506057 N PLAN L 20X/0.40 CORR
“Infinity Symbol”/0–2C objective (Movie 2C), or a Leica 556000 PL
Fluotar 10X/0.25 P “Infinity symbol”/-objective (Movies 3A–3D).
Freely available, open source software code of our design (TiLa,
KUMC) was used to process, align, smoothen and register the
adjacent XY image tiles, from algorithm-selected Z planes, to
produce a full-scale composite image for each time point (i.e., one
movie frame). The resulting sequential image frames were con-
catenated and compiled as a movie file using ImageJ, then con-
verted to MP4 format and annotated using Adobe Premiere Ele-
ments 14.

2.4. Quantification of EC density above the anterior versus posterior
half somite

Time lapse recordings of St. 15 quail embryos obtained via the
methods described above for Movies 3A–3D were used to quantify
EC density. The fissure of von Ebner was used to delineate the
anterior and posterior halves of somites 6–12, and the number of
ECs present above each half was counted every 10 frames (or
70 min) over the course of 105 frames (or �12 h), n¼4 embryos.

2.5. Quantification of proliferation

Data shown in Fig. 6C were obtained by counting the number of
mitotically active (pH3þ) and non-mitotic (pH3�) DRG progenitor
cells (HNK1þ) within the DRG perimeter (outer-most cell layer
only) that were in contact with ECs (QH1þ). DRG from 3 axial
levels including the wing, trunk, and hind limb were included with
no significant differences found between axial levels. For each
DRG, the center section was determined, and the two sections
flanking the center section were counted. For St. 26, 57 sections
from 3 embryos were counted. For St. 22, 55 sections from 3 em-
bryos were counted.
3. Results

At the level of the wing bud, NCCs begin delaminating from the
neural tube at St. 13 and migrate ventrally both through the in-
tersomitic furrow and between the neural tube and somite to form
the SG (Lallier and Bronner-Fraser, 1988; Tosney, 1978; Erickson,
1985). The next cohort of delaminating NCCs (between St. 14–19)
migrates ventrally to form the SG perimeter (Kasemeier-Kulesa
et al., 2010), or stops next to the neural tube to form the DRG
(Lallier and Bronner-Fraser, 1988). The third cohort to migrate
ventrally (St. 17–20) does so either ipsilaterally or contralaterally to
form the DRG perimeter (George et al., 2007), while the last cohort
(St. 19–21) traverses laterally into the ectoderm to form melano-
cytes (Le Douarin and Kalcheim, 1999; Erickson et al., 1992;
Rawles, 1948; Erickson and Goins, 1995).

3.1. Migrating neural crest cells and the nascent peripheral ganglia
are tightly juxtaposed to the developing vasculature

To determine the position of migrating trunk NCCs and their
derivatives relative to the developing vasculature, we fluorescently
labeled both systems in fixed embryos at three developmental
time points, collected images at successive focal planes throughout
the trunk, and reconstructed these images three dimensionally. By
St. 23, NCC migration is complete and the DRG and SG are com-
posed of differentiating neurons and mitotically active neural
progenitors (George et al., 2010). Movie 1A, a medial to lateral
projection through the trunk of a St. 23 embryo, and Fig. 1A and B
show a striking spatial apposition of the nascent sensory and
sympathetic ganglia with the developing vasculature. NCC deri-
vatives in the rostral most region of each DRG anlage are tightly
apposed to ECs in the intersomitic vessel (ISV), while cells in the
caudal region of each DRG anlage are in contact with ECs within

http://dx.doi.org/10.1016/j.ydbio.2016.02.028


Movie 2C. NCCs make extensive contact with both ECs and the anterior face of the somite. St. 14–15 whole mount Tg (tie1:H2B-eYFP) quail embryos viewed from the dorsal
aspect, somites 13–15. The neural tube was electroporated with a ChFP expression plasmid at St. 11/12 to label NCCs. In the left panel fluorescent time-lapse images are
overlaid with DIC, allowing for visualization of the somite as well as migrating NCCs and ECs. NCCs enter the intersomitic furrow between the developing ISV and the
anterior face of the somite, making extensive contact with both. The right panel shows DIC alone in grayscale to provide an enhanced perspective of the somites and the size
of the intersomitic furrow. Time-lapse duration¼7 h, 44 min. ECs, endothelial cells; NCCs, neural crest cells. (Scale¼0.32 μm per pixel). Supplementary material related to
this article can be found online at http://dx.doi.org/10.1016/j.ydbio.2016.02.028.

Movie 2. NCCs interact extensively with ECs as they migrate ventrally through the intersomitic furrow. Multispectral time-lapse confocal microscopy of a live, whole mount St. 16
Tg (tie1:H2B-eYFP) quail embryo viewed from the dorsolateral aspect. Axial level corresponds to the mid-trunk. The neural tube was electroporated with a ChFP expression plasmid
at St. 11/12 to label the premigratory crest. NCCs track along the posterior surface of ECs as they migrate ventrally within the intersomitic furrow, making numerous filopodial
contacts with ECs during their ventral migration. 2A zooms in on a single somite, while 2B shows more than three somites. 2A time-lapse duration¼15 h, 24 min. 2B time-lapse
duration¼3 h, 20 min. DRG, dorsal root ganglia; ECs, endothelial cells; ISV, intersomitic vessel; MSA, migration staging area; NCCs, neural crest cells; PCV, postcardinal vein. (Scale
bar: 2A, 45 μm; 2B, 36 μm). Supplementary material related to this article can be found online at http://dx.doi.org/10.1016/j.ydbio.2016.02.028.
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the fissure of von Ebner that forms at the anterior/posterior
midpoint of the somite (Ebner, 1888). In fact, as shown in Fig. 1A
and B, the anlagen appear completely circumscribed by ECs and a
network of blood vessels that by now also surrounds each
developing peripheral nerve. In particular, these reconstructions
identify several potential NCC behaviors, including their migration
and consolidation, that could be influenced by ECs.

We have previously documented the active segregation of NCCs
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Movie 3. EC migration patterns demarcate NCC boundaries. St. 15 whole mount Tg (tie1:H2B-eYFP) quail embryos viewed from the dorso-lateral aspect. Time-lapse imaging shows
that ECs migrate in stereotyped patterns as they form the embryonic vasculature. ECs migrate dorsally within the intersomitic furrow until they reach themigratory staging areawhere
they primarily turn in the anterior direction such that they asymmetrically cover the posterior half of the somite. Movie 3A zooms in on somites 4 and 5 and shows ECs migrating
within a single intersomitic furrow. Movie 3B shows somites 3, 4 and 5 as well as 3 intersomitic furrows, and Movie 3C shows somites 3-11 and 9 intersomitic furrows. Movie 3D
shows somites 3-16 with DIC in the lower panel. 3A time-lapse duration¼3 h, 39 min. 3B,C time-lapse duration¼16 h, 4 min. 3D time-lapse duration¼13 h, 59 min. ECs, endothelial
cells; ISV, intersomitic vessel. (Scale¼0.64 μm per pixel). Supplementary material related to this article can be found online at http://dx.doi.org/10.1016/j.ydbio.2016.02.028.
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as they form the sympathetic ganglia chain and that this process is
dependent on EphB2/EphrinB1 interactions (Kasemeier-Kulesa
et al., 2006). Movie 1B and Fig. 1C of a St. 18 embryo demonstrates
that the interganglionic area that we previously showed expresses
EphrinB1, is in fact replete with a high density of ECs (arrows in
Fig. 1C). Given that ECs are known to express EphrinB1 (Krull et al.,
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Movie 3E. EC patterning may help prevent NCCs from entering the posterior so-
mite. Time-lapse confocal microscopy of a live, 200-mm transverse slice explant
through the posterior half of a somite from the mid-trunk of a St. 17 Tg (tie1:H2B-
eYFP) quail embryo shows contralaterally migrating NCCs within the MSA bumping
up against ECs that appear to block them from further ventral migration. Time-
lapse duration¼6 h, 35 min. ECs, endothelial cells; NCCs, neural crest cells. (Scale
bar: 24 μm). Supplementary material related to this article can be found online at
http://dx.doi.org/10.1016/j.ydbio.2016.02.028.

Movie 3F and G. A NCC changes its migration direction and morphology upon encountering
neural tube was electroporated with a ChFP expression plasmid at St. 11/12 to label the prem
eYFP, and differentiated neurons (synapsinþ), including motor neurons and neurons in the co
microscopy of a live, 200-mm transverse slice through the anterior somite shows the elonga
relatively continuous layer of ECs, and how this morphology and trajectory change when the
dorsal root ganglion. (Scale bar: 3F, 30 μm; 3G, 20 μm). Supplementary material related to th
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1997), this raises the possibility that ECs are the source of
EphrinB1 that drives the segregation of putative SG cells in the
interganglionic region.

Movie 1C, a dorsal to ventral progression through the trunk of a St.
15 quail embryo, shows that the MSA where NCCs pause and accu-
mulate subsequent to undergoing EMT but prior to ventral migration,
positions NCCs directly dorsal to and juxtaposed to the developing
vertebral blood vessels (Spence and Poole, 1994). Movie 1C and Fig. 1D
also show that NCCs are tightly apposed to ECs that comprise the ISV
as they enter the intersomitic furrow to migrate ventrally between the
ISV and the anterior face of the somite

3.2. Early neural crest cells migrating within the intersomitic furrow
interact extensively with endothelial cells and the anterior face of the
somite

Having established the close physical proximity of ECs and
NCCs in static reconstructions, we next sought to dynamically in-
vestigate the locations, migration patterns and behaviors of NCCs
and ECs, relative to the somites, during the emergence of the trunk
peripheral nervous system, specifically during development of the
dorsal root and sympathetic ganglia.

The intersomitic vessels form by branching off of the dorsal
aorta and postcardinal vein (Coffin and Poole, 1988; Isogai et al.,
2001). Given the spatiotemporal proximity of early migrating NCCs
and ECs within the intersomitic furrow where the ISV will form,
we first characterized the interactions of these two cell types using
time-lapse confocal microscopy of eYFPþ ECs [Tg (tie1:H2B-eYFP)]
(Sato et al., 2010; Poynter and Lansford, 2008) and ChFPþ NCCs in
whole mount embryos between St. 15–17. These time-lapses
a gap in the EC stream. St. 22 Tg (tie1:H2B-eYFP; syn1:eGFP) quail embryo in which the
igratory crest. In this transgenic line endothelial cells (tie1þ) express nuclear localized
re and ventral lateral region of the DRG, express cytoplasmic eGFP. Time-lapse confocal
ted morphology of a NCC (arrowhead) as it tracks in the ventrolateral direction along a
NCC encounters a gap in the vasculature. 3F,G time-lapse duration¼4 h, 30 min. DRG,
is article can be found online at http://dx.doi.org/10.1016/j.ydbio.2016.02.028.
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Fig. 1. The developing sensory and sympathetic ganglia are tightly juxtaposed to
the developing vasculature. (A–D) Neural crest derivatives including the DRG and
SG were labeled with HNK1 and the developing vasculature with QH1. (A, B) By St.
23 the DRG are completely surrounded by a vascular network. (A) Maximum in-
tensity projection of the quail trunk viewed from the lateral aspect (for details see
Movie 1A Legend). (B)16 μm transverse cryosection. (C) Maximum intensity pro-
jection of the quail trunk viewed from the lateral aspect (for details see Movie 1B
Legend). At St. 18, the developing dorsal root and sympathetic ganglia are tightly
apposed to the developing vasculature and the interganglionic region between
adjacent SG is densely populated with ECs (arrows). D) Frame 21 from Movie 1C of
a St. 15/16 whole mount quail embryo. NCCs are tightly apposed to ECs as they
enter the intersomitic furrow (arrows) to migrate ventrally between the ISV and
the anterior face of the somite. The anterior somitic mesoderm also shows slight
HNK1 immunoreactivity as previously documented in quail (Newgreen et al., 1990).
DRG, dorsal root ganglia; ISV, intersomitic vessel; NCCs, neural crest cells; NT,
neural tube; PNVP, perineural vascular plexus; PSV, perisomitic vessel; S, somite;
SG, sympathetic ganglia; SN, spinal nerve. (Scale bar: A,C,D, 120 μm; B, 28 μm).

Fig. 2. Neural crest cells interact extensively with both endothelial cells and the
somitic mesoderm during early neural crest cell migration. (A, B) St. 16 Tg(tie1:H2B-
eYFP) quail. (A) Frame 1 fromMovie 2B of a live, whole mount embryo viewed from
the lateral aspect. Axial level corresponds to somites 14–16. Ventrally migrating
NCCs appear to track along the developing ISV within the intersomitic furrow. NCCs
were labeled with pLenti.PGK:mCherry (ChFP). (n¼9 embryos). (B) 16 μm long-
itudinal cryosection of a St. 15 quail embryo, mid-trunk axial level. Membrane la-
beling of ECs using an anti-QH1 antibody and NCCs using an anti-HNK1 antibody.
At this stage, the anterior half somite also shows some HNK1 immunoreactivity
(Newgreen et al., 1990). NCCs are tightly apposed to both ECs on their rostral side,
and the anterior face of the somite on their caudal side. MSA, migration staging
area; NCCs, neural crest cells; S, somite. (Scale bar: A, 50 μm; B,25 μm).
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demonstrate that as NCCs move out of the MSA to migrate ven-
trally within the intersomitic furrow, they appear to migrate down
and even track along the posterior side of the EC stream (Fig. 2A
and Movies 2A and B). To visualize membrane-to-membrane
contact between these two cell types and to determine whether
both cell populations move through the same longitudinal plane,
we analyzed static longitudinal sections of quail embryos im-
munostained with QH1 antibody to visualize EC membranes, and
HNK1 antibody to visualize NCC membranes. In these sections,
early-migrating NCCs and ECs are tightly juxtaposed, making ex-
tensive intercellular contact within the intersomitic furrow
(Fig. 2B). At these stages, the anterior half somite in quail embryos
is somewhat HNK1 immunoreactive (Newgreen et al., 1990), al-
lowing us to also visualize the proximity of NCCs to the anterior
somite face. As shown in Fig. 2B, NCCs are tightly apposed to ECs
on their rostral side, and to the anterior face of the somite on their
caudal side. Movie 2C overlays fluorescent time-lapse images with
differential interference contrast (DIC), allowing for visualization
of the somitic environment, as well as migrating NCCs and ECs.
The DIC channel is also shown in grayscale to provide an enhanced
perspective of the somites and the size of the intersomitic furrow.
These time-lapses and static images demonstrate that NCCs make
extensive contact with both ECs and somitic mesoderm as they
enter and migrate through the ISV.

3.3. Nascent vascular patterning demarcates neural crest migration
boundaries

Our 3D reconstructions, live imaging, and analysis of static
tissue sections demonstrate that early NCCs migrating between
the somites move ventrally between rostrally adjacent ECs and the
caudally adjacent anterior somite. NCCs were rarely observed on
the anterior side of the EC stream or crossing the dorsal/ventral
axis of the stream in the anterior direction (28 out of 844 mi-
grating NCCs were observed on the anterior side of the developing
ISV, n¼18 embryos) (Fig. 2, Movies 2A and B). This behavior,
where NCCS migrate along ECs rather than crossing through EC
cell streams, suggests that EC patterning may influence NCC po-
sitioning and ventral migration, and thereby contribute to the
anterior/posterior patterning of the PNS.

To investigate whether ECs might direct NCCs to enter the in-
tersomitic furrow alongside the anterior versus the posterior so-
mite face, we analyzed numerous time-lapse reconstructions of
migrating ECs and quantified their positions in static tissue sec-
tions. Figs. 2, 3A, B and Movies 2A and B, 3A–3D show ECs mi-
grating dorsally in a stream within the intersomitic furrow until
they reach the MSA. Although ECs turn in both anterior and pos-
terior directions once they reach the MSA, the majority turns
anteriorly such that they extend over the posterior half of the
anteriorly adjacent somite (Fig. 3A and B and Movies 3A–3D).
Upon reaching the anterior/posterior midpoint of the somite, these
ECs frequently turn ventrally again, exiting the MSA and diving
into the somitic mesoderm where the fissure of von Ebner will
emerge (Fig. 3B, arrows; Movie 3C), and contribute to the peri-
neural vascular plexus (PNVP) (Wilting et al., 1995). This migration
pattern, wherein the bulk of ECs turn anteriorly within the MSA
and then exit the MSA before extending over the anterior half
somite, results in an asymmetric distribution of ECs, with the
majority dorsal to the posterior-half somite. To validate this ob-
servation, the numbers of ECs bordering the anterior versus the
posterior halves of each somite were quantified in whole embryos.
As shown in Fig. 3C, there are almost twice the number of ECs
bordering the posterior half of the somite as compared to the
anterior half (n¼4 embryos). The schematic shown in Fig. 3D
diagrams this basic migration pattern, also illustrated in time-
lapse Movies 3B–3D.

The EC migration pattern shown in Fig. 3D likely generates a
relatively continuous substratum positioned dorsally to the pos-
terior half somite and extending ventrally into the intersomitic
furrow (Fig. 3A, solid arrow). We posited that this “wall” of ECs
covering the posterior half somite might block NCCs from



Fig. 3. Endothelial cell distribution may influence NCC migration and contribute to the rostral/caudal patterning of the peripheral nervous system. (A–D) St.15. Dorsally
migrating ECs Tg (tie1:H2B-eYFP) primarily turn in the anterior direction when they reach the MSA, extending over the posterior half somite, and then exit the MSA before
reaching the anterior half.(A, B) Individual frames from Movies 3A and 3C, respectively, showing a live, whole mount embryo viewed from the dorsolateral aspect.
(A) Somites 4, 5. (B) Somites 3–8. (C) Quantification of the number of ECs located dorsal to the posterior versus the anterior half somite. Bars are standard deviation.
Po0.0001. (D) Schematic showing the basic migration pattern of ECs. (E–G) Axial level corresponds to the mid-trunk. (E) St. 17. In transverse explants through the posterior
half somite, ECs are consistently located on the ventral side of NCCs and appear to block their ventral migration. To aid in the visualization of NCCs, a slice was chosen that
includes contralaterally migrating NCCs. (F, G) Whole mount embryos viewed from the lateral aspect. (F) At St. 17, ECs are densely populated above the posterior half somite,
and sparse above the anterior half (asterisks). (G) In contrast, by St. 20–22, ECs are more uniformly distributed along the length of the MSA although some gaps persist
(asterisks). (H–K) St. 22. Individual frames from Movie 3G. (H) A NCC exhibits an elongated morphology as it migrates down a continuous layer of ECs. (I-K) The same NCC
extends filopodia into a gap between adjacent ECs (arrows in I, J), followed by realignment of the cell such that the NCC soma moves into the same gap (arrow in K). Contra,
contralateral; DA, dorsal aorta; ISF, intersomitic furrow; Ipsi, ipsilateral; NCCs, neural crest cells; NT, neural tube S, somite; VEF, von Ebner's fissure. (Scale bar: A, 40 μm; B,
60 μm; E, F, G, 30 μm; H–K, 12 μm).
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penetrating the posterior surface, and thereby facilitate their mi-
gration into the intersomitic furrow. In support of this hypothesis,
ECs within the MSA at positions directly above (dorsal to) the
posterior half somite were consistently located on the ventral side
of NCCs (arrows in Fig. 3E). In addition, in both static images of
longitudinal explants (Fig. 3F), and in time lapse imaging of
transverse slice explants through the posterior somite (Movie 3E;
arrowhead), ECs appear to form a barrier above the posterior so-
mite half, potentially preventing NCC ventral migration. In con-
trast, the relative absence of ECs above the anterior half (asterisks
in Fig. 3F), may facilitate NCC penetration into the anterior somite
(Krull et al., 1997; Keynes and Stern, 1984).

Although ECs are more uniformly distributed along the length
of the MSA towards the end of NCC migration (St. 20–22), there are
still gaps between them such that late migrating NCCs can still
access the ganglion (asterisks in Fig. 3G). Movies 3F and 3G and
Fig. 3H–K show a live transverse slice through the anterior somite
of a Stage 22 Tg(tie1:H2B-eYFP; syn1:eGFP) quail embryo including
the developing DRG. In this transgenic line, endothelial cells
(tie1þ) express nuclear-localized eYFP and differentiated neurons
(synapsinþ) express cytoplasmic eGFP including motor neurons
and neurons in the DRG core and ventral lateral region (Seidl et al.,
2013). Late NCCs are seen migrating ventrolaterally along ECs
comprising the PNVP that surrounds the neural tube, which by
now is somewhat continuous with the vasculature surrounding
the DRG. These higher resolution images show the elongated
morphology of a NCC as it migrates along a relatively continuous
layer of ECs toward the DRG, and how this morphology changes
when the NCC encounters a gap in the vasculature; it extends fi-
lopodia into the gap followed by a complete change in cell shape
and alignment such that the cell body also begins squeezing
through the gap toward the DRG. These time-lapse data strongly
suggest that EC cell patterning influences NCC migratory behavior.

3.4. Neural crest cells track along the intersomitic vessel to colonize
the sympathetic ganglia

Early NCCs that migrate ventrally within the intersomitic



Fig. 4. Neural crest cells track along the developing intersomitic vessel to colonize
the sympathetic ganglia. (A) Schematic of a transverse section through the trunk of
a St. 17 quail embryo. The dashed line with arrowheads depicts the migration
pattern of NCCs. The white box indicates the anatomical region shown in B and C.
(B) Frame 4 from Movie 4 of a live transverse explant showing NCCs tracking along
the intersomitic vessel until they reach the postcardinal vein, where they turn and
migrate medially to colonize the sympathetic ganglia. (C) 16 μm transverse cryo-
section immunostained with anti-HNK1 to illustrate the position of the SG, as well
as anti-QH1 to visualize EC membranes. DA, dorsal aorta; ISV, intersomitic vessel;
NCCs, neural crest cells; NT, neural tube; PCV, postcardinal vein; SG, sympathetic
ganglia. (Scale bar: B, 36 μm; C, 22 μm).

Fig. 5. Endothelial cells associate with early neural crest cells that seed the dorsal
root ganglion and gradually encapsulate the ganglion as it condenses. (A–F) 16 μm
transverse cryosections. Green nuclei correspond to ECs Tg(tie1:H2B-eYFP). (A) ECs
that will form the perisomitic vessel are positioned at the motor axon exit point of
the spinal cord and (B) likely contact NGN2þNCCs that “seed” the DRG. (C–F) As
DRG development continues, ECs gradually circumscribe the entire ganglion.
(G) Frame 45 from Movie 1A. ECs and the developing vasculature also encase the
emerging spinal nerves. DRG, dorsal root ganglion; NT, neural tube; PSV, periso-
mitic vessel; SN, spinal nerve. (Scale bar: A, B 30 μm; C, 40 μm; D, E, F, G, 60 μm).
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furrow are destined to colonize the sympathetic ganglia (Loring
and Erickson, 1987; Thiery and Duband, 1982; Teillet et al., 1987;
Erickson, 1985). The schematic in Fig. 4A shows the developing
intersomitic vessel projecting both ventrally and laterally to the
dorsal/ventral and medial/lateral level of the presumptive SG
where it intersects the wall of the postcardinal vein (PCV) (Spence
and Poole, 1994). Movie 4 of a live transverse explant, and Fig. 4B
show that early-migrating NCCs continue to track along the ISV
even at dorsal/ventral levels that position them beyond the ventral
border of the somite. Similar to their behavior within the furrow,
they move in a step-like fashion along the stream of ECs ven-
trolaterally toward their target next to the dorsal aorta. These
NCCs remain on the lateral side of the ISV, and do not cross the EC
stream, until they encounter a second, larger stream of ECs run-
ning in the anterior/posterior direction that form the wall of the
PCV. After contacting the PCV, NCCs turn and migrate through the
intersomitic stream to the presumptive location of the SG. The
dashed line with arrowheads in Fig. 4A shows this basic migration
pattern. Fig. 4C shows a similar transverse cryosection im-
munostained with HNK1 antibody to identify the location of the
developing SG (compare HNK1 staining in Fig. 4C to NCC posi-
tioning in Fig. 4B and Movie 4). Movie 4 also shows how contact
with a pioneer NCC already in the SG anlage may help recruit the
more dorsal NCC to colonize the SG.

3.5. Neural crest contact with the perisomitic vessel may establish
the ventral border of the DRG and induce the “back fill” colonization
of the dorsal root ganglion

Using both Tg(tie1:H2B-eYFP) quail and immunostaining with
the EC marker QH1, we observed a discrete population of ECs at
St.12/13 that are consistently located at the motor axon exit point
from the spinal cord (Fig. 5A). These ECs are in the perisomitic
vessel (PSV) (Schwarz et al., 2009), also referred to as the long-
itudinal anastomosis (Miller et al., 2010). Their stereotyped loca-
lization positions them for contact with the earliest migrating
NCCs that travel between the neural tube and the somite (Loring
and Erickson, 1987; Schwarz et al., 2009; Miller et al., 2010). The
majority of this NCC cohort migrates to the sympathetic ganglia
via an SDF-1/CXCR4 mediated chemotaxis, but a minority seed the
future DRG (Kasemeier-Kulesa et al., 2010; George et al., 2010).
Previous studies show that the first NCCs that colonize the DRG
anlagen express the basic helix-loop-helix transcription factor
Ngn2 (Ma et al., 1999) and act as a nucleation site around which
later-migrating NCCs condense (George et al., 2010; Marmigere
and Ernfors, 2007). We noticed that these Ngn2þNCCs are typi-
cally located at the ventromedial border of what will be the DRG
and asked whether their cessation in migration at that point cor-
relates spatially with the PSV. Analysis of static tissue sections
shows that NCCs immediately adjacent to the neural tube are
frequently Ngn2þ , and based on their relative positions, likely
contact PSV ECs (Fig. 5B,C). To investigate the dynamics between
these two cells types we imaged their interaction in live tissue.
Movie 5 shows how ventrally migrating NCCs begin to stack up
dorsally on top of the PSV when they encounter the developing
vessel. Fig. 1A and Movie 1B also show how the more mature PSV
spatially aligns with the ventral border of the DRG.

3.6. Endothelial cells encapsulate the nascent dorsal root ganglion
and the emerging spinal nerves

As DRG development continues, ECs gradually circumscribe the
DRG and by St. 23–25 encapsulate the entire ganglion and the
emerging spinal nerves (Fig. 5 D–G; Movie 1A). Although cell-to-



Fig. 6. Contact with endothelial cells may influence the mitotic activity of dorsal
root ganglia progenitors. (A, B, D) St. 26/27, 16 μm transverse cryosections. (A, B)
Adjacent serial sections show that PAX3þprogenitors within the dorsal pole of the
DRG and along the medial perimeter and dorsolateral perimeter are geographically
and temporally aligned with ECs. (C) Perimeter-localized DRG progenitors in M
phase (H3þ) are more likely to be in contact with ECs as compared to non-pro-
liferating cells, with 80% of H3þprogenitors being in contact with ECs during the
peak of proliferation at St. 26/27. Bars are standard error. P¼0.03 for St. 22;
P¼0.006 for St. 26. (D) A layer of laminin (LM) resides between perimeter-localized
DRG progenitor cells and apposed ECs. DRG, dorsal root ganglion. (Scale bar: A, B, D
36 μm).
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cell cohesion likely functions in constraining NCCs to the con-
densing DRG, our time-lapse imaging reveals continual interac-
tions between NCCs and these border ECs that also appear to
constrain NCCs (Movie 6). NCCs that initiate movements out of the
anlage often reverse this motion or retract their filopodia follow-
ing contact with a border EC. Movie 1A and Fig. 5G also show how
the emerging spinal nerves are tightly associated with a network
of vasculature.

3.7. Proximity to endothelial cells is associated with mitotic activity
of dorsal root ganglia progenitor cells

As the DRG matures, a fundamental segregation manifests in
which differentiating neurons are confined to the inner core, while
mitotically active progenitor cells colonize the perimeter (George
et al., 2007, 2010; Rifkin et al., 2000). We have shown previously
that the DRG perimeter is comprised of two molecularly distinct
progenitor zones: cells within the dorsal pole and along the
medial and dorsolateral perimeter express PAX3 and SOX10, while
those along the ventrolateral perimeter are SOX10þ/PAX3�

(George et al., 2010). We have also shown that the PAX3þsubset
goes on to specifically give rise to the majority of TRKAþ pain and
temperature responsive sensory neurons, while the SOX10þcells
stay in the cell cycle and give rise to glial cells (George et al., 2010).
Here we show an asymmetry in the pattern of EC condensation
around the DRG perimeter that is spatially and temporally aligned
with the PAX3þzone, with numerous ECs tightly apposed to
PAX3þprogenitors (Fig. 6A,B). In contrast, there are relatively few
ECs along the PAX3�zone that comprises the lateral and ventral
perimeter of the DRG. Since sensory neurogenesis precedes glio-
genesis (George et al., 2010; Carr and Simpson, 1978; Wakamatsu
et al., 2000), we asked whether mitotically-active progenitors
within the DRG perimeter were more likely to be in contact with
ECs, than were non-proliferating cells within the perimeter. That
analysis (Fig. 6C) reveals that in fact progenitors in M phase are
more likely to be in contact with ECs as compared to non-pro-
liferating progenitor cells. During the peak of proliferation (St. 26/
27), an average of 80% of cycling pH3þprogenitors were in contact
with ECs (n¼3 embryos, 246 cells). Interestingly, at younger ages
(St. 21/22), while cycling cells were still more likely to be in con-
tact with ECs compared to non-cycling cells, the difference was
less dramatic suggesting that other, non EC-associated mitogenic
sources drive progenitor cell proliferation at earlier time points.
During the peak period of PAX3þprogenitor cell proliferation, a
dense layer of laminin (Fig. 6D) is deposited between the DRG
progenitors and the apposed ECs. Since the extracellular matrix is
a repository of growth factors and mitogens including fibroblast
growth factors (FGFs), insulin-like growth factors (IGFs) hepato-
cyte growth factors (HGFs), transforming growth factors (TGFs),
platelet-derived growth factors, and vascular endothelial growth
factor (VEGF), it may act as a mediator of communication between
these DRG progenitors and ECs (Taipale and Keski-Oja, 1997).
4. Discussion

This is the first study to image in real time the intercellular
interactions between migrating neural crest cells and endothelial
cells during development of the PNS. In this study, we have
exploited the power of live imaging technologies in transgenic
quail that express both neural and endothelial cell fluorescent
markers to image neural crest cells migrating in their in vivo en-
vironment and interacting with neighboring cell types, in this
case, endothelial cells. Similar to other live imaging studies that
have revealed novel intercellular and molecular interactions not
previously discerned from analyses of static tissue (Kasemeier-
Kulesa et al., 2006, 2005; Kulesa et al., 2013; Lichtman and Fraser,
2001), this work reveals novel, hitherto undescribed dynamic in-
tercellular interactions that implicate key functions for ECs during
NCC migration and condensation as they form dorsal root and
sympathetic ganglia in vivo. Our data demonstrate that NCCs in-
teract with ECs at key junctures during their migration and dif-
ferentiation including: 1) as NCCs migrate along the MSA; 2) as
they enter and migrate through the intersomitic furrow; 3) as they
segregate to form discrete sympathetic ganglia; 4) when the first
NCCs that seed the DRG stop at the future ventral-most axis of the
DRG anlage; 5) during formation of DRG boundaries; 6) as the
developing spinal nerves become encased in vasculature; 7) dur-
ing the proliferation of perimeter-localized DRG progenitor cells.
With a new awareness of the interactive relationship between
endothelial cells and neural crest cells, the goal will be to identify
the molecular mechanisms that orchestrate and mediate these
behaviors. In summary, the data presented here underscore the
power of the Tg tie1 quail as a novel and powerful tool for studying
EC migration patterns and demonstrate that EC movements, in
particular during formation of the intersomitic vessels and their
asymmetric colonization above the anterior and posterior halves
of the somite, are more complex than have been previously re-
ported (Gore et al., 2012; Stainier et al., 1995).

Analysis of our live imaging data supports a model in which ECs
both direct and constrain the migratory behavior and path of NCCs
during development of the PNS. While it is conceivable that both
NCCs and ECs could be responding to the same guidance cues in
shared locations, the fact that NCCs alter their migratory route



Movie 4. ECs appear to direct early migrating NCCs toward the sympathetic
ganglia. St. 17 Tg (tie1:H2B-eYFP) quail in which the neural tube was electroporated
with a ChFP expression plasmid to label NCCs. Time-lapse confocal microscopy of a
live, 200-mm transverse slice explant. A developing intersomitic vessel is shown
with NCCs tracking along ECs as they migrate ventrolaterally until they reach the
PCV, where they turn and migrate medially to colonize the SG. Time-lapse
duration¼2 h, 25 min. DA, dorsal aorta; ECs, endothelial cell; ISV, intersomitic
vessel; NCCs, neural crest cells; PCV, postcardinal vein; SG, sympathetic ganglia.
(Scale bar: 40 μm). Supplementary material related to this article can be found
online at http://dx.doi.org/10.1016/j.ydbio.2016.02.028.

Movie 5. NCCs that encounter the perisomitic vessel stop their ventral migration
and colonize the DRG. St. 17 Tg (tie1:H2B-eYFP) quail in which the neural tube was
electroporated with a ChFP expression plasmid to label NCCs. Time-lapse confocal
microscopy of a live, 200-mm transverse slice explant shows how NCCs that have
migrated as far ventrally as the perisomitic vessel, appear to stop their ventral
migration upon contact with the vessel, which thereby defines the ventral-most
point of the DRG anlage. Time-lapse duration¼6 h, 40 min. NCCs, neural crest cells;
PSV, perisomitic vessel. (Scale bar: 24 μm). Supplementary material related to this
article can be found online at http://dx.doi.org/10.1016/j.ydbio.2016.02.028.

Movie 6. ECs may constrain NCCs and prevent their migration away from the DRG.
Movie 6 shows the contralateral half of a 200 mm transverse slice explant from a St.
18 Tg (tie1:H2B-eYFP) quail in which the neural tube was electroporated with a
ChFP expression plasmid to label NCCs. Since only contralaterally migrating NCCs
are labeled on the non-electroporated half, viewing this side aids in the visuali-
zation of individual NCCs and filopodial dynamics. Time-lapse confocal microscopy
shows how ECs begin to encapsulate the nascent DRG and appear to constrain NCCs
within the condensing anlage. Time-lapse duration¼4 h, 55 min. DRG, dorsal root
ganglion; ECs, endothelial cells; NCCs, neural crest cells; PSV, perisomitic vessel.
(Scale bar: 24 μm). Supplementary material related to this article can be found
online at http://dx.doi.org/10.1016/j.ydbio.2016.02.028.
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following direct contact with ECs suggests their behavior is in-
fluenced by this contact, rather than by some other environmental
cue. Depending on the location, ECs provide either a permissive
substrate facilitating NCC migration, or they appear to constrain
movement, preventing the emigration of nascent DRG cells from
the anlage and restraining further ventral migration into the de-
veloping SG. This last behavior was described in an previous study
(Kasemeier-Kulesa et al., 2005) in which we showed that at early
stages, NCCs in the DRG and SG anlagen could exchange locales,
but by St. 17 a “boundary” was established that clearly inhibited
NCCs from entering the more dorsal or ventral ganglia. Here we
show that this boundary correlates temporally and spatially with
the perisomitic vessel, or longitudinal anastomosis (Schwarz et al.,
2009; Miller et al., 2010).

Prior observations of the close apposition of migrating NCCs
and the ISVs have posited that they independently respond to
shared cues in the intersomitic furrow (Erickson, 1985; Schwarz
et al., 2009; Miller et al., 2010; Spence and Poole, 1994). One study
demonstrated that DRG form in their normal locations in the
zebrafish mutant, cloche, in which some blood vessels, including
the ISVs are eliminated, suggesting that DRG formation is in-
dependent of these vessels (Miller et al., 2010; Stainier et al., 1995).
However, the major anterior/posterior vessels form normally in
cloche embryos, including the dorsal aorta, and numerous in-
dividual ECs in the location of the ISVs are still present (Miller
et al., 2010). Moreover, since early NCCs that migrate within the
intersomitic furrow colonize the SG rather than the DRG, we
would predict that SG, rather than DRG, formation would be im-
pacted by loss of the intersomitic vessels. The fibronectin rich
extracellular matrix associated with the ISV likely promotes NCC
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adhesion to ECs and migration along them, such that early NCCs
migrate ventrally between the ISV and the somite (Spence and
Poole, 1994), rather than penetrating the anterior half somite
precociously. Multiple previous studies have shown a spatio-
temporal correlation between the presence of fibronectin and NCC
migration, as well as the cessation of NCC movement with the
local disappearance of fibronectin. In vitro studies have also shown
fibronectin and cultured ECs to be an excellent substrate for NCC
adhesion and motility (Thiery and Duband, 1982; Spence and
Poole, 1994; Thiery and Duband, 1986, 1985).

Ephrins are important signaling molecules mediating the de-
velopment of both the neural crest and endothelial lineages
(Gammill et al., 2006; Wang and Anderson, 1997). A previous
study demonstrated that avian ECs that are positioned above
(dorsal to) the posterior half somite and extending into the en-
trance to the intersomitic furrow express EphrinB2 (Krull et al.,
1997). These are the same ECs that our live time-lapses document
interacting with NCCs as they leave the MSA to enter the furrow
and that appear to provide a substrate for NCCs as they migrate
ventrally within the furrow (Movies 2A and 2B). Although early
expression of ephrin ligands in the avian dermomyotome prevents
NCCs from entering the dorsolateral pathway, later expression of
EphrinB2 within the dermomyotome promotes the migration of
late NCCs (melanoblasts) into this same pathway (Santiago and
Erickson, 2002). Thus similar to the dual role that ephrins play in
the dorsolateral pathway, ephrins may also play opposing roles in
relation to the ventral pathway; although EphrinB1 expression
within the avian posterior half-sclerotome blocks the ventral mi-
gration of NCCs (Krull et al., 1997), EphrinB2 expression by ECs
may actually recruit NCCs out of the MSA and stimulate their
procession into the intersomitic furrow. In support of this model,
the binding of EphrinB2 ligands by NCC EphB receptors has been
shown to promote NCC motility by increasing cell adhesion
(Santiago and Erickson, 2002). Alternatively, since siRNA knock-
down of EphrinB2 causes reduced filopodial activity in ISV en-
dothelial tip cells, EphrinB2 could play a less direct role in pro-
moting NCC migration via simply promoting EC/NCC contact (Gore
et al., 2012). The ultimate test of a role for ECs in patterning NCC
migration will require the elimination of ECs in a spatially, tem-
porally and cell type-specific controlled manner, as any crude
systematic elimination can induce indirect effects.

This study is not the first to report interactions between ECs
and NCCs that influence PNS development. Recent in vitro studies
demonstrate that co-culturing of ECs and vascular smooth muscle
cells with human embryonic stem cell derived-NCCs induced their
differentiation into sensory and autonomic neurons (Acevedo
et al., 2015). Interestingly, many vascular smooth muscle cells are
themselves derived from the neural crest (Beall and Rosenquist,
1990; Etchevers et al., 2001; Jiang et al., 2000; Li et al., 2013; Liang
et al., 2014) pointing to the multiple nodes of interactions between
these two lineages. Previous work in chick embryos has shown
that dorsal aorta-derived BMPs are required for differentiation of
sympathetic neurons (Saito et al., 2012; Reissmann et al., 1996)
and in zebrafish it has been recently reported that PDGFR-medi-
ated maturation of vascular mural cells is required for full differ-
entiation of a sympathetic, noradrenergic fate (Fortuna et al.,
2015). The cardiac crest is well known to be integrally involved in
development of the cardiovascular system coordinating with ECs
and smooth muscle cells to generate the outflow tract and cardiac
cushions via SEMA3C and NRP1 (Plein et al., 2015). Similarly the
cephalic crest also plays a key role in mediating the vascularization
of the facial cartilage by producing a vital source of VEGF (Wisz-
niak et al., 2015) and ECs are essential for promoting the migration
and survival of cranial neural crest cells (Milgrom-Hoffman et al.,
2014). Thus the multistep differentiation process of these two
embryologically distinct lineages are highly interdependent and
converge spatially and temporally to regulate each other's
development.

In the PNS, our understanding of how these two embry-
ologically distinct systems first interact and the significance of
their interactions as they form is sparse, nor do we understand the
mechanisms that lead to peripheral neuropathy should this neu-
rovascular cross talk break down. By live imaging the development
of the vascular and peripheral nervous systems with cell type-
specific markers, we present here the first evidence for direct in-
teractions between these two systems in real time. Our studies
demonstrate that ECs and NCCs interact extensively during for-
mation of the sensory and sympathetic ganglia, and suggest that
ECs provide critical guidance cues, either positive or negative de-
pending on their location, to migrating NCCs. With further eluci-
dation of the genes and pathways that mediate communication
between NCCs and ECs, a more comprehensive understanding of
the interdependency of these two systems both during develop-
ment and disease will be possible.
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