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SUMMARY: The pharyngeal arch (PA) is a transient structure of vertebrate embryos. Their number varies from species to
species; nine in lampreys, seven in teleosts, and six in amniotes. Each pharyngeal arch contains a nerve and an adery as well
skeletomuscular elements. There has been a long-standing controversy about the formation of the fifth PA. Here, we itlvestigated
formation of the fifth PA by tracking the distribution of neural crest cells in pharyngeal arches in chick embryos. Faidlizadd
quail eggs were used. Neural crest cells were detected by using quail-chick cell tracing techniiqjos@gldctroporation of EGFP
constructs. Our results showed that neural crest cells from the post-otic level contributed to all post-otic pharyng@#au@hés
contrast, neural crest cells from the somite 1-3 level avoided to invade the third pharyngeal arch, although they gawvetidse pos
pharyngeal arches. Based on the trajectory of neural crest cells, the fifth pharyngeal arch was visible between thediathth and
pharyngeal arch, although it was considerably smaller compared to other arches. The fifth PA forms during early devdkgshient at
avian species. It is closer to the sixth PA than the fourth PA. This is in line with the formation of the fifth PAA, wli@mcaibypass
and even fuse with the sixth PAA.
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INTRODUCTION

Pharyngeal segmentation is a defining feature &hone & Graham, 2014). Externally, the ectoderm gives
vertebrate embryos. It is first evident as a series of bulgese to the epidermis and forms neurogenic placodes, which
on the lateral surface of the embryonic head duringpntribute to sensory neurons. The endoderm, which lies
development, in structures called the pharyngeal arches (PAggrnally, forms the lining of the pharynx, as well as a
(Lumsderet al, 1991; Graham & Richardson, 2012). Thenumber of special organs, such as the thyroid, parathyroids
anterior and posterior boundary of the PAs are defined laypd thymus. Cells of the mesoderm and the neural crest fill
the pharyngeal pouch and cleft (Schilling & Kimmel, 1994the PAs and become located between the ectoderm and
Horigomeet al, 1999). The PAs contribute to the pharyngeatndoderm. The mesoderm, which lies centrally within the
apparatus which supports feeding and respiration (Grahamch, forms endothelial and skeletal myogenic cells. Neural
& Richardson, 2012; Frisdal & Trainor, 2014). crest cells (NCCs) that surround the mesodermal core

contribute to the skeletal, connective and smooth muscular

Organization and development of the PAs is highlfissue (Noden, 1983; Lumsdet al, 1991; Graham &
conserved and involves interplay betweenuanber of Smith, 2001; Graham & Richardson, 2012). Moreover,
disparate embryonic tissues derived from the three primadCCs play also roles in directing patterning formation of
germ layers, the ectoderm, mesoderm and endodeRA derivatives (Wagner949; Noden, 1983, 1984; Graham
(Graham & Smith, 2001; Graham & Richardson, 2012 Richardson, 2012).
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In vertebrates, the PAs number varies from speci®ATERIAL AND METHOD
to species. While two constant PAs appear anterior to the
otic level, a variable number of the post-otic PAs emerg®ian model embryos.Fertilized chick and quail eggs were
in lampreys (seven PAs), teleosts (five PAs) and amniotebtained from the Institute for Animal Science at the
(three PAs) (Schilling & Kimmel, 1994; Horigone¢ al, University of Bonn. The eggs were incubated at a
1999). In the aquatic species (lampreys and teleosts), thmperature of 37.8C and at 80 % relative humidity until
numbers of the post-otic PAs is higher than in the tetrapotife required stages. The developing stages were determined
(amniotes), since they form the gills which serve aaccording to the staging system of Hamburger and Hamilton
breathing organs. The first PA (mandibular archand were indicated as HH (Hamburger & Hamilton, 1992).
contributes mainly the skeletomuscular tissue of the upper
and lower jaw. The second PA (hyoid arch) gives ris8rafting of the neural tube half. To investigate the
mainly to the upper part of the hyoid bone and the faciabntribution of the neural crest to specific pharyngeal arches
muscles. The post-otic PAs form the branchial apparatasd whether the fifth PA is formed during the early
in teleosts. In amniotes, the third PA participates in thdevelopment, homotypic unilateral transplantation of the
formation of the lower part of the hyoid bone and thquail neural tube into a chick embryo at HH 10 at the first
stylopharyngeus muscle. The fourth PA contributes to tlsemite level was carried out in this study. Details of the
laryngeal cartilage and muscles as well as the pharynggedfting procedure were described in our previous studies
muscles. The sixth PA is believed to participate in th@aiet al, 2016). The host embryos were reincubated for 2
generation of the larynx (Goodrich, 1930; Graham &ays. The chimera embryos were rinsed in phosphate-
Richardson, 2012; Frisdal & Trainor, 2014;buffered saline (PBS) and then fixed overnight in 4 %
Poopalasundaramt al, 2019). However, embryologists paraformaldehyde at4C. Quail cells were detected by an
have debated whether the fifth PA forms or not for almosanti-quail antibody (QCPN) (dilution 1:100; Developmental
two hundred years. It is believed to disappear soon afte6itudies Hybridoma Bank, lowa City, 1A) as a primary
forms (Gray, 1918; Shoret al, 2016). antibody. Nitroblue tetrazolium (NBT) and X-phosphate

(Boehringer Mannheim) were used as chromogens to reveal

Each PA contains an artery, the pharyngeal arehblue signal (viewed by black spots). The QCPN expression
artery (PAA) which connect the heart to the dorsal aorteas examined under the Nikon SM21500 microscope.
(Lehmann, 1905). Thus, there should be six pairs of PAAs
during the development of amniotes. The initiallyin ovo-Electroporation. To improve labelled the NCCs
symmetrical PAA undergoes asymmetric remodeling twacing, the neural crest at axial levels of the post-otic and
form the definitive blood vessels in adults. The first twaranial somite level at HH10 in chick embryos were
PAAs disappear to a large extent. The third PAA developsnsfected through focal electroporation of EGFP constructs.
into the carotid artery. The fourth PAA forms theAfter windowing the egg, the embryo was visualized by
subclavian artery and the aortic arch. The sixth PA givégiecting 10 % black India ink (Pelikan Fount; PLK
rise to pulmonary artery (Frisdal & Trainor, 2014). Thé&1822A143) in PBS solution under the blastoderm. For the
fifth PAAis believed to be missing or vestigial in amnioteselectroporation, the Locke-solution was used to facilitate
In chick embryos, the fifth PAA in form of vesselsmanipulation in the embryo, and the manipulation was
branching from the sixth PAA was observed betweetarried out under a dissecting microscope (Leica). To
HH20 (Hamburger-Hamilton-stage) and HH25 bywisualize the plasmid solution, it was mixed with 0.2 % Fast
scanning electron microscopy (Hiruma & Hirakow, 1995)Green (Sigma) (Krull, 2004; Scaglal, 2004). The plasmid-
It implies that the fifth PA may arise during these stagdsast Green solution (7p9 /ul, final concentration of
in the chick embryo. plasmids) was sucked into very fine glass capillaries. The

glass capillary was then inserted into the neural tube of HH10

In this study, we investigate the formation of thestage embryos and a small drop of the solution was injected
fifth PA by tracking NCCs migration into the PAs (Rinonusing air pressure at the levels of the post-otic region and
et al, 2007). NCCs were detected by using quail-chickranial somites. Immediately after the injection, the targeted
tissue grafting andn ovo electroporation of EGFP part of the embryo was electroporated. Two electrodes were
(enhanced green fluorescent protein) constructs. We foumepared for electroporation (electrode length/diameter: 1.5-
that NCCs from the post-otic level contribute to the aR.0/0.2 mm), the positive electrode was placed dorsal to the
post-otic pharyngeal arches, while NCCs from the somitambryo, while the negative electrode was placed ventral to
1-3 level give rise only to the PA4-6. Based on the strearti®e embryo. The electrodes were placed parallel to each other
of NCCs, the PA5 was evident between PA4 and PARaving the embryo in the middle. Uncontrolled spreading
although it is much smaller than the other PAs. of the electric field was prevented by using nail polish on
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the non-opposing surfaces of the electrodes. Due to its nega
charge, the DNA molecule was attracted towards the anode
this experiment, we used high/low voltage mode, 70/7 volts, 0.(
99.99 ms (pulse length, intervals between high and low volta
pulses) for high voltage, 2 cycles of low voltage pulses with 50
200ms (pulse length, interval between two pulses). Aft
electroporation, eggs were re-incubated. After 2 days
reincubation, EGFP expression was examined under the Nik
SM21500 fluorescence microscope with an EGFP filter.

RESULTS

The pharyngeal segments form first anteriorly and th
subsequently posteriorly. The time table for the formation of t
pharyngeal arch (PA) begins at HH13 when the first two pharynge
pouches in chick are visible (Veitehal, 1999). The first and second
PAwere distinct at HH14, and subsequently the PA3 arises at HH
By HH19, the PA4 was apparent. The last segment, PA6 h
completely formed posterior to the fourth pouch at HH2
(Hamburger & Hamilton, 1992).

To investigate the question of whether the fifth PA (PAS
had arisen during the early development, we first analyzed t

morphology of the PAs. The lateral view of a chick embryo atHHZ2, 1 | ateral view of a chick embryo of HH22 stage
showed all the PAs formed at this stage (Fig. 1). PAL, 2, 3, 4 ang,gen all pharyngeal arches (1, II, 11, IV and VI) have

arranged in line from cranial to the thorax wall. At this stage thgrmed. The pharyngeal arch V is not visible. OV: otic
heart and thus also the thorax was located still anterior to thgsicle: 2/3/4: Somite 2, 3, 4.

forelimb bud. The last PA, which can be distinguished from the

surrounding structure through the different tissue density, was fu
to the anterior boundary of the thorax wall. Between the PA4 a
6, however, no PA5 could be recognized.

Since the PA5 cannot be identified through the surface reli
we analyzed the distribution of NCCs, which could provide contol
of PAs. It has been shown that NCCs are located beneath the sut :
ectoderm and surround the myogenic core of the PAs (Rialn L oV
2007). Thus, NCC may sketch out the contour of the PAs. Accordi
to the observation made by Ferguson & Graham (2004), NCCs fr > “‘n
post otic vesicle and cranial somites level contribute to tt ¢
pharyngeal arches 3-6. To visualize the caudal PAs, both graft
andin ovoelectroporation were carried out to trace NCCs in PA!

By the grafting experiments, the neural tube half at the fir : .
somite level was homotopically transplanted from a quail to a chi — . ‘
embryo at HH9 just prior to NCCs migration. The host embryos :
were reincubated until stage HH22, and quail cells were detecfé@- 2 The quail-chick chimeric embryo with whole-
with the QCPN antibody, which specifically stains a nuclear epitopeountimmunohistochemistry using QCPN at the HH22
of quail cells (Selleck & Bronner-Fraser, 1995; Wiltatgl, 1995). Stage. The black labelled structure at the somitg) 1 (
Similar to the previous observation using the Dil cell tracing metho§Ve! is the neural tube half grafted from a quail embryo.

NCCs from the graft, viewed by black spots, migrated into the PAYeUral crest cells (their nuclei were indicated by spots)

; : : _ the graft migrated into the pharyngeal arches IV
and 6. However, the PA5 was still not recognized (Fig. 2, n-’af om . i s
This could have been duo the low resolution of this cell tracing qu VI _The pharyngeal arch V'is not recognized. OV.
technique. otic vesicle.
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To improve the cellular resolution, we labelled NCCseparated by very clear boundaries from its anterior and
through focal electroporation of EGFP constructs into th@osterior neighbour structures, and classified as PA5.
neural crest at the axial level of the post-otic and cranial
somites at HH10. Embryos were re-incubated until HH22 The major difference to the contribution of neural
(day 4) after electroporation. Though we tried to restrict therest from the post-otic and somite 1 level was that NCCs
transfection to one somite scope using high viscosity of tfi@m somite 1+2 level did not contribute to the PA3. They
EGFP solution (7-Ag /ul), the drop of EGFP solution were located only in the PA4-6 (Fig. 3B and B’, n=5). The
injected into the cent canal of the neural tube spread outsize and form of PA4 and 6 outlined through these NCCs
Thus, EGFP-positive neural crest was located at the levelwére very similar between these two different levels of NCC
about two somites. After injection and electroporation at tharigins. In this series, we observed also a very narrow
post-otic level, EGFP-positive NCCs were formed at the postegment viewed by EGFP-positive cells, which can be
otic and first somite level. They migrated into PA3-6 (Fig. 3Aeferred to as the PA5. Similar results were observed in the
and A, n=4). As supposed, the distribution of EGFP-positiveeries with EGFP-traced NCC from the somite 2 and somite
NCCs provided very clear contour of the PAs. The PA3 wast+3 level (data not shown).
the largest one among all the PAs labelled by EGFP. The PA4
was much smaller than the PA3. The cleft between these tSCUSSION
arches was broad. Though the PA6 was fused to the thorax
wall, as seen in the morphology (Fig. 1), the caudal most The pharyngeal arch forms transiently during vertebrate
distribution of the NCCs clearly outlined its typical pharyngeaémbryogenesis. Its number varies from species to species, for
arch form. Though the PA6 was little shorter than the PAdpstance, nine in lampreys, seven in teleosts, and six in
their width was very similar. Between them, a very narrowmniotes (Schilling & Kimmel, 1994; Horigone¢al, 1999).
structure was visible. This segment had a broad anterior cléfinong the six PAs, the fifth PA is a controversial one, since it
and a very narrow posterior cleft. Thus, this segment wasdifficult to see during the embryonic development, although
the fifth pharyngeal arch artery has been shown in chicken
and mammalian (Reagan, 1912; Hiruma & Hirakow, 1995;
Guptaet al, 2015). In this study, we observed the small but
distinguishable fifth PA in chick embryos by visualizing post-
otic PAs with the help of EGFP-expressing NCCs.

Organization and development of the PAs is highly
conserved. Each PA is separated from neighbouring PA by a
cleft in the outer surface and a pouch in the inner surface and
has the same architecture, which is composed of two epithelia,
the endoderm and ectoderm that together line a mesenchymal
core composed of both mesoderm and NCCs in vertebrate
embryos (Graham & Smith, 2001; Grahahal.,, 2005;
Graham & Richardson, 2012; Frisdal & Trainor, 2014; Shone
& Graham, 2014). NCCs are a population of cells that
delaminate from the neural crest via an epithelial to
mesenchymal transformation, and migrate in discrete
segregated streams, filling each PA (Le Douarin, 1990;
Villanuevaet al, 2002). Since NCCs are located just beneath
the surface ectoderm (Graham & Smith, 2001; Rigfbal,
2007; Graham & Richardson, 2012), the visualization of NCCs
can reveal the contour of the PAs. While the preotic NCCs
colonize the first PAs, the post-otic NCCs populate the
somite 142 posterior PAs. They initiate the migration in the dorsolateral

Fig. 3 Trajectory of neural crest cells (viewed by EGFP) iRathway (between the ectoderm and the dermomyotome) at
pharyngeal arches reveals the formation of the pharyngeal af¢h10. By HH13, NCCs stop migrating dorso laterally and
V. A: NCCs streams from the post-otic and the first somite lev}€gin to migrate in the ventral pathway up until HH21 (Reedy
respectively. B: NCCs from the level of somite 1+2. A'and B’et al, 1998; Kuo & Erickson, 2011). Thus, the EGFP-
Magnification of the white box region in Aand B. II, IlI, IV, V, expressing NCCs by electroporation at the post-otic level can
VI: pharyngeal arches; OV: otic vesicle. reveal the PA3-6.

I
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Each PA contains a pharyngeal arch artery (PAA) Taken together, the fifth PA forms during early
which is primitive aortic arch between the ventral and thdevelopment at least in avian species. It is closer to the sixth
dorsal aorta. The PAAs form in concert with the PAs in BA than the fourth PA. This is in line with the formation of
cranio-caudal gradient (Hiruma & Hirakow, 1995; Frisdathe fifth PAA, which can form a bypass and even fuse with
& Trainor, 2014). In developing chick embryos, the first PAAhe sixth PAA. In mammals and human, the fifth PAA can
is found to form at HH12. The second PAA was found atersist after birth (Guptet al, 2015).

HH14 and the third PAA at HH15. By HHI9, the first PAA

has disappeared when the fourth PAA appears. The fifth aAGKNOWLEDGMENTS . We are grateful for the technical
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HH21. The fifth PAA forms a bypass with the sixth PAAMr. Heinz Bioernsen in the Institute of Animal Science. We
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development of the PAAs and PAs, the formation of PA5

visuali;ed inthis_study is highly consistent with the formatioWANG, J.: LIANGA, J.: WANG, Y.: TAO, H.: PU, Q.:

of the fifth PAA in the Spatlal and temporal manner. KUERTEN, S.: TIEMANN, |.: TEIS, S.: PATEL, K. &
HUANG, R. Evidencia de la presencia del quinto arco faringeo

The neural crest from the post-otic to the somite gurante el desarrollo del polluelmt. J. Morphol., 42(51322-
level gives rise to derivatives of the post-otic PAs, therelng27, 2024.
participating in septation of the outflow tract of the heart
(Kirby et al, 1983; Kirby, 1987; Phillipset al, 1987; Kirby RESUMEN: El arco faringeo (AF) es una estructura
& Waldo, 1990; Aliet al, 2003; Kirby & Hutson, 2010). transitoria de los embriones de vertebrados. Su nimero varia de
However, the neural crest at the post-otic level differs frof@ €SPecie a otra; nueve en lampreas, siete en teleosteos y seis
those at the somite level. After labelling with Dil at the pos€ @mniotas. Cada arco faringeo contiene un nervio y una arteria,

asi como elementos esqueleto musculares. Ha existido una larga

otic level and the level of somites 1-3, Ferguson & Graham . - . )
controversia sobre laformacion del quinto arco faringeo. En este

(2004), ob;erved that NCCs Contrlbgte to all the pOSt'_OII!Fabajo investigamos la formacion del quinto AF mediante el
PAs. In this study, we observed different contributioRggimiento de la distribucién de las células de la cresta neural
between NCCs from the post-otic and somite level; whilgy, |os arcos faringeos en embriones de pollo. Se utilizaron huevos
the post-otic NCCs populate all post-otic PAs, NCCs frome pollito y codorniz fertilizados. Las células de la cresta neural
the level of somite 1-3 avoid the third PA. In other wordsse detectaron mediante la técnica de rastreo de células de polluelos
the third PA obtains only NCCs from the post-otic level. lnle codorniz y la electroporacién ovo de construcciones de
contrast, the PA 4-6 receives NCCs from both the post-ofi§sFP. Nuestros resultados mostraron que las células de la cresta
and somite level (Fig. 4). neural del nivel postético contribuyeron a todos los arcos faringeos
postoticos (AF3-6). Por el contrario, las células de la cresta neural
del nivel somita 1-3 evitaron invadir el tercer arco faringeo, aunque
dieron lugar a arcos faringeos postoticos. Segun la trayectoria de
las células de la cresta neural, el quinto arco faringeo era visible
entre el cuarto y el sexto arco faringeo, aunque era
considerablemente méas pequefio en comparacién con otros arcos.
El quinto AF se forma durante el desarrollo temprano, al menos
en especies de aves. Se encuentra mas cerca del sexto AF que del
cuarto AF. Esto concuerda con la formacion del quinto AAF, que
puede formar un bypass e incluso fusionarse con el sexto AAF.

PALABRAS CLAVE: Quinto arco faringeo; Cresta
neural; Embriones de polluelo; Quimera de pollito de
codorniz; en ovoelectroporacion.

@ post-otic
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