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ABSTRACT Traditionally, the cartilaginous viscerocranium of vertebrates is considered as neural
crest (NC)-derived. Morphological work carried out on amphibian embryos in the first half of the
XX century suggested potentially mesodermal origin for some hyobranchial elements. Since then,
the embryonic sources of the hyobranchial apparatus in amphibians has not been investigated due
to lack of an appropriate long-term labelling system. We performed homotopic transplantations of
neural folds along with the majority of cells of the presumptive NC, and/or fragments of the head
lateral plate mesoderm (LPM) from transgenic GFP+ into white embryos. In these experiments, the
NC-derived GFP+ cells contributed to all hyobranchial elements, except for basibranchial 2, whereas
the grafting of GFP+ head mesoderm led to a reverse labelling result. The grafting of only the most
ventral part of the head LPM resulted in marking of the basibranchial 2 and the heart myocardium,
implying their origin from a common mesodermal region.This is the first evidence of contribution
of LPM of the head to cranial elements in any vertebrate. If compared to fish, birds, and mammals,
in which all branchial skeletal elements are NC-derived, the axolotl (probably this is true for all
amphibians) demonstrates an evolutionary deviation, in which the head LPM replaces NC cells in
a hyobranchial element.This implies that cells of different embryonic origin may have the same de-
velopmental program, leading to the formation of identical (homologous) elements of the skeleton.
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Introduction

Viscerocranium of jawed vertebratesis organizedinto arches and
includes the jaws and hyobranchial apparatus. The hyobranchial
apparatus of lower vertebrates consists of a hyoid arch (visceral
arch 2) and a set of post-hyoid pharyngeal (branchial) arches, which
number varies. The fullest set of elements of each pharyngeal
arch consists of four paired (dorsal to ventral: pharyngobranchials,
epibranchials, ceratobranchials, and hypobranchials), and one un-
paired one, the basibranchial. In modern salamanders, the dorsal
elements of each pharyngeal arch disappear, and the posterior
arches undergo even a greater reduction. Itis accepted (Reilly and
Lauder, 1988) that the typical salamander hyobranchial apparatus
has one hyoid arch and four pharyngeal arches consisting of only
ventral paired elements cerato- and hypobranchials (cerato- and
hypohyals), and two midline elements—unpaired basibranchials
1 and 2 (Fig. 1).

It is widely accepted nowadays, that the vertebrate visceral
skeleton and a part of the neurocranium originates from the mes-

enchyme of the NC, while some cranial elements are considered
or suspected as being of mesodermal or mixed origin (Gross and
Hanken, 2008, Seufert and Hall, 1990). This knowledge was ini-
tially based on morphological difference between the two types of
mesenchymal cells (of NC or mesodermal origin), including size,
differential staining, pigmentation, and number and size of yolk
granules; e.g., the former are small, pigmented, slightly loaded
with the yolk granules and dark staining, while the latter are large,
non-pigmented, heavily yolk-loaded and lightly staining (Horstadius,
1950, Landacre, 1921). However, morphological identification of
cells from the two sources is mostly possible in the cell undiffer-
entiated (mesenchymal) state, while later NC and mesoderm cells
loose their differential qualities (Stone, 1926). This makes it difficult
to determine not only the main embryonic source of cells, but also
the fact of a possible mixture of cells of two embryonic anlagen
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within asingle cartilaginous element. Interspecies xenotransplants,
in which the transplanted cells are mainly differentiated by size,
would mostly be now considered not very precise and reliable, as
well (Gross and Hanken, 2008).

Extirpation and ectopic transplantation experiments served as
additional sources of information. A number of studies in the first
half of the XX century reported deficiencies in the viscerocranium
after extirpation of fragments of the neural folds or streams of NC
cells migrating under the ectoderm to the pharyngeal region in
several species of anuran and urodelan amphibians (Bombina,
Rana, Ambystoma) or, alternatively, development of ectopic carti-
lages after heterotopic transplantation of portions of the NC alone
or together with parts of the ectoderm and the dorsal neural tube
(Horstadius, 1950, Landacre, 1921, Raven, 1931, Stone, 1926,
Stone, 1929). Based on morphological descriptive work and such

stage 16
Fig. 1. Results of transplantations of frag-

ments of a neural fold. (A) Schematics
demonstrating orthotopical grafting of GFP+
neural folds (including neural crest) from a
GFP+ neurula (green, stage 16) into a white
(d/d) host. Both entire GFP+ neural folds were
grafted into a white host whose neural folds
from both sides had been removed before.
(B) Schematics demonstrating one-sided or- B
thotopical grafting of a long left GFP+ neural
fold fragment (including neural crest) into a
white (d/d) host. The graftis extirpated froma
GFP+ neurula (green, stage 16) and extends
from posterior head to anterior trunk. It is
implanted into a white host where a simi-
larly sized fragment was extirpated before.
(C) Schematics illustrating the anatomical
structure of the hyobranchial apparatus,
position of the heart (h), and the summary
of the transplantations (green — elements
marked with GFP after neural fold grafting,
blue-basibranchial 2 (bbr2), which has never
been marked). Green box around the heart
indicates contribution of the neural crest
to the septae and truncus arteriosus. The
schematic corresponds to (D) ventral aspect
of a two months old juvenile chimera carry-
ing a two long GFP+ neural fold fragment.
Neural crest cells label upperand lower jaws
(ja), nearly complete hyobranchial apparatus,
with exception of the bbr2 (no NC labelling)
— note the absents of the GFP+ labelling in
the region on the midline in front of the heart.
(E-G) Right side of a juvenile chimera after
unilateral neural fold transplantation—NC
derivatives are marked with GFP+ cells
and shown at transverse sections. Section
plane is shown as on (C) with a dashed
line (E-G), (F,G)- enlarged area shown with

grafting

grafting

‘ . B

double-sided neural fold

one-sided neural fold

experimental approaches all the authors concluded that the majority
of the viscerocranium cartilages in amphibians are of NC origin,
particularly the jaw, hyoid, and branchial arches. However, some
viscerocranial cartilages still developed even under conditions
of severe extirpations of the NC precursors, so that extirpations
led only to reduction in size, not in disappearance of a number of
elements (Stone, 1926). In addition, unilateral head lateral plate
mesoderm (LPM) transplantation, with both ecto- and endoderm
included into the graft, from the head to the place of trunk somites
in Ambystoma punctatum embryos at stages before the launch of
neural crest migration led to development of ectopic rod-like car-
tilages, suggesting their probable non-NC (mesodermal?) origin
(Stone, 1932). Extirpation (especially in urodelan amphibians,
which possess a strong degree of regeneration capacities) is not
a reliable approach for fate mapping. On the other hand, the direct

the dashed white rectangular framed at (E). Gills (g), spinal nerves (sn), dorsal root ganglia (drg) are clearly GFP+. (H) Transverse sections through the
juvenile chimera (sectioning plane shown at C) with GFP+ hypobranchials (hbr1, hbr2) and connective tissue of the gills, but GFP negative basibranchial
2. (I-J) Transverse sections (sectioning plane shown at C) through the shoulder girdle region in a 1 month old juvenile after unilateral transplantation of
the neural fold, showing migration of NC GFP+ cells to the side contralateral to the transplantation side (I, white arrows), or non-labelling of a portion
of the hyobranchial 2 at the side of transplantation (J, white arrow) in contrast to double-sided neural fold grafting, when all the cartilages are labelled
ubiquitously. Anti-Myosin heavy chain-rhodamine immunostaining at (G,H). Other abbreviations: a.tr., anterior trabeculae; cbri-4, ceratobranchials 1 to
4, ch, ceratohyal; e, eye; h, heart; hbr1,2, hypobranchials 1 and 2; hh, hypohyal. Scale bars: D, T mm, E-J: 100 um.
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labelling of mesoderm with homotopic tissue transplantations in
axolotls or other amphibians to uncover the actual embryonic origin
of each element in the hyobranchial apparatus has never been
persuade, because of the lack of an appropriate labelling system.

Recent advances in transgenic techniques led to establishing
a number of transgenic lines of amphibians (e.g., Mexican axolotl,
A. mexicanum) expressing genes of fluorescent proteins in all cells
of the organism, suitable for cell lineage labelling experiments. By
using transgenic axolotl systemwe aimed to explore the origin of the
hyobranchial apparatus in axolotl in more detail by transplantation
of either neural crest or mesoderm, or both from transgenic GFP+
(Sobkow et al., 2006), or Cherry+ (Kragl et al., 2009) embryos to
white host embryos and following up the fate of the transplanted
tissues until the formation of the visceral cartilages. Here we show
for the first time that the second basibranchial, but not any other
visceral cartilages, originates in axolotl from the most ventral part of
the head LPM, thus demonstrating dual NC and mesodermal origin

Fig. 2. Results of one-sided head lateral plate
mesoderm transplantations. (A) Schematics
demonstrating grafting of GFP+ head LPM (includ-
ing all the pharyngeal mesoderm) from a GFP+
early somitogenesis stage (green, stage 20) into
a white (d/d) host. (F) Schematics demonstrating
transplantation of a smaller area of the head LPM
approximately 1/3 of the area in the previous
experiment. In both experiments the GFP+ LPM
of the size shown in schematics was grafted into
a white host whose corresponding mesodermal
areas on one side had been removed before. (B)
Schematics summarizing the results of two experi-
ments, (green —elements marked with GFP after
LPM transplantation (basibranchial 2) and heart
myocardium, blue — all the rest elements of the &
hyobranchial apparatus, which has never been
marked). (C,D,E) Transverse sections through the
hyobranchial region of a representative 1 month-
oldjuvenile after whole head L PM transplantation.
Section planes are shown at B with dashed lines.
Note inclusion of the mesodermal GFP+ cells
into the basibranchial 2 (D,E) on the side of trans-
plantation, but not to basibranchial 1 (C). Green
bright cells to the left of bbr1 and bbr2 represent
connective tissue of the flank, which arises from
LPMmesenchyme.(G)Frontal section through the
basibranchial 2 in a T months old juvenile (section
plane is shown at B as a black dashed rectangular
G); mesoderm contributes to this element through
its length as seen by GFP+ labelling on the side
of transplantation, (H) Frontal section through the
caudal aspect of the basibranchial 2 and the heart
anlage both labelled with GFP+ cells (section plane
is shown at B as a black dashed rectangular H),
(1,J) Transverse section through the middle part §
of the hyobranchial apparatus as shown at (B)
with a dashed line; (J) enlarged area shown with
the dashed white rectangular framed at |, GFP+
mesodermal marking is noticeable only among
the connective tissue of the flank and again, as
in the previous experiment, in basibranchial 2 at
the side of transplantation, but not in any other
cartilaginous hyobranchial element. Abbr. as in
Fig. 1. Scale bars: 100 um.

for the hyobranchial apparatus. We further discuss evolutionary
and developmental aspects of the viscerocranium in amphibians.

Results

Neural crest contributes to the majority of viscerocranium,
but not to basibranchial 2

To determine NC contribution to the viscerocranium in axolotl,
we firstly have used double-sided (Fig. 1A) or one-sided (Fig. 1B)
neural fold grafting (most anterior head to posterior trunk region)
including NC cells from all possible cranio-caudal levels from a
GFP+ donor to a white (d/d) host as shown before (Epperlein et
al., 2012). This kind of transplantation resulted in GFP-positive
labelling of the pharyngeal mesenchyme and cartilages of the
hyobranchial apparatus of the axolotl larvae, including ceratobran-
chials, ceratohyals, hypobranchials, and hypohyals, as well as the
lower and the upper jaws (Fig. 1 C—H). The difference between

stage 20

one-sided head mesoderm
grafting

one-sided grafting of the lower
part of the head mesoderm
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the bilateral and unilateral transplantations was in that in the latter
experiments some GFP+ cells still partially labelled the cartilages
on the side contralateral to the transplantation, while cartilaginous
elements onthe side of transplantation had some focal deficiencies
in labelling (Fig. 1 I,J). No such deficiencies were noted if trans-
plantations were double sided. These results suggested that NC
cells from both neural folds are required for the normal formation
of the paired cartilages. The only cartilage of the viscerocranium,
which was found completely not labelled in either experiment, was
the basibranchial 2 (Fig. 1 C,D,H). NC cells were not found also
in the posterior part of the trabeculae cranii (but labelled anterior
trabeculae craniad to the optic nerve, Fig. 1l), the otic capsules,
and the occipital bones (not shown).

The head lateral plate mesoderm is the common source for
the basibranchial 2 and the heart

Due to medio-ventral position of the basibranchial 2 cartilage
leftunmarked in the previous experiment we considered head LPM
as the most probable source for the skeletogenic mesenchyme,
which forms this branchial cartilage. To check this possibility we
first grafted homotopically and unilaterally large pieces of the head
LPM from GFP+ donors to white (d/d) hosts at stage 20 embryos

‘

hbr2 bbr1
hbr2 hbri

Fig. 3. Results of one sided double labelling of the neural crest (see Fig. 1B) and the head lateral
plate mesoderm (see Fig. 2F). Two types of transplantations of tissues from a coloured donor to the
same white host were done one by one with the interval of ca. 24-36 hours resulting in GFP+ labelling
of nearly all the neural crest derivatives and Cherry+ labelling of head lateral plate mesoderm derivatives
on the side of transplantation. (A) Schematics, summarising the results of the double labelling. Only
basibranchial 2 is composed of mesoderm cells, while the rest of the hyobranchial apparatus is of neural
crest origin. (B) Transverse section through the cranial part of the hyobranchial apparatus at the level of
the basibranchial 1. Section plane see at A. (C-F) Nearly transverse section through a more caudal part
of the hyobranchial apparatus at the level of the basibranchial 2. Note that neural crest GFP+ cells and
mesoderm Cherry+ cells never mix within | of the any of the cartilages forming distinct territories within
the hyobranchial apparatus. Abbr. as on Figs. 1 and 2. Scale bars: 100 um.

(Fig. 2A) avoiding transplantation of both endoderm and paraxial
mesoderm. These grafts included nearly the whole head LPM
from the lower limit of somites and more cranially positioned head
paraxial mesoderm dorsally to the most ventral extension of the
mesodermal sheet, and from the most anterior extension of the
mesodermal sheet just behind the forming eye cranially to the level
of the fore-boundary of the somite 3 caudally. Despite such an
extensive labelling of the head LPM, the majority of the branchial
cartilages, those revealed as NC-derived in the previous set of
experiments, remained completely unlabelled on the side of the
transplantation, although we found GFP+ cells in the connective
tissues in-between the jaws/pharyngeal skeletal and muscular
elements (Fig. 2 B-E). The only exception was the basibranchial
2, which was labelled on the side of the transplantation (in 4 out
of 4 examined transgenic chimeras) throughout its length (Fig. 2
D,E). Hence, the basibranchial 2 appeared to be of mesodermal
rather than NC origin. To confirm this result, we additionally per-
formed double labelling of the NC (unilateral GFP+ neural fold
transplantation at stage 14-15) and head LPM (unilateral Cherry+
transplantation at stage 19-20) within the same white host embryo.
Of five embryos successful operations were made in two resulting
in Cherry+ labelling of the basibranchial 2 on the side of operation
and GFP+ labelling of the rest of the
hyobranchial apparatus. Again no cells
of mesodermal origin were found atthe
territory of the NC, and vice versa, the
NC cells did not mix to mesoderm to
form basibranchial anlagen, always
leaving clear borders between the
elements of NC and of mesodermal
origin (Fig. 3).

Taking into account ventral medial
position of the basibranchial 2, it was
quite reasonable to suggest that the
most ventral part of the head LPM on
each side of the embryo can be the
source for the basibranchial 2. To prove
_ this assumption we further grafted the
! most ventral portion of the GFP+ head
b LPM approximately one third of the size
hbri  hbr2 ofthe transplant in the previous experi-
ment (Fig. 2F). As expected, we found
. basibranchial 2 fully labelled onthe side
‘:‘__' 415 bbr2 oftransplantationin all cases (7 out of 7
” Lt - evaluated chimeric larvae, Fig. 2 G-J).

e < Sk In all chimeras the heart myocardium
was also labelled with GFP+ cells (Fig.
2H). Thus, the most ventral part of
the head LPM, which normally gives
rise to the heart, is indeed the region
of the head LPM, which have also a
skeletogenic potential and contribute
to the basibranchial 2.

Since in our transplantation experi-
ments we always found the labelling of
a half of basibranchial 2 at the side of
transplantation, we further transplanted
GFP+ head LPM to one side of the
white embryo, and Cherry+ head LPM

T
’)"

-



Embryonic origin of the amphibian hyobranchial apparatus 825

to the other side of the same white embryo (N=3). Since this kind
of operation caused a large wound on the belly of the operated
embryos, only in one embryo the wound healed properly allowing
medial structures to develop. This experiment resulted in one side
of the basibranchial 2 labelled with GFP+ and the other side —with
Cherry+ cells (not shown). A few cells from the contralateral sides
intermingled and did not form sharp boundary, but there were no
unlabelled cells in the cartilage.

Discussion

Amphibian hyobranchial apparatus is of dual origin

Results of our experiments, using transgenic axolotl system, a
most modern and precise way of labelling living cells in amphibian
embryos available to date, revealed dual origin of the hyobranchial
apparatus of an urodelan amphibian, the Mexican axolotl (A. mexi-
canum). With our transplantations of the prospective neural crest
from all possible cranio-caudal regions and on one or both sides
of the body from GFP+ tissue donors to white hosts, we did not
find any single NC cell within the cartilage of the basibranchial 2
in any of our transgenic chimeras. In contrast, the grafting of the
head LPM from transgenic donors to white hosts revealed the basi-
branchial 2, but not any other hyobranchial cartilage, was labelled.

Our fate mapping study confirmed a very old notion based on
merely morphological discrimination of cells of NC and of meso-
dermal origin or NC extirpation experiments that some cartilages
of the hyobranchial apparatus in amphibians may be not of NC,
but of mesodermal origin. This was suspected by several authors
not only for urodelans, e.g., Ambystoma, but also for anuran am-
phibians, such as Rana and Xenopus (Hérstadius, 1950, Raven,
1931, Sadaghiani and Thiebaud, 1987, Seufert and Hall, 1990,
Stone, 1929). L.S. Stone was the first who suspected mesodermal
origin of the basibranchial 2 in A. punctatum, as well as basihyal (=
copula 1) cartilage and the hind portion of basibranchial (= copula
2) in R. pallustris (Stone, 1926, Stone, 1929). More recently, P.
Chibon was not able to mark basibranchial 2 in Pleurodeles waltlii
by means of 3H-thymidine autoradiography, when pieces of neu-
ral folds from different levels of a thymidine-treated open neural
fold stage embryos were transplanted to normal host embryos
(Chibon, 1967). Similarly, Sadaghiani and Theibaud (Sadaghiani
and Thiebaud, 1987) approached the fate-mapping of the NC in
Xenopus with interspecies tissue grafting from X. borealis to X.
laevis, and consequent tissue discrimination by quinacrine nuclear
staining specific for X. borealis. After hyoid or branchial NC segment
transplantation they found a mixture of “donor” and “host” cells in
the ceratohyal and branchial cartilages, and only “host” material
in the basihyal (Sadaghiani and Thiebaud, 1987). However, the
authors’ overall conclusion of a mixture of mesodermal and NC
cells in composing the hyobranchial cartilages could hardly be
drawn from these data. This is because transplantation of a small
portion of only one neural fold does not allow interpretation of the
non-labelled host cells on sections as “hon-crest” or specifically
“mesodermal”, because they may originate from host NC of other
cranio-caudal levels or the contralateral host neural fold, which was
nottransplanted. Our unilateral transplantations of the GFP+ neural
fold clearly show this situation resulting in that some hyobranchial
elements represent mosaic marked and non-marked cartilage on
the side of transplantation, as well as demonstrating inclusion of
donor cells to the contralateral cartilages on the “control” side due

to NC cell migration (see Fig. 1).

Aspecial case was the transplantation experimentin Ambystoma
punctatum, when the head LPM was transplanted to the place
of previously excised trunk somites (Stone, 1932). In 9 out of 17
cases, formation of an ectopic rod-like cartilage was observed. In
contrast, an earlier analogous experiment in R. palustris did not
reveal in a single case a slightest trace of cartilage in the trans-
planted tissues, suggesting that all the cartilages of the branchial
arches in this species develop from NC, not from the underlying
mesoderm (Stone, 1929). This was in apparent contradiction to
the arguments of the same author based on morphological and
NC extirpation experiments in Rana (Stone, 1929). Our NC and
mesoderm transplantations in axolotl embryos gave ubiquitous and
complementary resultsin all grafting series, demonstrating patterns
similar to those predicted by earlier morphological/extirpation/
ectopic transplantation studies in several species of amphibians;
hence, it is quite safely to say that most probably both urodelan
and anuran modern amphibians have hyobranchial apparatus of
dual origin. The extent of contribution of the mesoderm to this
system may probably vary including one or more midline elements.
In contrast to predictions based on NC marking in the previous
reports (Sadaghianiand Thiebaud, 1987, Stone, 1926, Stone, 1929)
we, however, did not reveal mesodermal cells in ceratohyals or
ceratobranchials in axolotl, and we assume that this may hardly
be so in other amphibians.

Heart field pharyngeal mesoderm contributes to the basibran-
chial 2 cartilage

In our experiments, we initially transplanted large portions of
the head LPM strictly avoiding transplantation of the paraxial head
mesoderm (see Methods). Despite such an extensive grafting, only
one cartilage appeared to be consistently marked with the GFP+
cells, suggesting that the head LPM has limited capacities to form
skeletal tissues (in contrast to the head paraxial mesoderm, see:
Sambasivan et al., 2011). Curiously, a somewhat similar result of
limited cartilage-forming capacities of the head LPM was shown
by transplantation of the head pharyngeal mesoderm to the re-
gion of trunk somites (Stone, 1932). In those experiments only
one small (40 to 100 um in length) cartilage developed ectopi-
cally after transplantation of a relatively large area of LPM. In all
cases of successful development of such an ectopic cartilage the
ectopic heart developed nearby, although in four other cases the
ectopic heart developed alone. Such a correlation between the
development of the ectopic heart and cartilage thus indicated a
relative proximity of the two anlagen in the graft (Stone, 1932). In
our experimental series we performed homotopic transplantations
of a smaller, the most ventrally positioned area of the head LPM
(see Fig. 2A and Methods). In all resulting chimeras the heart was
consistently labelled with GFP+ cells along with the basibranchial
2, suggesting that both the heart and the basibranchial 2 develop
from a common mesodermal region.

Heart and major arteries nearby are the potential place for de-
velopment of ectopic cartilages in amniotes (Lopez et al., 2003).
These heart cartilages have, however, NC, but not the mesoderm
origin atleastin birdsand mammals (Sumidaetal., 1989). Although
axolotl belongs to amphibians, the proximity of the anlagen of the
heart and the prospective basibranchial 2, both of which show, or
may show in certain conditions, chondrification of mesenchymal
cells of different embryonic origin, may indicate a possibility of a
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common signaling event in the heart-field mesoderm, leading to
cartilaginous differentiation of both NC derived ectomesenchyme
and LPM. This is possible because the skeletogenic molecular
programms are conserved among tissues of different origin in
the head and in the trunk (Eames and Helms, 2004). Formation
of cartilage in the heart and elsewhere from tissues of different
embryonic origin is under control of common transcription fac-
tors, such as Sox9 (Lincoln et al., 2007, Lincoln et al., 2006).
Cranial NC has wide skeletogenic potential, forming both carti-
lage, endochondral bone, or intramembranous ossification, but
needs contact to pharyngeal endoderm and mesoderm to start
skeletogenic differentiation (Seufert and Hall, 1990). Interestingly,
the basibranchial 2 and the heart lie not only in close proximity,
they both belong to the zone of expression of the Hox3 orthologs,
which express in all three tissues of potential importance: heart
mesoderm, cardiac NC and pharyngeal endoderm (Diman et al.,
2011, Medeiros and Crump, 2012). To the best of our knowledge,
formation of basibranchial 2 from the heart field LPM is the first
case unequivocally demonstrating skeletogenic potential of the
LPM in the head.

Interchangeable contribution of the neural crest and meso-
derm to the head skeleton: developmental and evolutionary
implications

Data from several model systems supported the view that pha-
ryngeal cartilages originate exclusively from NC in vertebrates.
Particularly, the genetic labelling of the NC in fish revealed that
virtually all the elements of the pharyngeal arches, including all the
basibranchial elements originate from this enigmatic germ layer
(Kague et al., 2012, Mongera et al., 2013, Schilling and Kimmel,
1994). A series of reports from several laboratories in 70s-90s of
the XX century on NC contribution to the skull in avian embryos
based on chick-quail chimerisation studies congruently showed
that the majority of the viscerocranium (with only possible excep-
tion to columella) of birds also originates from NC (reviewed by
Gross and Hanken, 2008). Interestingly, mammalian laryngeal
cartilages (thyroid, cricoid, and arythenoid cartilages), which are
developing from 4™ to 6" branchial arches, as well as the rest of
the branchial and jaw skeleton, e.g., hypoglossal and mandibular
cartilages, were also reported as NC derived (Chai et al., 2000,
Matsuoka et al., 2005).

Our finding that the cartilaginous element (basibranchial 2) of
the axolotl branchial arches develop from mesoderm turns us to
discussion of interchangeable contribution of mesoderm and NC
to the same (considered homologous) parts of the skeleton in de-
velopment and evolution. As it was explicitly shown by Schneider
(1999), NC can substitute the paraxial mesoderm in the avian
head skeleton. Ectopic transplantation of a portion of the quail
presumptive NC to the chick embryo in position, which is normally
occupied by paraxial head mesoderm, resulted in development of
chimeras with cranial bones of orbitotemporal region, composed
of mesoderm and NC cells, morphologically indistinguishable from
the normal chick bones, composed exclusively by mesodermal
cells (Schneider, 1999). Furthermore, it seems that NC-derived
mesenchyme could adequately respond to similar cues, which
normally drive the skeletogenesis and proper patterning of the
mesoderm-derived skeletal elements (Kuratani, 2005, Schneider,
1999). The mesodermal origin of a basibranchial element shownin
our report demonstrates a somewhat reverse situation, when the

mesodermal tissue contributes to the part of the head skeleton,
which is otherwise expected to be NC-derived. The difference
to the above mentioned situation is that we see this interchange
in evolution, rather than in an experiment, with the mesoderm
substitution of the NC in amphibians if compared to fish, birds,
and mammals.

Materials and Methods

Animals

Adults of the Mexican axolotl (A. mexicanum) of d/d white line, GFP-
and Cherry-nuclear transgenics (Kragl et al., 2009, Sobkow et al., 2006)
were bred in the facility of the Max-Planck-Institute of Molecular Cell
Biology and Genetics in Dresden, Center for Regenerative Therapies,
TU Dresden, and aquarial of the Faculty of Biology, St. Petersburg State
University, Russia. Eggs were kept in tap water at room temperature or,
to delay development and synchronize clutches, at 4-8°C. Embryos and
larvae were staged according to normaltables (Bordzilovskayaetal., 1989).

Transgenesis and transgenics

The generation of transgenic animals ubiquitously expressing GFP
under the control of the CAGGS promotor has been described elsewhere
(Sobkow et al., 2006). Using the same protocol, transgenic animals ex-
pressing nuclear Cherry under the control of the CAGGS promotor were
generated as described (Kragl et al., 2009). The transgenic embryos,
used as donors for operations, as well as the host embryos, had d/d
(white mutant) background. The d/d mutant axolotls were chosen for
better visualization of the fluorochromes in the cells. Justification for the
use of this mutant as a basis for transgenic lines for the study of neural
crest contribution to the skeletal tissues has been given in our recent
publication (Epperlein et al., 2012).

Embryo operations

Before dejellying eggs were washed in 70° ethanol to sterilize the
jelly coat surfaces and then were dejellied in sterile 1x Steinberg solu-
tion containing antibiotics (Antibiotic-Antimycotic; Invitrogen, Karlsruhe,
Germany) plus Fortum or Cyprofloxacim antibiotics. The embryos were
then transferred into agar dishes (2% agar in autoclaved tap water) filled
with sterile Steinberg solution and arrested in deepenings of the agar
layer. Operations were carried out with tungsten or preparation needles
either in 4x Steinberg solution in order to obtain an optimal separation of
tissue layers (epidermis, mesoderm, endoderm) in most cases or in 1x
Steinberg solution, when an operation (e.g., grafting long bilateral neural
folds) lasted 20—60 min. With hypertonic Steinberg solution tissue layers
can be separated more easily.

Neural fold (neural crest) grafting

An unilateral (left) fragment of the most anterior head to the most
posterior trunk neural fold (n=5) containing NC, or the entire left and
right cranial and trunk neural folds of a GFP+ donor (n=5) were grafted
into a white (d/d) host at stage 16 (Bordzilovskaya et al., 1989) where
similar sized neural fold areas had been removed before. The implanted
fold fragments were pressed against the body of the host with a piece
of glass to assist healing. Grafting of the one neural fold fragment was
carried out in 4x Steinberg solution whereas the operation with two folds
was done in 1x Steinberg, because it takes too long as that the embryos
would survive if operated in 4x Steinberg. The estimated length of double
neural folds grafted from GFP+ donors to white hosts gives ca. 95% of
the neural folds of the embryo. This is approximately the same amount
as the number of cells of the NC, which can be labelled in this way of
grafting. See also our previous report for the extent of labelling of target
tissues (Epperlein et al., 2012). Larvae were fixed at age of three weeks
to two months. Larvae carrying two grafted folds were especially care-
fully examined on ca. 300 transverse and sagittal cryostat sections (see
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below). There was no evidence of GFP silencing in NC derivatives, such
as dorsal root ganglia.

Mesoderm grafting

Operations on mesodermal tissues (head LPM, the ventral part of
the head LPM) were generally performed as follows. The epidermis of
one GFP+, or one Cherry+, or two fluorescent donors, and one white
host embryos (all the same stage) was lifted in the left anterior trunk in a
rectangular area reaching from the ventrolateral body to the neural tube.
The mesodermal tissue was removed in the host as a single sheet and
substituted with the mesoderm from the corresponding areas of the donor.
Following implantation of the tissue from fluorescent donor(s), the host
epidermis was folded back and pressed against the graft with a piece of
glass for about 5 min to prevent curling. The 4x Steinberg solution was
then diluted with distilled water to about the normal concentration. The
embryos were allowed to develop into larvae (2—3 weeks).

1. Transplantation of the head LPM. Grafts from GFP+ donors to white
(d/d) hosts at stage 20 embryos included all the lateral mesoderm from
the line of somites and presomitic paraxial head mesoderm dorsally to
the most ventral extension of the mesodermal sheet, and at least from
the level of the developing eye cranially to the level of the fore-boundary
of the somite 3 caudally. We have taken particular care not to transplant
paraxial head mesoderm, which gives rise to some head muscles and hind
portions of the neurocranium. This was checked by observing no GFP+
mesoderm in occipital bones and posterior trabeculae. Nine operations
were made, of resulting chimeras five were analysed, of which in one
case it was appeared that the donor and recipient were mixed up after
the operation; the latter being discarded.

2. Transplantation of the most ventral part of the head LPM from one
side GFP+ donors to white (d/d) hosts at stage 20 embryos. These grafts
included the ventral one-third or less of the transplant taken in the previ-
ous experiment.

3. Transplantation of the head LPM from a GFP+ donor to one side of
the white embryo, and Cherry+ donor to the other side of the same white
embryo (N=3) was especially difficult due to bad healing of the wound.
The ectoderm was first cut on the belly of the host and on both sides of
the embryo was opened as ectodermal pockets; the head LPM of both
sides of the body was excised from underneath the opened ectoderm and
substituted with two (GFP+ and Cherry+) separate grafts. The yolk plug
and the ectoderm hardly healed, therefore only in one embryo the ventral
medial structures formed and were able to analyse.

4. Transplantation of one neural fold (GFP+) and the head LPM
(Cherry+). The first step—an unilateral (left) neural fold of a GFP+ donor
was grafted into a white (d/d) host at stage 14-16 where the neural fold
had beenremoved before as described above. When the embryos reached
the stage 20, they were transplanted the ventral part of the head LPM
from Cherry+ donors as described above.

Sectioning and immunostaining

Transverse cryosections (20-25 um) were cut through the shoulder
region of the anterior trunk in about 1.5-2.5 month old juveniles that con-
tained GFP+ tissues. Specimens were fixed with 4% paraformaldehyde
at 4°C over night, washed in PBS, incubated in 20% sucrose overnight,
infiltrated with 7.5% gelatine (AppliChem a1693,0500) overnight, embedded
into 15% gelatine and frozen on dry ice. Cryosections were stained with
primary antibodies against GFP (Invitrogen) and Cherry (clone 700-A10-
3, Max Planck Institute of Molecular Cell Biology and Genetics, Dresden,
antibody facility) to increase the visibility of transgenic donor cells. Alexa
488-conjugated secondary antibodies were used for enhancing GFP
fluorescence and Cy3, Alexa 555 or Alexa 546-conjugated secondary
antibodies were used for enhancing Cherry fluorescence. Additionally, we
used rhodamine-conjugated anti-Myosin heavy chain antibodies (clone
4A.1025, a kind gift from Simon Hughes, Kings College, London) to visu-
alize skeletal muscles. All sections were stained with DAPI, embedded
into glycerol-PBS (1:1) and analysed with epifluorescence microscopes.

Some images were taken using multifoton confocal microscope (Leica
TCS SP5 MP).
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