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revealed its intraspecific variations. Since thyroid hormones (THSs) are involved in the
mediation of skull development in salamanders, we studied the role of THs in the
cranial development of P. waltl. The normal sequence and timing of bone appear-
ance were compared with those in larvae reared under conditions of high (in 1 and
2 ng mL? triiodothyronine) and low [in 0.02% thiourea (TU), which inhibits thyroid
gland activity] TH levels. Metamorphosis was greatly accelerated in the TH-treated
larvae and was arrested in the TU-treated larvae, which retained the larval pattern
of the palate and rudimentary external gills even after 2 years of the experiment.
Early-appearing bones (the coronoid, vomer, palatine, dentary, squamosal, premax-
illa, parasphenoid, pterygoid, prearticular, vomer, frontal, parietal, exoccipital, in this
order) arise at the same stages and ages, and follow the same ossification sequence
under different TH levels. The timing of the appearance of bones normally arising in
the late larval and metamorphic periods (the quadratojugal, orbitosphenoid, prootic,
maxilla, nasal, os thyroideum, prefrontal, quadrate, in this order) changes depend-
ing on the TH level. The maxilla and nasal display the most pronounced reaction
to changes in the TH level: they appear precociously in TH-treated animals, while
their appearance is postponed and they remain rudimentary in TU-treated animals.
Because of different responses to THs, the order in which late-arising bones appear
changes depending on the TH level. Although bones appearing early in larval ontog-
eny (e.g. the premaxilla, vomer, squamosal, palatine) display no TH-induced reaction
when they start to develop, their further differentiation shows dependence on THs,
and these bones become TH-inducible closer to metamorphosis. These findings in-
dicate that TH involvement in the mediation of cranial development changes from
minimal (if at all) in its early stages to maximal during metamorphosis. It is likely that

the appearance of bones early in development is mediated by factors other than THs.
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Their further development is accompanied by changes in the mechanisms mediat-
ing their morphological differentiation. That is, likely non-hormonal mediation be-
comes replaced or/and complemented by hormonal mediation. The constituent parts
of the same bone may exhibit differences in their reactions to changes in TH levels.
Although in normal development, the overall cranial ossification sequence is con-
stant, there was variation in the order in which late-appearing bones was recorded.
These observations suggest that this variation results from individual variability in the
internal TH level. Comparison with other salamanders suggests that (a) the pattern of
TH mediation described in P. waltl is common for cranial development of metamor-
phosing urodeles and (b) the same bone may differ in its TH dependence in different

salamanders, e.g. there are interspecific variations in the degree of TH dependence
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1 | INTRODUCTION

The Iberian newt, Pleurodeles waltl Michahelles, 1830 (Urodela,
Salamandridae), an endemic species to the Iberian Peninsula and
Morocco, is easily bred in the laboratory and can provide hundreds
of eggs in one spawning. Thanks to these features, this salaman-
der became a prime model for embryology and developmental
and experimental biology. Now, this salamander is a model system
in space biology (Gualandris-Parisot et al. 2001; Frippiat, 2013,
among others) and serves as a unique experimental model for re-
generative biology (Elewa et al. 2017). For a long time, in the devel-
opmental and experimental investigations of P. waltl, the skull was
studied as a model organ system. The development of chondrocra-
nium was studied by Eyal-Giladi and Zinberg (1964). The develop-
ment of individual cranial cartilaginous elements was described by
Regel (1964) and Lebedkina (1979, 2004). Corsin (1966b) in a nar-
rative form and Lebedkina (1979, 2004) in detail described the nor-
mal cranial development of this species and provided appearance
sequences of cranial bones. Information on the contribution of the
neural crest to the development of the craniofacial skeleton was
presented by Chibon (1964, 1966). The results of Corsin’s (1966a)
experiments suggested the occurrence of inductive interrelations
between the cranial cartilages and dermal bones. Medvedeva'’s
(1975, 1986) experiments revealed inductive interactions between
the nasolacrimal duct and the prefrontal bone in the P. waltl skull.
Cassin and Capuron (1977, 1979) revealed an epigenetic cascade
of inductive interactions involved in the integration of cartilage
and bone during P. waltl cranial development. As a result of this
intense research, the skull of P. waltl (i.e. its morphology and on-
togeny, and the regulatory mechanisms of its development) seems
to be more highly studied than the skulls of other metamorphosing

salamanders.

of individual cranial bones.

hormonal mediation, ontogeny, ossification sequence, Pleurodeles waltl, skeletogenesis,

Regarding cranial ontogeny, however, the descriptions provided
by Corsin and Lebedkina contain obvious discrepancies. The bone
appearance sequences described by these authors differ in many
aspects. Additionally, in both studies, the sequences are not com-
pletely resolved, as many bones are indicated to appear simultane-
ously, and some bones are omitted. In addition, both studies lack
information about possible intraspecific variation in the sequence of
bone appearance.

In recent years, sequences of bone appearance have received
much attention in light of increasing interest in developmental se-
quences as a whole. The latter are regarded as (a) providing infor-
mation on sequence heterochronies, which are considered a major
mechanism of evolutionary changes (Smith, 2001; Maxwell and
Harrison, 2009; McNamara, 2012; Keyte and Smith, 2014), and (b)
containing a phylogenetic signal and being useful in phylogenetic
reconstructions (Strauss, 1990; Jeffery et al. 2002; Maxwell and
Harrison, 2009). In this regard, sequences of bone appearance have
been analysed in different vertebrates, e.g. teleosts (Strauss, 1990;
Mabee and Trendler, 1996), birds (Maxwell et al. 2010; Mitgutsch
et al. 2011), and mammals (Goswami, 2007; Weisbecker et al. 2008).

These sequences are most often used, however, in studies con-
cerning amphibians. Thus, they have been used, for example, as a
possible source of information for understanding the origins of ex-
tant amphibians (Laurin et al. 2019, and references therein) and uro-
deles (Schoch and Carroll, 2003). Additionally, they have been used
to reconstruct the evolution of the amphibian ontogeny (Schoch,
2002, 2006; Germain and Laurin, 2009). Data on ossification se-
quences are used to evaluate heterochronies (Yeh, 2002; Germain
and Laurin, 2009; Weisbecker and Mitgutsch, 2010; Harrington
et al. 2013, among others), which have been suggested to play a crit-
ical role in amphibian evolution (Gould, 1977; Raff and Wray, 1989;
Reiss, 2002, among others).
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Methods of such analyses are continuously improving (see
Germain and Laurin, 2009), but for any method, the results of the
analysis depend on the completeness of the ossification sequence
(Harrington et al. 2013), which in turn depends on the sample size
(Cubbage & Mabee 1996). Additionally, the results of these analy-
ses can be affected by intraspecific variation of the ossification se-
quence (Mabee et al. 2000; Sheil et al. 2014).

Published bone appearance sequences of P. waltl (mainly that
provided by Corsin and based on the examination of specimens from
only five stages) are often considered typical for salamandrids and
are used in current research on amphibian evolutionary biology (see
Harrington et al. 2013; Laurin et al. 2019, among others). However,
as these sequences are far from being completely resolved and lack
any mention of possible individual variations, they should be used
with caution.

Whereas the role of inductive tissue interactions in the me-
diation of skull development in P. waltl is quite well investigated,
the involvement of hormonal factors remains poorly studied.
Paradoxically, little is known about the role of thyroid hormones
(THSs) in the mediation of skull development in this newt. In the
only study on this subject, artificially induced hypothyroidism was
shown to retard and partially arrest metamorphic cranial remod-
elling, suggesting mediation by THs (Smirnov and Vasileva, 2001).
This lack of attention is surprising given what is known about the
TH mediation of the skull development of salamanders from differ-
ent urodele families (Rose, 1995b; Smirnov and Vassilieva, 2003;
Smirnov and Vassilieva, 2005; Smirnov et al. 2011). THs have been
shown to play a major role in the regulation of skull development,
especially metamorphic remodelling. The appearance of different
bones and the sequence of their ossification have been revealed
to depend on TH levels. It has been proposed that variations in
thyroid activity account for urodele cranial diversification (Rose,
1996).

In the present study, we describe the pattern and timing of
ossification of the skulls of P. waltl specimens ranging from newly
hatched larvae to post-metamorphic individuals. Based on the
examination of an extensive developmental series, we provide a
more complete and much more resolved sequence of cranial bone
appearance than those described earlier. Additionally, intraspe-
cific ossification variation, which has so far not been studied in
P. waltl, is evaluated.

To evaluate THs involvement in the skull development of
P. waltl, the normal timing and sequence of bone appearance were
compared with those displayed by larvae reared in hypo- and hy-
perthyroid conditions. Then, data on TH mediation of skull devel-
opment in P. waltl were compared with those for other urodeles
studied in this regard.

By comparing the results of our experiment with those obtained
by experimental embryologists and considering the tissue interac-
tions thought to participate in the mediation of bone appearance,
we analysed the interplay of non-hormonal and hormonal factors in
the regulation of P. waltl skull development. Additionally, a partic-

ular effort was made to try to correlate individual variations in the
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sequence of bone appearance with possible individual variations in
thyroid activity.

2 | MATERIALS AND METHODS

In the present study, we examined the timing and sequence of cra-
nial bone appearance in P. waltl larvae reared under different TH
levels: normal, high and low. The larvae used in this study were
obtained from egg clutches derived from several successive labo-
ratory crosses within one parental pair of adult P. waltl received
from the Koltsov Institute of Developmental Biology (Moscow,
Russia). The embryos and larvae from sibling cohorts were reared
in (a) tap water (control), (b) 1 and 2 ng mL? (approximately 1.54
and 3.07 nM) alkaline solutions of 3,31,5-triiodothyronine (Ty
Sigma Chemical Co.), and (c) 0.02% thiourea (TU; Solins, Russia),
a chemical agent that represses the synthesis of endogenous THs
(Brown, 1997), resulting in TH deficiency. The treatment of the
embryos with TH and TU was started at 5 days post-fertilization
(dpf), ~ 1 week before hatching. In this study, we chose to use
T, rather than the usually used thyroxine (T4), because the latter
is currently believed to be a prohormone and a reservoir for the
more active T, (Galton, 2017). The concentrations of T, used in
our experiment fall within the range of plasma TH levels found by
Launay et al. (1998) during natural P. waltl metamorphosis. Similar
concentrations were revealed to accelerate cranial development
in different urodeles without evident teratogenic effects (Smirnov
and Vassilieva, 2003; Smirnov and Vassilieva, 2005; Smirnov
et al. 2011). Similarly, in our previous work (Smirnov and Vasileva,
2001), a 0.02% TU concentration did not cause teratogenic effects
in P. waltl larvae, but it was enough to retard metamorphic remod-
elling. The newts from every experimental and control group were
kept at the same density (120 L aquaria, each initially containing
~ 50 larvae) and temperature (18 °C) and under a natural light
regime. One-half of the rearing medium was replaced every day.
The larvae were fed ad libitum with brine shrimp (Artemia salina)
nauplii, followed by blood worms as they grew. The larvae were
reared until the end of metamorphosis (normal and TH-induced)
and until the end of the experiment for the TU-treated individuals.
Additionally, several normally developing newts were reared until
10 months after the completion of metamorphosis. Among the
TU-treated individuals, 25 were > 100 dpf. The oldest TU-treated
individual was 783 days old. Mortality was low (~ 10%) and did not
significantly differ in the larvae kept under different conditions.
The larvae were sampled at regular intervals and fixed in 10% neu-
tral buffered formalin. The larvae were staged according to the
normal table for P. waltl development (Gallien and Durocher, 1957)
and the snout-vent length (SVL) was measured with an electronic
caliper to the nearest 0.1 mm. All the specimens were prepared
as skeletal whole-mounts. They were stained with Alizarin red to
detect calcium deposits, cleared in KOH following the protocol
described by Wassersug (1976), and analysed for skeleton devel-

opment under a stereomicroscope (Olympus SZX7). The timing of
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ossification was recorded as the first observable sign of Alizarin
red staining. The ossification sequences were determined accord-
ing to the procedure described by Cubbage and Mabee (1996). A
total of 323 laboratory-reared specimens were examined (Table 1).
The terminology used for the bones generally follows that advo-
cated by Lebedkina (1979,2004).

All the procedures were carried out in accordance with the
Severtsov Institute's Animal Ethics Committee.

3 | RESULTS
3.1 | Larval development under experimental
conditions

In the table for staging normal P. waltl development by Gallien and
Durocher (1957), the stages of the larval period [stage (st.) 34-54]
are based mainly on the degree of externally visible limb differentia-
tion, whereas the stages of the metamorphic period (st. 55a, b, c)
are defined on the basis of reductive changes in the external gills

and caudal fins. Limb development in P. waltl was revealed to be
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TH-independent; in contrast, the reduction in both gills and fins is
strictly TH-dependent (according to our observation).
Consequently, no developmental differences were recorded in
the early larval (st. 35-41) and midlarval (st. 42-52) ontogeny of
newts kept under different hormonal regimes. That is, the newts
attained the same stage at the same age. For example, st. 41 was
attained at 22-29 dpf under all the TH regimes. Similarly, all the
larvae needed 35-39 dpf to reach st. 50. In contrast, the timing
of metamorphic changes varied greatly depending upon the ex-
perimental conditions. In normal development, external features
indicating the onset of metamorphosis (a reduction in external
gills and caudal fins) were revealed within ~ 60-70 dpf. In the
TH-treated larvae reared at 1 ng mL?, detectable signs of meta-
morphosis appeared at ~ 50 dpf. The newts kept in TU failed to
metamorphose even after 2 years of the experiment. The oldest
TU-treated newts reached an age of 748 and 783 dpf (SVL 70 and
80 mm, respectively) while remaining at st. 54. Although the larval
gills shrank in these individuals, they did not disappear completely.
Additionally, the caudal fins, though greatly reduced, persisted. A
463-day-old TU-treated female (SVL 78 mm) displayed large (1.9-

2.3 mm in diameter), pigmented oocytes. The effect of TU was

TABLE 1 Specimens of Pleurodeles waltl examined in the experimental study

Controls TU 0.02% T, 1ngmL? T,2ngmL?
Stage dpf SVL, mm n dpf SVL, mm n dpf SVL, mm n dpf SVL, mm n
34 10-17  5-7 5 17 6.5 1 15 6 1 - - -
35 12-13 5-7 2 14-18 5.5-6 2 15-17 6-7 & 10-12 5 S
36 13-19 5.5-8 11 14-19 6-7 3 14-15 7 2 14-20  5-6 3
37 15-20  6-7.5 10 17-20 7-7.5 8 16-20 7-7.5 5 16-17  6-7 3
38 18-21  6-8 9 19-21 7-8.5 2 19-20 8-8.5 2 18-21  6-7 3
39 19-28 7.5-10 6 201=728) 7.5-8 2 22-24 7-8 2 20-24 7-8 5
40 22-23  7-10 5 20-23 7-8.5 3 22-23  7-8 2 20 8 1
41 22-26  8.5-10 8 21-24 8-8.5 8 22-29  8.5-9 6 23-26  8-9 3
42 23-29  9-10 6 23-29 8.5-9.5 6 23 9 1 26-28  8-10 3
43 28-30 11-12 8 29 10-11 8 29 11 1 30-39 10-12 4
44 30-34 9-11 4 30 11.5 1 30-31  11-16 4 30-33 11 2
45 32 10-14 2 - - - 37 12 1 33-34 11 2
46 32-35 10-11 5 35 10 1 32 12 2 32 12 1
47 32-36 10.5-13 4 34 10-11 2 - - - 82585 11-12 2
48 34-37 11-15 10 - - - 35-38  11-16 4 37-38 11-12 2
49 39-43 11-13 4 34 12 1 39 11 1 44 11 1
50 37-39  11-13 35-38 12-15 2 39 11 1 38 14 1
51 37-41 12-16 4 41 14 1 39 14 1 40 13 1
52 38-41  13.5-19 12 38-47 12-18 5 41-44  11-14 4 45 15 1
53 39-47 13-20 12 41-47 17-21 8 44-49 1L8=1lE 3 52 13 1
54 43-54  19-24 11 49-783  16-80 26 47-49  18-19 2 - - -
55 61-81  28-36 9 51-86 19-33 10 50-79  18-24 6 - = =
Total number 147 80 54 42
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reversible, as shown by several TU-treated newts that completed
metamorphosis after exposure to TH.

3.2 | Skeletal development under
experimental conditions

Since cranial development in P. waltl has been described in detail by
Lebedkina (1979, 2004), in the present paper, we omit developmen-
tal details and focus mainly on the timing and sequence of cranial
bone appearance.

The bone composition of the larval and postmetamorphic P. waltl
skulls is shown in Figure 1.

In normally developing larvae (controls), no skull bones were re-
vealed in the newly hatched (st. 34) larvae. The first cranial bones ap-
pear soon after hatching, in st. 35-36. During the early larval period
(st. 35-41), 11 dermal bones appear: the coronoid, dentary, vomer,
palatine, squamosal, premaxilla, parasphenoid, pterygoid, preartic-
ular, frontal, and parietal, in that order (Tables 2 and 3). The first to
arise are the paired coronoid and dentary on Meckel's cartilage and
vomer and palatine in the palate. The appearance of these dentig-
erous bones is preceded by the appearance of the corresponding
tooth buds associated with them. These bones are followed by (a)
the squamosal, arising on the lateral side of the palatoquadrate, (b)
the dentigerous premaxilla in the upper jaw, (c) the parasphenoid in
the skull base, (d) the pterygoid, arising as a caudal outgrowth of the
palatine, and (e) the prearticular on the medial side of Meckel's carti-
lage. Then, the frontal and parietal appear in the skull roof.

During further midlarval development (st. 42-53), the endo-
chondral exoccipital appears near the upper-posterior margin of the
otic capsule, followed by the dermal quadratojugal, arising on the

FIGURE 1 Skulls (ventral view) and
lower jaws (dorsal view) of (A) larval and
(B) adult Pleurodeles waltl. art, articular;
CH, choana; cor, coronoid; dent, dentary;
exoc, exoccipital; max, maxilla; OC, otic
capsula; osph, orbitosphenoid; palpt,
palatopterygoid; pmax, premaxilla;

prart, prearticular; pro, prootic; prsph,
parasphenoid; pt, pterygoid; g, quadrate;
gj, quadratojugal; sq, squamosal; v, vomer.
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lateral surface of the palatoquadrate near the jaw joint (Figure 1A).
Beginning in st. 42, in the coronoid, vomer and palatine portions of
the palatopterygoid, bearing multiple rows of dentition (Figures 1A
and 2A), the lateral margins show signs of resorption. The premax-
illae, which fuse into a unipartite bone bearing two facial processes
just after their appearance (st. 37-38), undergo separation beginning
in st. 47, and from st. 50 on, all the individuals display a bipartite
premaxilla (Figure 3).

In late larval development (st. 54), two endochondral bones, the
orbitosphenoid and, slightly later, the prootic, appear. They are fol-
lowed by three dermal (the maxilla, nasal and prefrontal) and two
endochondral (the os thyroideum and quadrate) bones, although at
this stage, these bones are variably present in the specimens exam-
ined. Among 11 newts examined in st. 54, five had none of these
late-appearing bones, while two displayed the occurrence of a full
set of these ossifications. In this set of bones, the maxilla and nasal
are the first to appear. They are followed by the prefrontal, os thy-
roideum, and quadrate in a varying sequence. Whereas in the most
common ossification sequence, the prefrontal was the 19th bone to
appear (Table 3), in some specimens, it occupied the 18th position
in the ossification sequence, appearing before the os thyroideum,
which usually arises prior to the prefrontal. Moreover, in one newt,
the prefrontal was the 17th bone to arise, as it ossified before the
orbitosphenoid, which, in the most common ossification sequence,
precedes the appearance of the prefrontal and occupies the 14th
position. As a whole, a variation of one to three positions was ob-
served in the bones appearing in the late larval period; thus, while
the most common sequence is:

guadratojugal = orbitosphenoid = prootic = maxilla +nasal = os
thyroideum — prefrontal, the following alternative sequences were
also found:

pmax
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TABLE 2 Sequence of cranial bones appearance in larval Pleurodeles waltl reared under different hormonal conditions

Sequence position Controls T;1ng mL? T;2ng mL? TU 0.02%
1 coronoid coronoid coronoid coronoid
2 vomer vomer vomer vomer
3 palatine palatine palatine palatine
4 dentary dentary dentary dentary
5 squamosal squamosal squamosal squamosal
6 premaxilla premaxilla premaxilla premaxilla
7 parasphenoid parasphenoid parasphenoid parasphenoid
8 pterygoid pterygoid pterygoid pterygoid
9 prearticular prearticular prearticular prearticular
10 frontal frontal frontal frontal
11 parietal parietal parietal parietal
12 exoccipital maxilla maxilla exoccipital
13 quadratojugal exoccipital exoccipital quadratojugal
14 orbitosphenoid quadratojugal quadratojugal orbitosphenoid
orbitosphenoid
15 prootic orbitosphenoid prootic
16 maxilla nasal nasal quadrate
17 nasal prootic prefrontal os thyroideum
18 os thyroideum prefrontal prootic maxilla
19 prefrontal os thyroideum os thyroideum prefrontal
quadrate
20 quadrate nasal

quadratojugal — orbitosphenoid —prootic — maxilla
+nasal = prefrontal =os thyroideum;

quadratojugal = prootic -maxilla + nasal —prefrontal = os
thyroideum — orbitosphenoid.

The vomer and the palatine portion of the palatopterygoid re-
tain multiple rows of dentition. The coronoid bears teeth in some
individuals and is toothless in others. The frontal bone gives rise to
an anterior extension, which expands over the roof of the nasal cap-
sule. Additionally, the posterolateral edge of the frontal bone forms
a process growing towards the squamosal. The upper portion of the
squamosal, in turn, forms an anteriorly directed outgrowth extend-
ing towards the frontal. A band of connective tissue is stretched be-
tween these processes. The palatine process (pars palatina) of the
premaxilla extends towards the vomer at this stage.

At metamorphosis (st. 55), the maxilla, nasal, prefrontal, quad-
rate, and os thyroideum occur in all individuals. The maxilla forms
the facial and palatine processes, growing dorsally and towards
the vomer, respectively. They are followed by a caudal process
developing as a posterior extension of the dentigerous portion of
the maxilla. In the palate, the strip of bone connecting the palatine
and pterygoid portions of the palatopterygoid becomes greatly
reduced. Then, the palatopterygoid disintegrates into separate
palatine and pterygoid portions. For a short time, the palatine
persists as a toothless rudimentary bone and then disappears. At
the same time, in the lower jaw, the coronoid undergoes resorp-
tion, loses dentition, and disappears. The vomer develops out-

growths extending towards the palatine processes of the maxilla

and premaxilla and a caudal process growing posteriorly along the
lateral side of the parasphenoid (the vomerine bar). The multiple
rows of vomerine dentition are replaced by one row of teeth sit-
uated along the medial side of the vomer and extending caudally
along the vomerine bar (Figure 1B).

Furthermore, during postmetamorphic development, the
endochondral articular appears in the lower jaw. Palatine pro-
cesses from the maxilla and premaxilla meet lateral outgrowths
(the 'edentate vomerine plate' according to Greven et al. 2015)
from the vomer. The processes from the squamosal and frontal
bones that are growing towards each other meet and complete
the formation of the fronto-squamosal arch. With age, in 6- to
8-month-old individuals, the dermal bones of the snout (maxilla,
nasal, prefrontal and premaxilla) acquire ornamentations, and cra-

nial crests develop.

3.2.1 | Thyroid hormone-treated larvae

In the larvae reared in a solution with 1 ng mL™ TH, all the bones that
normally arise in the early larval period (~ 30 dpf, st. 35-41) appear
in the same order (Table 2) as they do in natural development and al-
most at the same ages and stages as in the controls (Table 3, Figure 4).
Of the bones arising in the midlarval period, the exoccipital appears
as it does in natural development, whereas the quadratojugal arises
somewhat precociously. Also precociously, the frontal bone gives

rise to an anterior extension (st. 48) followed by a latero-posterior
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TABLE 3 Timing of cranial bones
appearance and metamorphic palate

remodelling in larval Pleurodeles waltl Bone Controls T,1ngmL? T,2ngmL? TU 0.02%
under different experimental conditions

The earliest time of bone appearance and palate remodelling: age (dpf)/ stage

coronoid 14/5.36 15/ S.35-36 14/5.36 14/5.36
vomer 14/S.36 15/ S.35-36 14/S.36 15/S.36
palatine 14/5.36 15/ S.35-36 14/5.36 15/S.36
dentary 15/5.36 15/ S.35-36 14/5.36 15/S.36
squamosal 16/S.37 16/S.37 14/ S.36 17/ S.37
premaxilla 16/ S.36 18/S.37 14/5.36 18/S.37
parasphenoid 16/S.36 18/S.37 16/S.37 17/ S.37
pterygoid 16/ S.36 18/S.37 16/ S.37 18/S.37
prearticular 16/5.37 18/5S.37 16/S.37 18/S.37
frontal 18/S.38 20/S.38 18/S.38 19/S.38
parietal 22/S.41 22/S.41 20/S.39 21/S.41
exoccipital 30/S.44 30/S.44 30/S.43 29/S.43
quadratojugal 37/ S.50-51 35/S.48 30/S.43 38/S.52
orbitosphenoid 43/S.54 39/S.49 30/S.43 41/S.53
prootic 45/S.54 39/S.49 30/S.43 41/5S.53
maxilla 47/ S. 54 29/S.43 26/S.41 64/ S.54
nasal 47/ S.54 37/5.48 30/S.43 119/S.54
os thyroideum 51/S.54 39/S.51 32/S.46-47 74/ S. 54
prefrontal 51/S.54 39/S.51 - 49/ S.54
quadrate 51/S.54 39/S.51 = 53/S.55
palatopterygoid 70/ S.55 35/S.47 30/S.43 -
desintegration
palatine complete 72/ S.55 66/ S.55 45/ S.52 -
resorption
coronoid complete 71/ S.55 66/S.55 45/ S.52 -
resorption

—c — Sl —

FIGURE 2 Ventral views of the skull in the same aged (41-44 days post-fertilization) Alizarin-stained larvae: (A) control larva at stage 52,
snout-vent length (SVL) 18 mm - maxilla is missing, premaxilla lacks vomerine process, vomer and palatopterygoid, both bearing multi-row
dentition, are separate; (B) thyroid hormone (TH)-treated (1 ng mL?) larva at stage 53, SVL 15.5 mm - premaxilla and maxilla are fused and
bear vomerine processes which meet the vomerine edentate plate. Note the occurrence of the vomero-palatopterygoid bearing one-row
dentition along its medial edge; (C) TH-treated (2 ng mL?) larva at stage 52, SVL 15 mm - palatine is absent, vomer bears a small vomerine
bar, pterygoid is enlarged and adult-shaped. VB, vomerine bar; v-palpt, vomero-palatopterygoid; for other abbreviation definitions see
Figure 1. Scale bars are 1 mm.

process directed towards the squamosal (st. 51-52). Almost at the Those bones that normally appear in the late larval period and
same time (st. 52), an anteriorly directed process growing from the metamorphosis arise precociously; by st. 52, they are present in

upper portion of the squamosal towards the frontal bone appears. all larvae. The degree of acceleration differs among these bones
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FIGURE 3 Premaxillae in Alizarin-stained normally developing specimens of Pleurodeles waltl: (A) unipartite bone in larva at stage 47
[snout-vent length (SVL) 12.4 mm]; (B) start of separation at stage 48 (SVL 12.5 mm); (C) bipartite bones in metamorphosing animal at stage

55 (SVL 31.8 mm). Scale bars are 1 mm.
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(Table 3), resulting in changes in the sequence of their appearance
(Table 2); the most accelerated bone is the maxilla, which first ap-
pears as a toothless, thin strip of bone in st. 43. The maxilla and
premaxilla grow towards one another and fuse in st. 45. Their further
differentiation is also accelerated: the palatine processes, which ex-
tend towards the vomer, appear in the premaxilla and maxilla in st.
46 and st. 49-50, respectively. In st. 48, the maxillary facial process
appears.

Whereas the initial changes in the vomer, palatine and cor-
onoid, i.e. the resorptions of their lateral edges, begin as in nor-
mal development in st. 42, the metamorphic remodelling of these
bones is greatly accelerated. Moreover, the remodelling in the
TH-treated individuals demonstrates a striking departure from
the natural pattern: beginning in st. 43, the vomer fuses with the
palatopterygoid, forming a vomero-palatopterygoid. Separation
of the pterygoid from the vomero-palatopterygoid may occur
as early as st. 47, when the orbitosphenoid, nasal, prootic, pre-
frontal, quadrate, and os thyroideum, which normally arise prior
to disintegration, are absent. However, in most individuals, the
vomero-palatopterygoid is retained until st. 55 (Figure 2B). In
the vomer, in st. 48, the dentition is represented by one row of
teeth. In the same stage, the vomer forms outgrowths extending
towards the maxilla and premaxilla, and in st. 55, a caudal process
extending along the lateral side of the parasphenoid and bearing

a tooth row (the vomerine bar). The dentition may be lost from

FIGURE 4 Dynamics of cranial
development in Pleurodeles waltl
individuals reared under different
hormonal regimes: N, normally developing
newts; thyroid hormone (TH)1,
triiodothyronine (T,) 1 ng mL™-treated
newts; TH2, T, 2 ng mL -treated newts
: TU, thiourea 0.02%-treated newts.
Number of bones is given as a mean for
all specimens at the same stage. Note
the decrease of the number of cranial
bones in the control and TH-treated

(1 ng mL™Y) animals after 70 and 60 days
post-fertilization, respectively, resulting
from the metamorphic resorption of the

80 90 100 coronoid and palatine bones.

the coronoid as early as st. 53, although most individuals lose it
during st. 55. At the same stage the coronoid bone completely
disappears.

In the larvae reared in a solution with 2 ng mL? TH, the bones
that normally arise in the early larval period appear almost at the
same ages and stages (Table 3, Figure 4) as those in the controls
and follow the natural sequence of ossification (Table 2). However,
the parietal appears somewhat precociously. Also precociously, in
st. 48, the frontal bone gives rise to the anterior extension and
the process towards the squamosal. In the same stage, the pro-
cess growing from the upper portion of the squamosal towards
the frontal appears.

Among the bones arising in the midlarval period, the exoccipital
appears almost as in natural development, whereas the appearance
of the quadratojugal is greatly accelerated. Most bones normally
appearing in the late larval and metamorphic periods arise preco-
ciously (Tables 2 and 3). The development was most accelerated for
the maxilla, which appears as early as st. 41. Just after its appear-
ance, during the same stage, the maxilla fuses with the premaxilla. In
st. 43, the maxillary facial process appears, followed by the palatine
process, which arises in st. 47. The developmental transformations
and metamorphic remodelling of the palate and coronoid are also
accelerated. The lateral margins of the vomer and palatine portions
of the palatopterygoid begin to resorb in st. 39 and those of the cor-

onoid begin to resorb in st. 41.
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In st. 39, the vomer fuses with the palatopterygoid. In st. 42,
the vomer (coupled with the palatopterygoid) forms processes to-
wards the premaxilla and maxilla. These processes almost reach
the palatine processes from the premaxilla and maxilla in st. 47. In
st. 46-47, the vomerine dentition becomes one-rowed, and in st.
52, a caudal process extending along the lateral side of the paras-
phenoid appears. Disintegration of the palatopterygoid may occur
as early as st. 43, before the appearance of six bones normally aris-
ing prior to this event (Tables 2 and 3). The timing of the splitting
of the palatopterygoid is highly variable, and in some individuals,
the vomero-palatopterygoid remains intact until st. 51. However,
beginning in st. 52, the vomero-palatine is separated from the pter-
ygoid in all the specimens. The palatine portion was not found in
individuals in st. 52 (Figure 2C) but was recorded in a specimen in
st. 53. Similarly, the coronoid may become toothless as early as st.
43, although in some individuals, rudimentary dentition persists
until st. 48. By st. 51, the coronoid bone disappears completely.
The quadrate bone and os thyroideum were not found in the ex-

amined specimens.

3.2.2 | Thiourea-treated larvae

In the TU-treated larvae, all the bones that normally arise in the early
larval and midlarval periods follow the natural ossification sequence
(Table 2) and appear at almost the same ages and stages (Table 3,
Figure 4) as those in the controls. The bones normally arising in the
late larval period and during metamorphosis differ in their reaction
to the TU treatment. The endochondral bones (the orbitosphenoid,
prootic, os thyroideum and quadrate) appear at the same stages
and ages as in the controls, whereas the dermal bones (the maxilla,
nasal and prefrontal) are retarded in their appearance and are the
last cranial ossifications to arise (Table 3). The first appearance of
the maxilla is recorded at 64 dpf, although it is lacking in two older
individuals (69 and 79 dpf). For a long time, the maxilla is represented
only by the facial process; much later, the palatine process appears.
Its earliest occurrence is recorded in the newt at 119 dpf, although
the rudimentary palatine process is invariably present in all exam-
ined newts only beginning at 342 dpf. The maxillary dentigerous
portion fails to appear. Although the maxillary dentigerous portion
is absent, fully developed teeth are present in its site. These teeth,

situated in connective tissue, are first recorded in a 74-day-old newt

FIGURE 5 Dorsal views of the snout
in the Alizarin-stained Pleurodeles waltl
showing normally developed nasal (A) in
the control larva [stage 55b, 79 days post-
fertilization (dpf), snout-vent length (SVL)
36 mm] and numerous ossification centers
of the nasal (B) in the thiourea-treated
larva (stage 54, 358 dpf, SVL 71 mm). nas,
nasal. Scale bars are 1 mm.

(see also Figure 6A). Their occurrence is highly variable; however, be-
ginning at 342 dpf, teeth are present in all the examined TU-treated
newts. Moreover, two series of non-ankylosed teeth were present in
a 748-day-old newt.

The prefrontal, first appearing at 74 dpf, is variably present in
older individuals, but after 95 dpf, it occurs in all newts, although it
remains in a rudimentary state. The nasal is the last bone to arise,
and it does not appear until 119 dpf, although even in older spec-
imens (at 288, 344 and 350 dpf), it may be absent. If present, the
nasal is highly variable in shape and size. Often, numerous ossifi-
cations (up to four) develop at the site of the nasal, as previously
described (Smirnov et al. 2010). Even in the oldest newts, this bone
remains rudimentary (Figure 5B).

In the vomer, the lateral margins begin to resorb in st. 39. Multiple
rows of vomerine dentition remain in 95-day-old newt. In older in-
dividuals, beginning in a 118-day-old newt, the vomerine dentition
is replaced by one tooth row situated along the lateral margin of
the vomer. Vomerine processes extending towards the premaxilla
and maxilla were first recorded in 82- and 420-day-old newts, re-
spectively. They remain rudimentary even in the oldest newts. The
caudal outgrowth (vomerine bar), which normally grows along the
lateral side of the parasphenoid, fails to develop in TU-treated newts
(Figure 6).

In the palatopterygoid, the lateral margin begins to resorb in st.
39. Multiple rows of dentition remain until 229 dpf, although they
may be lost as early as 118 dpf. Beginning in 280-day-old newt, the
palatopterygoid is a toothless bone, perforated by resorption pits in
the sites of lost teeth. In the oldest TU-treated newt (783 dpf), the
resorption pits are absent. The palatine portion of the palatoptery-
goid expands anteriorly and medially towards the vomer and paras-
phenoid, respectively, contacting the vomer and parasphenoid in
some individuals (as in the 229-day-old newt). No disintegration of
the palatopterygoid was recorded in the TU-treated newts (Figure 6).

In the coronoid, the lateral margin begins to resorb in st. 41. The
multiple rows of dentition remain until they are replaced by two
rows of teeth in the specimen 229 dpf. Beginning in the 280-day-
old newt, dentition is represented by one tooth row. Initially, this
row occupies the full length of the coronoid, although with age it
becomes shorter and extends only to the middle of the coronoid (e.g.

in a 463-day-old specimen) or even less (e.g. in a 658-day-old speci-

men). Although severely reduced, the coronoid bone remained in all
the TU-treated newts.
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FIGURE 6 Ventral views of skull in the Alizarin-stained 'early' (A) and 'late' (B) thiourea-treated newts. (A) Stage 54, 157 days post-
fertilization (dpf), snout-vent length (SVL) 56 mm: palatine portion of the palatopterygoid and vomer (in its caudal region) bear multi-row
dentitions, toothless vomerine plate is missing. Note the occurrence of non-ankylosed teeth near the rudimentary maxilla (left side). (B)
Stage 54, 358 dpf, SVL 71 mm): vomerine dentition is one-row, palatine teeth are missing, the palatine portion of the palatopterygoid bears
resorption pits in sites of lost teeth. Note the occurrence of fragmented parasphenoid. T, teeth; for other abbreviation definitions see

Figures 1 and 2. Scale bars are 1 mm.

4 | DISCUSSION

In general, our observations of cranial development in P. waltl coin-
cide with the descriptions provided by Corsin (1966b) and Lebedkina
(1979, 2004); however, some discrepancies should be mentioned.
First, because of the limited sample size used in their studies, the
sequence of bone appearance was not completely resolved, as many
bones were recorded as appearing simultaneously. Second, accord-
ing to Corsin, the quadrate precedes the appearance of at least
four bones, including the maxilla, nasal and prefrontal; however,
the bone indicated as the quadrate (figure 7, Corsin, 1966b) occu-
pies the position which is characteristic of the dermal quadratojugal
bone recorded in different urodeles (for details, refer to Rose, 2003).
Furthermore, this separate ossification fuses with the endochondral
quadrate. Lebedkina (1979, 2004) also recognized this bone as the
quadratojugal, appearing in the midlarval period, whereas the endo-
chondral quadrate arises in metamorphosis following the formation
of the maxilla and nasal bone. Consequently, the true quadrate was
omitted by Corsin. Third, neither Corsin nor Lebedkina mentioned
the appearance of the os thyroideum, although this endochondral
bone develops in P. waltl, as in other salamandrids studied in this
respect (Reilly, 1987; Smirnov and Vassilieva, 2003; Vassilieva and
Serbinova, 2013). Additionally, Corsin denies fusion of the premax-
illa bones (although in Figures 1 and 3 of her paper, the premaxillae
are represented as unipartite in st. 37 and st. 41, respectively). Our
observations of the details of the premaxillae development (i.e. the
appearance of two bones, their further fusion, and then their sepa-
ration) coincide with those by Lebedkina (1979, 2004). To date, the
separation of the unipartite larval premaxilla into paired adult bones
has been recorded in some plethodontids (Alberch et al. 1986; Rose,
1995a). Finally, in the ossification sequence provided by Lebedkina,

the orbitosphenoid is one of the last two bones to appear, arising

after the maxilla, nasal and prefrontal. Although such a sequence of
bone appearance was also recorded in our study, it does not seem to
be common for P. waltl as, among 11 newts examined in st. 54, such
late appearance of the orbitosphenoid was observed only once.

The comparison of skull development in P. waltl larvae reared
under different hormonal levels revealed differences in the rate
(Figure 4), timing and sequence (Table 2) of bone appearance in the
normal, TH- and TU-treated newts.

The bones that appear early arise at the same stages and ages
under different hormonal levels, whereas the timing of the appear-
ance of the bones that arise in the late larval and metamorphic peri-
ods changes dramatically depending on the TH level. These findings
indicate that TH has less of an effect on the development of the
cranial bones of P. waltl in the early larval stage (if at all) than in the
late larval and metamorphic stages. Of the bones that appear in the
late larval and metamorphic stages, the dermal bones are more TH-
responsive than the endochondral bones. The maximum responsive-
ness to and dependence on TH are displayed by the metamorphic
coronoid resorption and palate remodelling, which are greatly ac-
celerated in the TH-treated newts and arrested in the TU-treated
newts. Such a peak in the degree of responsiveness to TH is con-
sistent with the maximum level of TH activity in metamorphosing
P. waltl individuals recorded by Launay et al. (1998).

Previously, comparable differential TH dependence in different
cranial bones was recorded in similar experiments on Lissotriton vul-
garis (Salamandridae), Ambystoma mexicanum (Ambystomatidae),
and Salamandrella keyserlingii (Hynobiidae) (Smirnov and Vassilieva,
2003; Smirnov and Vassilieva, 2005; Smirnov et al. 2011). In these
salamanders, the bones that ossify early in larval ontogeny are less
responsive to TH than the bones that ossify closer to metamor-
phosis. According to Rose (1995b), cranial bones also differ in their

TH dependence in Eurycea bislineata (Plethodontidae). Given that
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these salamanders belong to different urodele families, such on-
togenetic dynamics of TH dependency are probably common for
metamorphosing salamanders as a whole.

The comparison of the mediation of skull development by TH in
P. waltl with that of another salamandrid, L. vulgaris, revealed that
late-appearing bones (e.g. the maxilla, nasal and prefrontal) show a
similar degree of TH dependence. In contrast, in A. mexicanum and
especially in S. keyserlingii, these bones are much less TH-dependent.
These findings indicate interspecific variations in the TH depen-
dence of skull development in urodeles. Furthermore, they suggest
that, in addition to changes in the level or rate of thyroid activity
as proposed by Rose (1996), urodele evolution was accompanied by
changes in TH dependence.

The present study revealed that certain bony elements display
different reactions to TH changes depending on their stage of devel-
opment. In the premaxilla, the dentigerous portion and facial process
appear at the same stage and age under different hormonal condi-
tions (in normal, high and low TH levels), whereas the palatine pro-
cess appears precociously in the TH-treated individuals and forms
belatedly, if ever, in goitrogen-treated individuals. In the frontal and
squamosal, the main portions of these bones appear and develop
similarly under all experimental conditions, whereas the develop-
ment of their outgrowths, which extend towards each other to form
the fronto-squamosal arch, accelerates under high TH levels and de-
celerates under low TH levels. A similar phenomenon is displayed by
the anterior extension of the frontal bone growing over the roof of
the nasal capsule. Additionally, under different hormonal regimes,
the appearance and early and midlarval differentiation of the vomer,
coronoid and palatopterygoid proceed as in natural development,
but their later metamorphic rearrangements proceed differently
depending on hormonal level. Thus, in the vomer, the main bulk
appears in st. 36 under all experimental conditions. In contrast, the
appearance of the processes extending towards the premaxilla and
maxilla is retarded in the TU-treated newts and accelerated in the
TH-treated newts. The posterior extension of the vomer (the vom-
erine bar) develops precociously under high TH levels but fails to
develop under hypothyroid conditions.

In sum, these observations indicate that (a) the constituent parts
of certain bony elements exhibit differences in reaction to changes
in TH levels and (b) although the bones that ossify early in larval
ontogeny do not display a TH-induced reaction when they start to
appear, they become TH-inducible closer to metamorphosis. These
findings suggest that the early phases of their development are medi-
ated by factors other than THSs. Further development of these bones
is accompanied by changes in mechanisms mediating their forma-
tion and morphological differentiation. That is, likely non-hormonal
mediation becomes replaced or/and complemented by hormonal
mediation. In P. waltl, the involvement of non-hormonal mediation
is supported by the results of experimental embryology. Corsin’s
(1966a) experiments showed that after the olfactory placode was
extirpated, the facial process of the premaxilla failed to appear.
Additionally, according to Cassin and Capuron (1979), in the cranial

development of this newt, the vomer and palatine are induced by
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the trabecular cartilage, but the coronoid and the dentary by the
Meckel's cartilage. Although early stages in the development of the
vomer and palatine seem to be TH-independent, the growth of these
bones is greatly accelerated at high TH levels, resulting in their fusion
into the vomero-palatopterygoid. Similar fusion was also displayed
by the premaxilla and maxilla in the TH-treated newts. Previously, a
vomero-palatopterygoid was reported in the neotenic plethodontid
salamander Eurycea rathbuni (Clemen et al. 2009) and in overwin-
tered larvae of L. vulgaris (Greven et al. 2015). Interestingly, in both
cases, metamorphosis was arrested, thus indicating TH dysfunction,
which is in stark contrast with P. waltl, in which this bone results from
hyperthyroidism.

Although late-appearing bones in P. waltl display evident TH-
dependence, it is likely that their development is additionally medi-
ated by factors other than TH. For example, the prefrontal, revealed
in this study to be TH-inducible, was shown by Medvedeva's ex-
periments to also depend on the nasolacrimal duct (Medvedeva,
1975, 1986). A similar phenomenon was recorded in S. keyserlingii
(Hynobiidae): the late-appearing lacrimal was revealed to depend
on both the nasolacrimal duct (Medvedeva, 1975) and TH (Smirnov
et al. 2011). Previously, Rose (2003) proposed that the ossification of
the dermal bones in salamanders may depend on prior formation of
the adjacent cartilage. Our experiments on L. vulgaris (Smirnov and
Vassilieva, 2003) provided data suggesting the occurrence of such
interplay between late-appearing bones (the maxilla, nasal and pre-
frontal) and the underlying cartilaginous nasal capsule. Concerning
the developmental interactions between bones and cartilage in
P. waltl, relevant research is in progress in our laboratory.

The comparison of the skull development in newts reared under
different TH levels revealed that the positions of early appearing
bones in the sequence of ossification is constant, whereas the po-
sitions of late-appearing bones vary depending on TH levels. For
example, the parasphenoid is the 7th bone to develop under all the
experimental conditions. In contrast, whereas in normal develop-
ment the maxilla is the 16th-17th to appear, it occupies the 12th and
18th positions in the sequence of ossification in the TH- and TU-
treated individuals, respectively. Similarly, instead of the 16th-17th
position in the normal ossification sequence, the nasal was the 15th
and 12th to appear in the TH-treated newts (reared in the 1 ng mL?
and 2 ng mL? solutions, respectively) and the 20th to appear in the
TU-treated newts (Table 2).

Similar differences in the degree of variability are displayed by
the bones in normally developing newts. The bones appearing in
the early and midlarval periods did not vary in sequence position.
In contrast, there were variations in the developmental ossification
sequence among the late-appearing bones.

Given that late-appearing bones are TH-dependent and changes
in the TH level cause changes in the sequence of their appearance,
variations in the natural order of their appearance may result from
individual variability in internal TH levels. Such individual TH vari-
ability was previously recorded in midmetamorphic individuals
of the plethodontid salamander E. bislineata (Alberch et al. 1986).

Interestingly, it was in this salamander that Rose (1995a) revealed
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variations in the sequence of appearance of those bones (i.e.
the late-appearing bones), which were shown by him to be TH-
dependent. The positions of the same late-appearing bones were
shown by Alberch and Blanco (1996) to vary in the ossification
sequence of Salamandra salamandra (Salamandridae). However, al-
though interrelations between individual TH variability and varia-
tions in the ossification sequence seem highly likely, to elucidate
the mechanisms responsible for individual variation in bone appear-
ance in P. waltl and other salamanders, further studies are needed.
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