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Regenerative capability of upper and lower jaws in the newt

SUKLA GHOSH, PETER THOROGOOD and PATRIZIA FERREnl'

Developmental Biology Unit. Institute of Child Health. London, United Kingdom

ABSTRACT The regenerating amphibian jaw represents an important model for studying pattern
formation and the mechanisms underlying regeneration of facial structures. We have studied
regeneration of upper and lower jaws in the urodele amphibian, Notophthalmus viridescens, using
whole mount preparations stained for bone and cartilage. scanning electron microscopy and
immunocytochemistry to further characterize these regenerating systems. In addition, we have
investigated whether lower jaws of adults and larvae display similar regenerative ability. Although in
adult animals the original shape of both the lower and upper jaws is rather faithfully reproduced
following amputation, and the teeth and oral mucosa with its specialized sensory organs fully
regenerate, significant differences in the regenerative ability of the various skeletal elements are
observed. In fact. only tooth-bearing skeletal elements ossify, while the other elements of the
regenerated skeleton remain cartilaginous for as long as 5 months after amputation. In contrast, a
regenerated lower jaw in the larva is indistinguishable from an unamputated one at the same stage
of development. Interestingly. regenerating adult jaws form directly bicuspid teeth. which are the type
of teeth normally found in the adult. rather than the monocuspid teeth characteristic of larval jaws,
indicating that jaw regeneration is not a recapitulation of development, in that an adult jaw blastema
directly regenerates an adult jaw. Finally, we have studied the expression of tissue specific markers
in normal and regenerating upper and lower jaws to establish whether the blastemal cells, which will
form the missing part of the jaw. express any of these markers of the differentiated state, or are
undifferentiated assuggested by their morpholoqical appearance. Under our experimental conditions,
no expression of markers of the differentiated state, such as those for muscle. cartilage and glands is
detectable in early regenerates. On the contrary, the mesenchymal marker 22/31. whose expression
in normal jaws is restricted to dermal fibroblasts and the dental pulp, is expressed in at least a half of
the blastemal cells. The significance of these observations in relation to the origin of blastemal cells
in the jaw will be discussed.
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Introduction

Uradele amphibians maintain high regenerative ability atter
metamorphosis, and have therefore become an important model
system for stUdying regeneration of various body structures in adult
animals (Goss, 1969; Wallace, 1981). However, most of the
studies published in the last few decades have been concerned
with regeneration of limbs, and to a lesser extent of tails, largely
neglecting Ihe important lact that newts also regenerate their upper
and lower jaws as adults. In fact, regeneration of lower and upper
jaws represents another example of epimorphic regeneration,
which is defined as the reconstruction of a complex body structure
via formation of a blastema, a growth zone of undifferentiated
mesenchymal progenitor cells.
The original observation of this striking regenerative ability in

newts comes from Spallanzani (1768), who observed that muscle,
bone and teeth regrew fOllowing amputation of the jaw distal to the
articulation with Ihe paleoquadrale bone. AI the beginning of this

century, interest in jaw regeneration was revived, and a number of
studies, especially on regeneration of Ihe upper jaw and of the
olfactory apparatus, were carried out (Werber, 1906; Vallette,
1929) confirming Spallanzani's observations. However, great vari-
ations in the extent of regeneration and in its time-course were
observed, probably due, at least in part, 10 greal variations in
temperature at the different times of Ihe year at which the experi-
ments were performed. Subsequently, Goss and Stagg (1958a,b)
described the major histological events occurring during regenera-
tion of the lower jaw, and studied the regenerative jaw territory. This
work showed that complete exarticulation of the mandible, either
with or without the associated soft tissues, completely inhibiled
regeneration.
Although some information on upper jaw regeneration in the

larva is available (Vallette, 1929), little is known about whelher
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Fig. 1. Camera lucida drawings of adult and larva Notophthalmus
viridescens jaws. The levels of amputation are indicated by the horizontal
lines. (AI Adult lower jaw; the two different levels of amputation, proximal
and distal, are indicated: scale bafls 125 urn. IB) The lower Jawof a seage
40 larva IS represented on the lefr half of the drawmg, and the lower jaw of
a stage 52/arva IS represented on the right half; scale bar 15 750,urn lei
Normal upper Jaw, dorsal VIew; scale bar IS 835 pm. (0) Normal upper jalY,
ventral vIew; same magmfic8C/on as C.

Fig. 2. Whole mount preparations stained for cartilage
(blue) and bone Ired) of a normal adult lower jaw (AI. and
of lower jaw regenerates at different times after distal
amputation (S-F). (A)Brtght field photograph of unamputated
lower Jaw; scale bar 150.5 mm (B) 1 week regenerate, the
arrowheads pont to the sott tissues of the ffoorof the mouth
which have retracted from the plane of amputation; same
magndlcatlOnas A. le)3week regenerate; cartilage formation
(arrows) has begun around the stump of the presrncuter bone;
scale bar IS 0 5 mm. (0) 4 week regenerate; the regenerated
cartilages from the two heml-mandlbles have fused at the
rmdlme. same magnification as E. (E) 6 week regenerate; the
dentary bone (arrows) IS growmg towards the nvdnne; note a
few unerupted teeth (arrowheads) embedded In the regener-
aredcartlfage which IS contmuous With the Meckel's cartilage;
scale bar IS 0.5 mm. (F) 12 week regenerate; dentary bone
regeneration IS vlftually completed and numerous teeth (ar-
rows) are apparent, same magnification as E.

there are differences in the regenerative ability of lower jaws in
adults and in the larvae. Graver (1973) reported that after amputa-
tion of a quarter or a half of the lower jaws. the dental lamina could
regenerate both from anterior and posterior ends in the larva of
Ambystoma macula tum, but only from posterior stumps in an adult
Ttiturus viridescens. This work, however, was specifically con-
cerned with regeneration olleeth in the mandible, rather than with
jaw regeneration itself, and adults and larvae from two different,
although related, species were used in that study.
The blastema 01 Ihe regenerating newt limb is believed to

originate mainly through a process of dedifferentiation of mature
tissues of the stump and, in the last few years, the availability of
monoclonal antibodies has made it possible to study molecular and
cellular changes occurring during this process (reviewed by Ferretti
and Brockes, 1991). In contrast, the origin of blastemal cells in the
jaw is rather unclear, although it has been suggested that nuclei of
degenerated muscle fibers accumulate at the level of amputation
together with fibroblasts (Goss and Stagg, 1958a); no molecular
characterization, not only of regenerating jaws, but also of
unamputated ones, has been carried out to date.
From these studies it appears that the regenerating jaw can

provide a valuable model for studying pattern formation and the
mechanisms underlying regeneration of facial structures. It was
important. therefore, to confirm and extend previous studies on jaw
regeneration and to identify molecules expressed in this system in
order to gain better insight both into the events leading to regenera-
tion. and into the mechanisms of repair of facial tissues. As a first
step. we have examined the time-course of jaw regeneration in
whole mount preparations of adult upper and lower jaws, and in the
lower jaw of stage 40 larvae of Nofophthalmus viridescens under

B
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Fig. 3. Haematoxylin and eosin (A-B)and alcian blue-durazol red IC·F) staining of paraffin sections of normal (A·C) and regenerating ID·Fllower
jaws. IA) Oblique coronal section. e: epidermis; sg' subepidermal glands; to: tongue. (B) Higher magnification of A: note the tooth buds and the dental
lamina. s:median symphysis; d: dentary bone, tb: tooth bud; d/: denta/lamina. (CI 5agma/ section; the arrow indicates an erupted tooth (t). Coronal section
of a 3 week regenerate: a blastema has formed and cartilage condensation is already apparent. bl' blastema; we: wound epithelium. (E) Higher
magnificatIOn of the regenerating cartilage shown in D. d: dentary bone; M: Meckel's cartilage; pa: pcesmcuter booe; rc regenerarmg cartilage. (F) Frontal
slightly oblique section of a 4 week regenerate (see E for acronyms). Scale bars, 200 .um.

controlled environmental conditions. We have also analyzed the
morphological changes occurring during regeneration of the adult
jaw by scanning electron microscopy to establish whether the
specialized structures of the buccal epithelium, such as glands and
gustatory organs, fully regenerate. Finally, we have studied the
expression of markers of the differentiated state in normal and
regenerating jaws, and of a mesenchymal marker, named 22/31
(Kintner and Brockes, 1985), expressed during regeneration of the
newt limb. The work presenled here will provide a foundation for
tackling the molecular mechanisms underlying regeneration of the
jaw.

Results

Time course of regeneration of lower jaws

Adults
The functional lower jaw consists of the mandible, the hyoid

apparatus and all the attached muscles which are innervated by
cranial nerves. In this paper we use the terminology "lower jaw" in
a more restrictive sense, since in our experiments we did not
address the issue of regeneration of the hyoid apparatus. The
reason for leaving the hyoid apparatus intact was to maximize the
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opportunity for the operated animals tofeed properly, and therefore
ensure the regenerative process would proceed under optimal
conditions and could be monitored over a period of months.
The mandible consists of two dermal bones, prearticular and

dentary, surrounding a cartilaginous rod, Meckel's cartilage, which
extends the length of the jaw (Figs. 1A, 2A, 3A-C). The two
mandibles are joined at their distal ends by a median symphysis
that was cartilaginous in all the normal jaws studied (Fig. 3A-B).
The dentary bone, in which the mature teeth are embedded (Fig.
3A and C), covers the ventral and lateral side of Meckel's cartilage,
but only a small area of the lingual side around the median
symphysis. The prearticular bone, which covers the lingual side
and serves for the attachment of the masticatory muscles, unlike

Fig. 4. SEM photographs of regenerating upper and
lower jaws. (A) Regenerated tncuspid tooth in a 10
week upper jaw regenerate: scale bar. 50 urn. (B)
Regenerated teeth and growing dental lamina (arrow);n
a 10week upper law regenerate. Scale bar, 50 urn. Ie)
Growing dental lamina (arrows) and regenerated glands
(arrowhead) in a 8 weeks lower Jaw regenerate. Scale
bar, 200,Um. (0) Lower magnification photograph of the
same jaw as in C; the arrow indicates the level of
amputation. and the arrowheads regenerated glands;
scale bar. 200 urn. lEI Regenerated mucous glands
Identical to those in the unamputated oral mucosa are
found both in 10 week upper (shown here) and lower jaw
regenerates; scale bar, 20 urn. (F) Sensory ousted
epithelium m a 10 week upperjaw regenerate: scale bar,
50.um. (G) Lower jaw blastema 3 weeks after amputa-
tion (view of surface perpendicular to the mandible
stump). we: wound epidermis; bl blastema, scale bar.
200 urn. (HI Regenerating camlage fc) JUSt distal to the
level of amputation (Vlewof surface perpendicular to the
mandible stump) in a 3 week lower jaw regenerate:
scale bar. 200 urn.

the dentary, does not extend to the median symphysis (Fig. 1A).
The more mature teeth, which are bicuspid, are arranged towards
the outer margin of the bone, while the immature teeth are located
in the inner border (Figs. 2A, 3A-C, 4A). Unicellular and multicellular
glands are present in secretory areas of the oral mucosa lining the
oral cavity, while the non-secretory areas are lined with ciliated
epithelium in which non papillary gustatory organs are embedded
(see Fig. 4E-F).

We have studied the regenerative process following a trans-
verse amputation which removed the distal fourth of the mandible
and associated tissues (Fig. 1A). One week after amputation a
considerable retraction of the soft tissues from the plane of
amputation was observed (Fig. 2B), and a clear blastema was
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TABLE 1

Weeks
after amputation

Lower Jaw

TIME·COURSE OF MORPHOLOGICAL CHANGES DURING REGENERATION OF LOWER AND UPPER JAWS

Upper jaw

3 fully formed blastema and cartilage
differentiation apparent

fusion of cartilages at the midline
appearance of thin dentary bones on the
lateral side of the regenerated cartilage
and of a few tooth buds

growth of dentary bones to the midline
and appearance of tooth buds

wrapping of cartilage by the dentary
bone In progress; well formed
teeth stili devoided of bony sockets

increased number of regenerated teeth

complete regeneration of ventral
and lateral dentarv bone; bicuspid teeth
with bony sockets; elongation and
narrowing of the mandible

shape and size of the regenerates closely
resemble an unamputated jaw, but the
prearncular bone and the lingual side of
dentarv bone have not regenerated

4

5

6

B

10
12

20

visible 2 to 3weeksafter amputalion (Figs. 3D, 4G). The blasternal
cells are loosely packed in the extracellular matrix, appear to be
multipolar and some of their processes seem to make contact with
Ihe overlying wound epithelium (Fig. 4G). In a 3 week regenerate
it is evident, both by SEM analysis, and Alcian blue staining of
whole mount preparations, that cartilage has began 10 form
around the inner and distal margins of the stump of the prearticular
bone (Figs. 2C. 4H). This cartilaginous mass grows in a medio-
distal direction and 4 weeks after amputation the two cartilaginous
branches are very close at the midline (Fig. 3E), and in some
animals have already fused (Fig. 20). This growing cartilaginous
rod is continuous wilh the exisling Mecke!"s cartilage and provide
a scaffolding for the subsequent regeneralion of the mandibular
skelelon.
Six weeks after amputation the regenerating cartilage has

become thicker and more elongated, Ihe centary bone has grown
as a very thin membrane along the outermost margin of the
cartilage in a proximo-distal direction (Fig. 2E), and appearance of
some unerupted teeth. which parallels the growth of the the dentary
bone, is observed. By 8 weeks Ihe dentary bone has wrapped the
ventral and lateral sides of the regenerated cartilage, but no bone
has grown on the lingual side of the mandible, which is still
completely cartilaginous. The regenerating dental lamina is clearly
visible by SEM (Fig. 4C,D; see also 4B). and, although many
unerupled teeth are now present, Ihe majority of them do not have
bony sockets (Table 1). By Ihis stage glands and sensory eplths-
lium are observed in Ihe regenerated oral mucosa (Fig. 40; see
also 4E,F). The number of teeth in the regenerate increases in the
subsequent weeks, and after 12 weeks numerous bicuspid teeth
with bony sockets are observed in the regenerated dentary bone
(Fig. 2F). After 20 weeks, the longest time studied so far, the
mandible is more elongaled, a complete row of teeth with bony

fully formed blastema

cartilage differentiation apparent

thickening of cartilage around
the nasal capsule

coordinated growth of cartilage
from all the bone stumps

cartilage morphogenesis in progress;
beginning of bone regeneration

regenerated alary cartilage

bone formation in progress; erupted
teeth in the regenerated cartilage

morphogenesis and regeneration of maxilla
and premexrlla with erupted teeth in
bony socket IS complete, but other
elements of the skeleton are not ossified

sockets is observed in the regenerated dentary bone, but no
regeneration of the prearticular bone is apparent (not Shown). In a
very few animals the two regenerated dentary bones are not
separated by a cartilaginous median symphysis, but Ihey appear to
have fused at the midline, where, unlike in unamputated animals,
teeth are observed (not Shown).
Our observations on the major events occurring at different

times after amputation are summarized in Table 1. It is important
to point out that, although the sequence of events described above
does notdepend on the level of amputation, the time at which each
event occurs changes, and a complete regenerate will form more
slowly when a more proximal amputations is performed. For
example, 4 weeks after amputation fusion of regenerated carti-
lages at the midline has occurred in jaws amp uta led at Ihe more
dislallevel (Ihe different levels of amputatlon are marked in Fig.
1A). while cartilage condensation is jusl beginning if half of the jaw
has been removed (not Shown).

Larvae
We have studied the normal development of the lower jaw in

Notophthalmus viridescensin larvae from stage 40 to slage 52, and
growth of the lower jaw following amputalion of its distal third (Fig.
1B). The developmental stages of Norophthalmus viridescens
(Fankhauser, 1967) are not as well described as those of Pleurodeles
waftlii (Gallien and Durocher, 1957) and Ambystoma macula tum
(Harrison, 1969), and the stages of cranial development described
by Reilly (1986) in Notophthalmus do not refer 10 Ihe overall stage
of development. Since our observation of Notophthalmus embryos
and larvae has indicated that the appearance of external features
during development in this species is equivalent to that reported in
Pteurodeles, but significantly differenl from Ihat in Ambystoma
(Ferretti and La, unpublished observations). we have used Ihe
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developmental tables for P/eurode/es as a reference for staging
Notophtha/mus embryos and larvae.
The mandible, which develops from the first branchial arch,

initially appears as a small cartilaginous rod which elongates and
then becomes surrounded by bone in a proximal to distal direction
(see Duellman and Trueb, 1986). At the time of amputation of the
jaw of stage 40-42 larvae (2-3 well formed digits in the forelimb;
Figs. 1B, 5A-B), the coronary processes, which bear teeth, are
present on each side of the mandible, and the prearticular bone
covers about 2/3 of the mandible. The lingual side of the most distal
part of the mandible is still completely cartilaginous, and many
teeth, which are monocuspid, have erupted from the already
formed dentary bone. Regeneration of larval lower jaws is much
faster than in the adult as shown in Fig 5C-E; 13 days after
amputation the regenerating cartilages from the two mandibular
stumps have always fused at the midline (Fig. 5C-D), the dentary
bone has either fully (Fig. 5C) or partially (Fig. 5D) reformed, and
often a complete row of erupted teeth is observed (Fig. 5C). Four
weeks after amputation (Fig. 5E), when the larvae have reached
stage 51-52 (3-4 digits in the hindlimb) the regenerated jaw
appears identical to the unamputated one (Fig. 5F), and in both the
prearticular bone has grown distally to cover about 3/4 of the
mandible (Fig. 5C and F).

Fig. 5. Whole mount preparations stained for
cartilage (blue) and bone (red) newt larvae. (A
and B) Deve/oping lower jaws from stage 40
larvae: in (A) the lower jaw has been isolated from
the skull; all amputations were performed at trve
developmenral stage. (C·D) Jaw regenerates 73
days after amputation; some variability in the de-
gree of regeneration is observed at this time. The
regenerate in 0 is less developed than that in C:
note that as indicated by the arrowheads, the
dentary bone and teeth have fully regenerated in
C, but that regeneratIOn of the denrary bone IS

incomplete In D (arrowhead). (E) Jaw regenerate
28 days after amputation; note that there is no
apparent difference from the unamputated control
in F (F) Unamputared control jaw fixed at the
same time as the 28 day regenerate in E; by this
time larvae have developed to stage 52; scale bars,
O.5mm.

Time course of regeneration of adult upper jaws
The upper jaw (Figs. 1CoD,6A) is composed of paired premaxillae

that in Notaphtha/mus viridescens are fused, and paired maxillae,
but here we will use the expression upper jaws to refer also to all
the other tissues, soft tissues and other skeletal elements, that are
removed by a transverse cut just proximal to the external naris. As
shown schematically in Fig. 1C and 0 in all our experiments we
have removed the entire dentary ramus and the pars palatina of the
premaxilla, and the distal part of the dorsal ramus of the premaxilla,
which forms the roof and the anterior part of the nasal capsule. The
distal part (about 1/5) of the paired maxilla, which includes both part
of the tooth-bearinq portion and part of the wall of the nasal capsule
(Fig. 7A), the distal part of the nasal capsule with the alary cartilage
which is present at its anterior end, and the distal third of the vomer,
were also removed. We have followed regeneration of the upper
jaw up to 20 weeks (Fig. 7B), but the process appears to be
completed around 15 weeks after amputation.

Because 01 the complex anatomical structure of upper jaws, it is
difficult to produce clean cut amputated surfaces, and 2 weeks after
amputation the stump edge, although perfectly healed, sometimes
still looks rather jagged (Fig. 6C). A blastema is clearly recogniz-
able in tissue sections after 3 weeks (not shown), and by 5 weeks
cartilage condensation is present as a continuation of the nasal



Fig. 6. Whole mount preparations stained
for cartilage (blue) and bone (red) of
unamputated lA, dorsal view) and regen-
erating IC-F,ventral view) upper jaws. (A)
Dark field photograph of a normal upper jaw:
alary cartilage: arrowheads: nasal cartilage:
arrows: scale bar, 7 mm. (B) Bright field
photograph of a 20 week regenerate: regen-
eration of maxilla (long arrow), premaxilfa
(short arrow) and teeth is complete; alary
cartilage: arrowheads: same magnification as
A. (C) Dark field photograph of a 2 week
regenerate; scale bar, 0.5 mm. (0) 6 week
regenerate; note the presence of cartilage at
alf the cut surfaces, same magnification asC.
tEl 8 week regenerate; cartilaginous growth
in a coordinated fashion is observed; scale
bar, 0.5 mm. IF) 10 week regenerate; a
csttiteqinous skeleton has formed and regen-
eration of the premaxilla (medially), and max-
illa (laterally) is in progress; some unerupted
reeth (arrowheads) are observed; scale bar,
O.5mm.
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cartilage (Fig 7C). A cartilaginous mass, clearly detectable by
Alcian blue, grows at the cut surfaces of all the bones and of the
nasal fenestrations over the fifth and sixth week (Fig. 6D). and by
8 weeks (6E) the regenerated cartilages appear to be well organ-
ized and are growing in a coordinated fashion. By 10 weeks,
regeneration of the jaw appears rather advanced by simple visual
inspection of the animal, and whole mount preparations reveal a
cartilaginous scaffolding that is similar in shape to the amputated
part, and in which some teeth are embedded (Fig. 6F). SEM
analysis of 10 week regenerates shows the presence of bicuspid
teeth proximal to the growing dental lamina (Fig. 4A-B), and of
glands and sensory epithelium in the oral mucosa (Fig. 4E,F).
Some individual variation in the degree of bone regeneration is
observed at this time. Twelve weeks after amputation regeneration
of the different bones is advanced (not shown). and in the following
weeks the regenerate undergoes further growth and remodelling.
By 20 weeks regeneration appears virtually complete in most
animals, both in terms of reconstitution of the different tissues and

of the original gross morphology (Fig. 6B). However, an important
difference between the regenerated and the unamputated jaw was
observed, in that the missing part of the nasal bone and of the
vomer had not been replaced by bone but by cartilage.

Cellular markers in upper and lower jaws
We have studied the pattern of reactivity of a variety of mAbs,

which had been raised against either newt or mammalian tissues,
in normal and regenerating upper and lower jaws. The mAbs used
and their reactivities are summarized in Table 2. The mAb LP34
reacts with many human cytokeratins and is therefore considered
a pan-epithelia marker (Lane et al., 1985). In the newt, as in
mammals, LP34 stained all the stratified epithelia and glands both
in upper and lower jaws (Table 2). On the contrary, the mAb Kk8.60,
which in mammals reacts with the keratins 10 and 11 usually
expressed in cornifying epithelia (Huszar et al., 1986), selectively
reacted with the buccal epithelium, but not with the epidermis (Fig
8A-B). In addition, this mAb strongly stained the dental lamina, the
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A

Fig. 7. Alcian blue and durazol red staining of paraffin sections of
upper jaws. (AI Frontal secnoo of a normal jaw. Ing: lateral nasal gland: m:
maxilla: nc: nasal cartilage; ne: nasal epithelium: pm: premaxilla: v: vomer.
(B) Frontal section through the nasal capsules of a normal upper Jaw; note
the monolayer of cam/age (arrow) linmg the nasal cavity. lei Coronal
section of a 5 week upper jaw regenerate; regeneratmg cartilage (rcJ is
mdicated by arrows. Scale bars, 100 urn. Band C are at the same
meqmticsuon.

outer enamel epithelium, the glands present in the buccal epithe-
lium and under the epidermis, and, in the upper jaw, also the nasal
epithelium (Fig 8A-B). In regenerating jaws LP34 stained the
wound epithelium, but no Kk8.60 reactivity was observed either in

the wound epithelium or in blastemal cells. An unexpected pattern
of reactivity was observed in normal jaws with the mAb 116B3,that
is considered a specific marker for type II collagen in higher
vertebrates (Linsenmayer and Hendrix, 1980), in that not only
cartilage, but also the perimysium and the gland basal lamina were
strongly stained (Fig. 8G). Leu-7 (Fig. 8D). that in the newt limb is
selective for Schwann cells (Gordon and Brockes, 1988), ap-
peared to stain only nerves also in normal jaws, and the muscle
marker 12/101 depicted striated muscle both in upper and lower
jaws (Fig. 8E). None of these markers of the differentiated state
were expressed In blastemal cells 3 weeks after amputation. On
the contrary, 22/31 (Kintner and Brockes, 1985), which in normal
jaws stains subepidermal cells likely to be fibroblasts and the dental
pulp (Fig. 8F), was found to react with at least 50% of blastemal
cells in 2 and 3 week blastemas (Fig. 8G).

Discussion

This report, not only extends previous studies on jaw reqenera-
tion, but provides novel information on the regenerative capability
of diHerent jaw tissues, on the relationship between jaw develop-
ment and regeneration, and on the expression of a variety of tissue
markers in normal and regenerating jaws afthe newt, Nolophthalmus
viridescens.

Regenerative capability of facial structures
Our analysis at a gross morphological level of the major events

occurring during regeneration is essentially in agreement with that
by Stagg and Goss (1958a) in the lower jaw and Vallette (1929) in
the upper jaw, although the times at which the various stages of
regeneration occur are different. This can be explained on one
hand by different levels of amputation, as indicated by Goss and
Stagg (1958a,b) and confirmed by us, and by temperature varia-
tions. Temperature seemed to be poorly controlled in the experi-
ments carried out at the beginning of the century, and even in more
recent work (Stagg and Goss, 1958a,b) the operated animals were
maintained at an unspecified "room temperature", although Graver
(1973) kept his regenerating animals at 16'C.

We have examined the regenerative capability of soft tissues
and skeletal elements in upper and lower jaws. In both upper and
lower jaws, all the son tissues appear to have regenerated by
approximately 8 to 10 weeks after amputation, and SEM analysis
incontrovertibly demonstrates the regeneration of different special-
ized structures of the oral mucosa. Since the gustatory ciliated
epithelium fully regenerates, the newt jaw may provide another
valuable system for studying regeneration of sensory organs. The
skeletal structure of regenerated lower jaws from different animals
is very consistent, and the only significant difference observed in a
few cases is ossification of the median symphysis (not shown). This
may be due to the presence of some older animals in the population
used in our studies, since it has been reported that the median
symphysis in the salamander can indeed ossify, but quite a long
time after metamorphosis (Francis, 1934). More variation among
different regenerates both in the degree of ossification of maxilla
and premaxilla, and in the speed at which regeneration proceeds,
is observed in the upper jaw than in the lower jaw. These slight
differences may be due either to individual variation, possibly
related to the age of the animal, or to minor differences in the level
of amputation.
Although the original shape of both lower and upper jaws is

rather faithfully reproduced following amputation, some differ-
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TABLE 2

mAb lower jaw

IMMUNOREACTIVITY IN NORMAL AND REGENERATINGJAWS

upper jaw

regenerate--normal

12/101
muscle

Leu-7
Schwann cells

116B3
collagen W
22/31
putative vrmentin
KKB.60
keratins 10, 11·

striated muscle

nerve

cartilage, perimysium,
gland basement membrane

dermal fibroblasts.
dental pulp

buccal epithelium,
dental lamina, outer
enamel epithelium.

glands,

blastema I cells

LP34
keratins (panepith.l" epidermis, buccal

epithelium, glands
wound epithelium

• reactivity In mammals

ences in the composition of the skeletal structure are observed,
and in particular it appears that only tooth-bearing skeletal ele-
ments, namely dentary, maxilla and premaxilla, can ossify, while
the other elements of the regenerated skeleton remain cartilaginous
for as long as 5 months after amputation. These diverse regenera-
tive abilities are unlikely to be related to differences in the process
through which the skeletal elements develop. In fact, both the
prearticular bone, which is of endochondral origin, and some of the
intramembranous bones of the skull are replaced by cartilage
following amputation, while the dentary and the maxilla, both
intramembranous bones, regenerate as bone. Since tooth-bearing
bones are likely to be subjected to higher stress than other bones
in the skull, a correlation between ossification of the different jaw
bones and mechanical stress is conceivable. However, much more
information on tensile, compressive and shearing forces in the
facial skeleton (see Herring, 1993) will need to be gathered before
this issue can be properly addressed in regenerating jaws.
Another skeletal defect which is consistently observed in lower

jaw regenerates is that the more medial part of the dentary bone
never regenerates. This observation is puzzling, since the dentary
bone seems to undergo perfect regeneration both on the ventral
and lateral side of the Meckel's cartilage. One possible explanation
could be that signals from the lingual side of the cartilage are
different from those on the other sides, and do not support bone
regeneration, either dentary or prearticular, in that location. Alter-
natively, growth of the dentary bone in the media-labial location
might depend on the presence of the prearticular bone, and fails to
form because of the lack of this bone in the regenerate.
These results demonstrate clear dif1erences in response to

amputation between different facial structures, in that some bones
tully regenerate while others appears to be replaced by cartilage,
but do not exclude the possibility that bone formation might occur
at much later stages. In fact, in the newt limb (Libbin et al., 1989)
ossification of certain bones proceeds very slowly both during
development and regeneration, although it is not understood why
particular bones ossify much later than others.
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Relationship to development and early events of regeneration
To compare development and regeneration within the same

species, we have followed development of the lower jaw in
Notophthalmus viridescens larvae from stage 40 to stage 52, and
in adults and larvae following amputation of the distal third of the
jaw. Although Meckel's cartilage, bone and teeth appear in the
same sequence in developing and regenerating lower jaws, regen-
eration of the adult jaw does not go through an intermediate stage
in which the regenerate clearly presents certain characteristics of
the larval jaw, such as monocuspid teeth (Miles and Poole, 1967).
In fact, the teeth of the regenerating adult jaw are bicuspid as
normal adult teeth, rather than monocuspid as the larval ones. This
indicates that jaw regeneration is not simply a recapitulation of
development, in that an adult jaw blastema directly regenerates an
adult jaw. On the other hand, a larva will form a larval jaw that bears
monocuspid teeth and that rapidly reaches the appropriate stage
of development in relation to the rest of the body. The decision on
which type of dentition will form following amputation may be under
hormonal control and, since a different hormonal milieu is known to
exist in larvae and adults (see Duellman and Treub, 1986), this
might control morphogenesis of the teeth either directly or indi-
rectly. At present it is not possible to determine whether larval jaws
at the developmental stage 40, the stage at which the amputation
is carried out, maintain some of the requlatory ability (Slack, 1980)
of the undifferentiated primordium which may influence regrowth of
the missing part, or whether the larval jaw undergoes epimorphic
regeneration as the adult, in that the blastemal cells originate from
the differentiated tissues of the stump. To gain some insight on the
origin of the progenitor cells in regenerating larval jaws, we are
presently comparing early regenerates from larvae and adults at
the malecular level. . _. _ •

In regenerating jaws the origin of the blastema I cells is unclear,
and it remains to be assessed whether metaplasia, defined as the
ability of cells originated from a certain tissue (e.g. muscle) to give
rise to a different tissue type, (e.g. cartilage), does occur. No
obvious break-down of cartilage is observed either in lower or
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upper jaws of adult newts following amputation, although muscle
break-down has been noticed both by Goss and Stagg (1958a) and
in this study (not shown). In the lower jaw chondrogenic condensa-
tion is first observed around the inner margin of the mandible
stump, suggesting that either the surrounding mesenchyme has
undergone a process of dedifferentiation and metaplasia, or it
contains reserve cells whose growth and differentiation is activated
following amputation. Alternatively, the regenerating cartilage might
represent a secondary cartilage originating from periosteal cells.
This interpretation seems less likely, since Hall and Hanken (1985)
have found no evidence for formation of secondary cartilage of
periosteal origin during repair of fractured lower jaws inAmbystoma
maculalumfollowing injury. The lact that secondary cartilage does
not seem to form in amphibians, either as a consequence of
fracture or of amputation, may be related to the regenerative
capability in these animals, and formation of secondary cartilage in
higher vertebrates may have evolved to compensate lor the lost
ability of mesenchymal cells to fully dedifferentiate and revert to a
progenitor cell state. Finally, it does not seem likely that the
cartilaginous structure around the inner margin of the mandible
stump originates as a hypertrophic response of the Meckel's
cartilage in order to mechanically compensate for the missing
preartlcular bone, since the onset of cartilage differentiation is not
observed in continuation with Meckel's cartilage, and no significant

contribution of Meckel's cartilage to bone repair was reported by
Hall and Hanken (1985). However, in the upper jaw it is conceivable
that a significant cell population contributing to the regenerate
derives from dedifferentiation of the nasal cartilage, since growth
of the regenerating cartilage begins around the cut edge of the
nasal capsule itself.

In order to investigate whether complete dedifferentiation of
stump tissues occurs during blastema formation, we have asked
whether expression of certain tissue-specific markers detected in
normal jaws is maintained in blastemal cells. It is important to point
out, and it is of interest from an evolutionary point of view, that two
of the antibodies used in this study, Kk8.60 and 11683,have a wider
spectrum of reactivity in the newt (this work) than in higher
vertebrates (Linsenmayer and Hendrix, t 980; Huszar et al., 1986).
In mammals the mAbs Kk8.60 has been shown to be specific for
keratins to and 11 (Huszar et al., 1986), which are considered
markers of cornifying epithelia, although in non-cornifying areas of
human oral epithelia patches of cells expressing keratin 10 have
been observed (Morgan et. al., 1987). In the newt jaw the epitope
recognized by Kk8.60 is not detectable in the epidermis, but it is
expressed in the buccal epithelium and in non-cornifying epithelia
such as glands and nasal epithelium. The tissue distribution 01
keratins containing the Kk8.60 epitope might have become re-
stricted during vertebrate evolution, as also suggested by a study

Fig. 8. MAb immunoreactivity in jaw
normal tissues and in regeneration
blastemas. (AI Kk8.60 reactivity in a nor-
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the denrallamma (d/). the enamel epirhe-
lium (en) and che glands (g) are clearly
postttve. while the normal epidermis (e) is
negative. Thearrowheadspomt at teechar
ddferentdevelopmentalstages in cheden-
tal lamina. (BI KkB.60reactlVlrym an upper
jaw 4 weeks after amputation. No KkB.60
reactivity IS presenr euber in the wound
ecnnetusm or in blastema! cells. The buc-
ca/epithelium (be), enamel epithelium (en),
glands (g) and nasal epithelium (ne) are
strongly labelled m the stump. lei mAb
1/683 stammg of a normal lower jaw: the
Meckel's csrtiteqe (M) and cheperimysium
(p) are strongly scamedlDJ. Leu-7 stammg
m the stump of a lower law: only the
nerves are stamed. IE) Stammg of a lower
law 3 week regenerate with 12/10 1: in-
tense reactivity IS observed m the stump
striated muscle, but no cells m the blastema
(bl) IF) 22/31 stammg of a normal fower
Jaw; nore 22/31 reactivity In subepidermal
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tal pulp (dp) of erupted teeth and develop-
mg teeth (small arrowheads). IGJ 22/31
stainmg of a lower jaw 3 week regenerate
shows 22/31 reecuvev in the blastema
(bl). Scale bars, 100.tlm: B andD areat the
same magnification



on keratin expression in a teleost fish, the rainbow trout (Markl and
Franke, 1988). A similar argument can also apply to the tissue
distribution of 11683,which is specific lor type II collagen in higher
vertebrates (Linsenmayer and Hendrix, 1980), but that also deco-
rates the basal lamina of muscle and glands in the newt jaw.
Notwithstanding the wider tissue distribution in newt than in mam-
malian tissues, both Kk8.60 and 11683are clearly markers of the
differentiated state.
The markers of different tissue types used in this study are not

detectable in the blastema, with the exception of mAb 22/31 , which
stains dermal fibroblast and the dental pulp in normal jaws, and
reacts with a high percentage of blastemal cells both in lower and
upper jaws. These results show that the jaw blastema is not
composed of a homogeneous cell population, and suggest that
dermal fibroblasts might make a significant contribution to the
blastema. It has been proposed that dermal fibroblasts play an
important role in regeneration of the amphibian limb both in term of
contributing cells to the blastema and in patterning of the regener·
ate (Slack, 1980; Tank, 1981; Gardiner et el., 1986), and it is
possible that this cell type plays a fundamental role also in
patterning of the jaw. A thorough understanding of the origin and
developmental potential of jaw progenitor cells has to await further
characterization of the blastema at the cellular and molecular level,
and this work is now in progress.

Materials and Methods

Animals
All experiments were carried out on either adults or larvae of the red-

spotted newt. Notophthalmus viridescens (supplied either by Nasca Ltd,
USA or Sullivan & Co, USA). Since it is very difficult to breed this species
in captivity, pregnant females, which were likely to have been fertilized in
the wild before collection, were used to obtain embryos. Spawning was
induced by daily injection of 100 units of HCG (human chorionic gonadotropin,
Sigma, Poole, UK) for 3 to 5 days. Adult newts were maintained in the
laboratory at 19-20°C in tanks containing slabs of floating cork, which allow
the animals to climb out of the water when needed. They were fed shredded
bovine heart on alternate days. Embryos were grown at 22-24~C in sterile
tap water and, once at the larval stage, fed daily with brine shrimps.

Surgery
For all the surgical procedures adult animals were anesthetized in 0.1%

tricaine (3-aminobenzoic acid ethylester methanesulfonate salt, Sigma,
Poole. UK) and larvae were anesthetized in 113000 dilution in sterile tap
water of a 10% tricaine solution. Amputation of lower jaws was performed
by transversally cutting either the distal half or the distal third of the jaw (Fig.
1A-B). but leaving the tongue and hyoid apparatus intact. Amputation of
lower jaws in larvae was performed only at the more distal level (Fig. 1A).
The distal part of adult upper jaws was removed by a transverse section just
proximal to the external naris (Fig. 1C·O). After surgery animals were
allowed to recover from anaesthesia in a shallow aqueous solution of 0.5%
sulfamerazine (Sigma, Poole, UK) for 18-24 hours before being returned to
the tanks. Operated animals were maintained at 25°C for the duration of the
experiment and fed as the unoperated ones. No serious problem in feeding
was observed. The degree of regeneration was monitored regularly and
some experimental animals were photographed immediately before and
after the amputation. and at different times after surgery. The animals were
sacrificed at weekly intervals after amputation, and the jaws collected for
further analysis.

Analysis of regenerating jaws
Regeneration of cartilages and bones was studied in whole mount

preparations stained for these tissues with alcian blue and alizarin S red by
minor modifications of Simons and Van Horn's method (1971).
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For histological studies jaw blastemas were removed at different times
after amputation and fixed overnight in 4% paraformaldehyde in 100 mM
phosphate buffer, 120 mM NaCI, pH 7.4 (A-PBS). The jaws were decalci-
fied by treatment with 0.5 M EDTA, pH 7.5, for 3 to 5 days. After rinsing in
the same buffer the blastemas were embedded in paraffin, and 6·8 urn
sections cut. Sections were then stained either with alcian blue and durazol
red or with Harris' haematoxylin and eosin.

Scanning electron microscopy was performed in tissues fixed overnight
in 4% para formaldehyde in PBS. The fixed tissues were dehydrated in
ethanol, transferred to acetone and then critical point dried using carbon
dioxide. Eight and 10 week regenerates were analyzed intact, while 3 week
lower jaw regenerates were cut perpendicular to the mandible stump into
six blocks in order to visualize both the blastemal cells and changes in the
regenerate at different distances from the amputation plane. The speci-
mens were sputter coated with gold/palladium and visualized at 15 kv in a
Cambridge 90B stereoscan scanning electron microscope.

Immunohistochemistry
Reactivity of the monoclonal antibodies (mAbs) Kk8.60 (Huszar et al.,

1986), LP34 (Lane et al .. 1985), 22131 , 12/101 (Kintner and Brockes, 1985),
Leu-7 (Gordon and Brockes, 1988) and 116B3(linsenmayer and Hendrix,
1980) was assayed on 8 urn cryostat sections of unfixed normal jaws and
sections of 2, 3 and 4 week regeneration blastemas. The sections to be
stained with 22/31, Kk8.6, LP34 were always fixed with cold acid-alcohol
(95% ethanol-Sv, acetic acid: Ferretti et al., 1989). The sections for 12/1 01
and Leu-7 staining were fixed either with acid-alcohol or with 4%
paraformaldehyde (PFA) in A-PBS for 5 minutes at room temperature. For
116B3 staining PFA fixed sections were digested for 1 hour at room
temperature with 1 mglml testicular hyaluronidase (Type IV-S, Sigma) and
then processed as previously described (Fitch et al .. 1989). Bound antibod-
ies were detected by a rhodamine-conjugated-rabbit anti-mouse-imrrumo-
globulin antibody (Dako, Denmark) and the nuclei stained with 1.25 pglml
of Hoechst dye 33258 (Sigma).
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