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Abstract
Amphibians are anamniotic vertebrates having conquered the terrestrial environment. Their reproduction and
development occur in water. After metamorphosis, the animal leaves the water to live on the ground. Yet, some
species remain in the water and certain of them are viviparous. Since a long time, amphibians are used such as
animal models to understand physiological or developmental mechanisms. Today, amphibians can be used such as
excellent models to understand the importance of cell proliferation, differentiation and death throughout embryonic
development. A second way concerns the importance of these phenomena in the organs subjected to very sharp
variations, alternation of differentiation/dedifferentiation throughout the sexual cycle, according to external or
experimental conditions. The importance of apoptosis and of the presence of calpains has been noted throughout
embryonic development of Xenopus laevis. In several caecilians, the spectacular variations of oviducts throughout
the sexual cycle are linked to seasonal alternations, and under the control of several hormones and their receptors.
In this review, an overview of works performed by our laboratory is given. The models used were the anuran
Xenopus laevis in order to study the apoptosis from fertilization to metamorphosis and several caecilian amphibian
species in order to understand the interactions of these phenomena during the alternation of differentiation/
dedifferentiation of the oviducts throughout the sexual cycle.

Keywords: Amphibian; Development; Reproduction; Genital tract;
Oviduct; Apoptosis; Cell death, Cell proliferation; Cell differentiation

Introduction
Phylogenetically placed between fish and reptiles, the amphibians
are anamniotic vertebrates having conquered the terrestrial
environment [1]. The Amphibian class is divided into three orders:
Anurans group frogs, toads, tree-frogs, Urodelans group newts,
salamanders and other curious forms such as the amphiuma, siren or
olms, and Caecilians (or Gymnophionans), a very homogeneous group
of lengthened burrowing or aquatic species, without belt nor legs,
living in tropical or equatorial areas. Amphibians are found
throughout the earth, in temperate as well as tropical areas, even in the
oases in arid areas.
The reproduction and development of all the amphibians occur in
water. After metamorphosis, the young animal leaves the water to live
on the ground; generally, it stays close to a wet biotope or it buries itself
in the substrate [1]. Nevertheless, some species remain aquatic or
return to the aquatic life in the adult state, and some of them remain
terrestrial. They can also present very specialized adaptive mechanisms
regarding reproductive patterns, from oviparity to marsupials [2].
Since a long time, amphibians have attracted the interest of
researchers. Aristotle (384-322 BC) was probably the first to report the
metamorphosis of frogs [3,4]. Later, a lot of anatomical and biological
aspects comprising reproduction and development of amphibians were
studied by zoologists. Throughout the XIXth century, frogs and toads
were used such as animal models to understand physiological
mechanisms. Amphibians were also used as models to understand the
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main steps of embryonic development [5]. At the end of XIXth, frogs,
toads, and newts allowed the searchers to understand the main
principles of embryonic development [6] and more recently, they were
used to understand the importance of the apoptosis (Programmed Cell
Death or PCD) during the developmental stages [5]. Today, the
interests in studying amphibian species remain multiple. Some species
living in hard-to-reach areas are certainly still unknown with perhaps
unique adaptations: some very peculiar modes of reproduction have
been described [2], and it might be possible to find new modes of
adaptation. It is also possible that certain species modify their living
mode according to climate change. Living first in an aquatic
environment, then in a terrestrial one, after a metamorphosis during
which the animal is particularly fragile and sensitive to the
environment, the amphibians are also used such as bio-indicators in
order to understand the quality of water or to appreciate the toxic
effects of chemicals [7]. The skin of these animals develops several
efficacious antibiotics or opioid molecules of interest in the
pharmaceutical industry [8,9].
In order to understand the importance of cell proliferation,
differentiation, and death, amphibians can be used such as excellent
models in two ways. The first way is by considering embryonic
development mainly documented in species for which a normal
development table has been established. In the majority of cases, the
amphibian being oviparous, their development occurs in water and it is
easy to survey it in a Petri dish [10]. These animals have therefore been
well used in order to understand developmental mechanisms. The
second way to use amphibians as models is by studying relevant organs
variations under natural or experimental conditions.
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This review is aimed to give an overview of studies-mainly
performed in our laboratory-using several amphibian species such as
models to understand the importance of cell proliferation,
differentiation, and death. The models used to study the importance
and interactions of these phenomena were the anuran Xenopus laevis
during embryonic development, and several caecilian amphibians
during the alternation of differentiation/dedifferentiation of the
oviducts throughout the sexual cycle.

The Interest of Amphibians to Study Proliferation
Apoptosis and Differentiation Throughout the
Development
Since several years, Amphibians are used to understand the
importance of apoptosis in development. Periodically, it is useful to
give a state of the art of this importance. Several reviews of this point
were already published [5,11,12]. Among amphibians, Xenopus laevis
was particularly used to study programmed cell death [12-15]. Some
other species have also been used for the same purpose.

General aspects of amphibian development
After fertilization, eggs immediately divide into several blastomeres
during the phase of cleavage at which the size and the shape of embryo
remain the same. At the end of cleavage, an inner cavity, the blastocoel,
is observed between the cells. The maternal mRNAs previously
accumulated in the oocytes are distributed into the cytoplasm of
blastomeres. Before a physiological step, the Mid Blastula Transition
(MBT), these maternal mRNAs encode for proteins which trigger the
expression of zygotic genes. At this time, the zygotic genes do not
express except those implicated in membrane building. In post-MBT,
zygotic genes express according to maternal signals. After cleavage, at
gastrulation, cells are organized in several layers: ectoderm, mesoderm,
and endoderm. The archenteron or primitive intestine is observed.
After gastrulation, on the dorsal part of the embryo, the neural tube
forms. The notochord and somites differentiate from mesoderm. After
neurulation, organogenesis occurs followed with a growth period, at
the end of which metamorphosis occurs. This phase corresponds to the
transfer from an aquatic to terrestrial life and is characterized by the
modification, development, or regression of several organs.

Distribution of apoptotic cells throughout amphibian
development
Apoptosis occurs quickly in development. A first program under the
control of maternal genes is observed before MBT in order to eliminate
damaged cells, and a second program occurs at the onset of
gastrulation. Apoptotic cells are observed during neurulation,
organogenesis and they are abundant at metamorphosis. In X. Laevis,
apoptotic cells begin to appear at the onset of gastrulation on ectoderm
and internal mesoderm. At the end of gastrulation, apoptotic cells are
distributed according to one or two dorsal median strips, showing the
place of future neural plate [16]. In the newt Cynops pyrrhogaster,
dead cells display the same repartition [17].
Some experiments showed that embryos continued to cleave after
the eggs were submitted to treatment damaging DNA, showing that
embryonic DNA was not implicated in the control of cell cycles. In two
cells-embryos submitted to treatments affecting transcription,
segmentation was not affected. In embryos submitted to treatment
affecting protein synthesis or DNA replication, the cleavage was
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stopped. A lot of cells became apoptotic and embryos died at the onset
of gastrulation. Caspase activity was found in extracts of irradiated
embryos at stage 10.5 [18-20]. The first program of PCD was activated
at the onset of gastrulation, consequent to the degradation of cells
occurring before MBT. The second program of PCD started at
gastrulation in normal embryos. At the onset of gastrulation, the
zygotic transcription was necessary to suppress apoptosis in normal
embryos [21]. The maternal program was blocked using an inhibitor of
apoptosis such as Bcl-2 [22]. At MBT, the maternal program can start
apoptosis; but this program can be blocked by zygotic transcription
[22]. In X. laevis, the maternal program was activated just after MBT
with an over-expression of S-adenosyl methionine carboxylase which
is a crucial actor of the methionine cycle known to feed the
methylation activities in Vertebrates [23-25]. Indeed, several
experiments have shown some molecules involved in methylation
processes have an impact on the starting of apoptosis. In embryos
injected with 5-aza-CdR inducting hypomethylation of DNA, or 5methyl dCTA, inducting contrarily hypermethylation, the cleavage was
normal but the embryos became apoptotic at gastrulation [26,27].
Apoptosis was suppressed in embryos injected with an inhibitor of
caspases [27], and apoptosis was observed at gastrulation in two
blastomeres embryos in which SAMDL mRNAs were injected [28,29].
Other molecules such as MBD4 and MLH1 have been signaled to
participate in the checkpoint of apoptosis [30]. The anti-apoptotic
factor p27BBP/eIF6 was related to an increase of apoptosis in the parts
of embryos needing cell death for harmonious development [31].
Several genes have been shown to be crucial for tissue differentiation
but not for gastrulation, but their overexpression induces damages in
DNA [32]. Moreover, an over-expression or a depletion of Bix3 causes
apoptosis [33]. At last, maternal p53 mRNAs seem to be essential for
X. laevis development [34].
At neurulation, the presence of apoptotic cells was detected in X.
laevis and C. pyrrhogaster [16,17]. During neurulation, the apoptotic
cells first underlined the neural plate, the neural fold, the neural tube.
When the brain was first observed, a lot of apoptotic cells were
detected at the level of primary sensorial neurons in olfactive and otic
placodes, and also in the notochord [35]. The first wave of apoptosis
affects neurons prior to the formation of synapses. The territories of
retina result from the repression of Xotx2 by Xrx1. Xrx1 is involved in
the development of the anterior brain and eyes [36].
In X. laevis, several experiments showed that PCD regulates
primary neurogenesis at the level of neuronal determination [37].
Several genes such as POSH (Plenty of SH3s), XBtg2, msx1, Slug,
Xphb1 are involved in the development of the anterior brain,
comprising PCD and proliferation of neurons [38,39]. The effects of
genes can be antagonist: the formation of neural crest cells is
controlled by the balance between Slug and msx1 antagonist genes
[40,41]. Both the anti-apoptotic gene Bcl-2 and the apoptosispromoting gene Bax disturbed the expression of several other genes.
Prohibitin 1, following the expression of Xphb1 gene, displays function
in the development of neural crests [42-44]. E2F1-binding domain is
necessary for the action of Xphb1 in the development of neural crests
[45]. Several genes and proteins are involved in the decrease of
proliferation: p27BBP/eIF6 [46,47].
During organogenesis and growth period, apoptotic cells were
observed in the whole organism but during the aquatic phase, the
specific organs are not affected by apoptosis. In the nervous system,
some apoptotic cells were observed between stage 35 and 39 in
different parts of the eyes [47]. Then, approaching metamorphosis,
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when hind limbs begin to appear, the number of apoptotic cells
increases first in the epidermis, and then in the second generation of
gills, the cement gland, affecting finally the nervous system and several
organs which display a large number of dead cells. At these stages, the
tadpoles become very fragile and many of them die [12,48].
Amphibian metamorphosis involves a strong remodeling of organs.
Larval organs are replaced with adult ones, and a wave of apoptosis
occurs. The pattern of apoptosis in amphibians has been already well
reported at metamorphosis stage [5]. During this period, apoptosis
and cell proliferation have both been observed in all the tissues.
Nervous tissues have been well studied [49-51]. It was supposed that
the process of optic nerve remodeling accompanied the displacement
of eyes from lateral to a more dorsal and rostral position as the frog
acquired binocular vision [52-56]. Apoptosis also affects muscle
structure at metamorphosis [57-61]. In the larval intestine, a lot of cells
have become apoptotic and were replaced with non-differentiated cells
in order to form the adult intestine. Most studies in several amphibian
species document the anatomical, histological and molecular aspects of
the passage from a larval digestive tract to an adult one [62-65], and
more particularly the intestine [66-69]. The outer cell layers of the
epidermis die by apoptosis during the climax [70]. At metamorphosis,
numerous larval red blood cells also decrease, whereas adult ones
increase. Many larval red blood cells expressed TUNEL-positive
reactions [71].

Effects of calpains on the embryonic development of
amphibians
Several studies indicated the importance of calpains in the apoptosis
of cells during embryonic development of X. laevis used such as a
model. Calpains are implicated in cell differentiation, proliferation,
migration and apoptosis [72], more especially throughout the
development [73-76]. Calpain family groups proteases found in all
vertebrates [77]. More especially, the amphibians possess a single gene
encoding for CAPN 1, 2, 8, 11 and several specific genes encoding for
CAPN 3, 9, 12, 13 and 17 [78,79]. In X. laevis it has been shown that
calpains are involved in the different phases of embryonic
development: gastrulation and neurulation [80], organogenesis and
metamorphosis [5,81]. They play an important role in apoptosis
occurring during embryonic development [82,83]. The expression of
calpains was researched throughout the development of X. laevis, using
real-time RT-PCR and immunohistochemistry. During the early stages,
the calpains expression was weak. XCl-2 was the first calpain to be
initiated at the gastrula stage and reached a maximum at neurula and
tailbud stage. Expression of calpain 1 isoforms was mostly restricted to
the tailbud stage. The amount of calpain 3 was particularly high during
the organogenesis and growth. But calpain 3 mRNAs were lower than
that of calpain 1 and calpain 2. Calpain 3 was the only enzyme strongly
expressed at metamorphosis. These calpains are involved in
organogenesis. These results are concordant with the results of
western-blotting and immunohistochemistry [22,23,80,83].
The apoptosis can be regulated by changes in calcium rate. These
changes are linked to the activity of several receptors such as
ionotropic glutamate receptors [84,85]. In order to know the
relationships which could exist between the calpains and apoptosis
throughout the development the expression of these proteases was
researched on eggs, tadpoles, and adult tissues of individuals in contact
with several drugs acting on glutamate receptors [82]. The presence of
calpains was researched on skin and gills, intestine, dorsal muscle,
heart and brain [82] in X. laevis embryos and tadpoles submitted to
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different concentrations of different drugs acting on the glutamate or
kainate receptors [82]. The results showed that in skin and gills, a
three-hours exposure to 30-120 mM Glu resulted in a concentrationdependent increase of apoptosis. In internal brain, heart, intestine and
muscle, the effect was not progressive and a dramatic increase in
apoptotic activity after exposure with 120 mM Glu was observed. The
largest number of apoptotic cells was noticed in the skin and the gills.
At an exposition to 0.015-0.75 mM KA, PCDs were observed in all
tissues. The number of “Apostain”-stained cells was 9 to 34 times larger
than the control in the skin, the gills, the intestine, or the dorsal
muscle, according to the organ. The largest number of apoptotic cells
was noticed in the skin and the gills.
All these cases from recent research illustrate that amphibians, and
more especially X. laevis are useful models to study the regulation of
embryonic development.

The Interest of Amphibians to Study Proliferation
Apoptosis and Differentiation Throughout the Cyclic
Variations of Genital Tracts
Needing an aquatic environment for reproduction, amphibians
perform a lot of reproductive patterns narrowly linked to seasonal
alternations [1,86-89]. In Anurans, Urodelans or Caecilians, several
species perform continuous cycles in both males and females. In these
species, the genital tracts are always ready to start the reproduction
process. These animals are usually found in areas where the rainy
seasons do not return regularly from one year to the next, so they are
ready to breed at once rain occurs. In these species, testes always
contain all the stages of spermatogenesis and ovaries contain
vitellogenic oocytes ready to be laid. In females, the physiological
structure of oviduct is always the same with a flexuous anterior part
and another part in which the envelopes of oocytes are deposited [90].
In the three Orders, several species perform discontinuous cycles, in
males as well as in females [1,86-88]. In this particular case, the testes
can present a period at which spermatogenesis occurs contributing to
filling testes which are then ready for breeding. After breeding, testes
remain empty with only spermatogonia until the next period of
reproduction. In other species, after breeding, a stock of spermatozoa
is reconstituted in order to be used at the next period of breeding
which is often distant of several months. In females, vitellogenic
oocytes are evacuated at ovulation, then ovaries contain only nonvitellogenic oocytes, and vitellogenesis occurs before the period of
breeding. During the period of quiescence, the lumen of the oviduct is
bordered with undifferentiated cells with a high nucleocytoplasmic
ratio. When the preparation of breeding occurs, the epithelium
differentiates in several cell types surrounded with a connective tissue
also differentiated. In oviparous species, the oviduct finishes being
differentiated into several parts: pars convoluta, pars recta and pars
utera. These parts are bordered with gland cells which elaborate the
different layers of the envelope surrounding the future egg. In
oviparous Anurans and Urodelans, fertilization is external. Yet, it can
be internal in some Anurans (Ascaphus), Salamanders and newts with
the use of a spermatophore disposed on the ground by the male, which
is intromitted into the female cloaca [91]. In Caecilians, fertilization is
always internal, and the animal can be oviparous, viviparous, or directdeveloping [91]. In all the viviparous species, the oviduct is
differentiated in several parts, the first one is the part where
fertilization occurs, the posterior part being the uterine part in which
development occurs [86,89]. During these cycles, the oviducts are the
seat of several fundamental phenomena: cell differentiation,

Volume 4 • Issue 1 • 1000125

Citation:

Exbrayat JM, Brun C, de Montera B, Moudilou EN, Raquet M (2019) Amphibians as Models for the Study of Cell Proliferation,
Differentiation and Apoptosis throughout Embryonic Development and Oviduct Cycles. Mol Histol Med Physiol 4: 125.

Page 4 of 9
proliferation, and death. This makes the oviduct a good candidate to
look for epigenetic variations involved in differentiation and
morphologic modifications in response to environmental (seasonal)
change.

Differentiation of the oviducts
In all Amphibians, the female genital ducts begin with a ciliated
funnel opened into the general cavity. After ovulation, the oocytes
attempt the funnel after a more or less long progression into the
general cavity. In Anurans and Urodelans, the wall cells produce some
secretions which surround the oocyte. The nature of those secretions is
variable throughout the oviduct.
Among the Amphibians, several Caecilians species have been more
particularly investigated in order to understand the variations of
oviducts throughout the reproductive cycle [92-94].

Boulengerula taitanus is a direct-developing caecilian living in Taita
Hills (Kenya, Africa). It is characterized by a phase of quiescence from
March to August, followed with a phase of preparation to reproduction
in September and a phase of breeding from November to February
with 5-10 laid eggs [95]. Some morphological changes of the
epithelium bordering the lumen of the oviduct and the connective
tissue are observed throughout the year. Between November and
February, the oviduct exhibits the highest degree of development of
secretory cells. In the pars recta, the lumen is bordered with a
columnar epithelium composed of ciliated cells. Between the villi
forming some crypts, gland cells present a cytoplasm with tiny
granulations of sulfate and/or carboxylic acidic proteoglycans. The
secretion is certainly of the holocrine or apocrine type. In the pars
convoluta, the wall of the lumen has developed villi or rounded
fingerings. Its wall is bordered with ciliated cells intercalated with small
goblet cells filled with sulfate and carboxylic acidic proteoglycans.
Some gland cells situated in the crypts between the villi possess an
abundant often granular cytoplasm with blue-stained with azan
trichrome and PAS-positive secretions. The connective tissue is thick,
with wide blood vessels just under the crests of the villi. The lumen of
pars utera is bordered with flattened high crests covered with ciliated
cells. In the chorion, crypts contain glands with a single cell type. The
staining of the secretions of these cells showed the presence of both
sulfate and carboxylic acidic secretions. Wide blood vessels are also
observed in connective tissue. In the pars recta, the lumen is bordered
with a columnar epithelium composed of ciliated cells. Between the
villi forming some crypts, gland cells present a cytoplasm with tiny
granulations of sulfate and/or carboxylic acidic proteoglycans. The
secretion is certainly of the holocrine or apocrine type. Between March
and August, the oviduct is poorly developed. Whatever the part, the
epithelium bordering the narrow lumen has regressed. The nucleus of
several cell types appeared pyknotic. The lamina propria is narrow and
contains few blood vessels. In September-October, the oviduct
develops, the diameter of the lumen increases and the epithelium
becomes thickest. All the secretory cells increase in size and are filled
with secretions.
Typhlonectes compressicauda is an aquatic viviparous species living
in South America. A population coming from French Guyana has been
more particularly studied [96]. The females of these species present a
biennial sexual cycle. At the beginning of the first year of the cycle, in
October (middle of the dry season), the ovaries presented more and
more vitellogenic oocytes. At the beginning of the rainy season in
December, the females are ready to breed. Ovulation occurs in
February. After fertilization, the development of embryos occurs
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entirely into the uterus of females during 6-7 months. Parturition takes
place in September-October (dry season); 6-8 newborns can be
observed living near their mother into the mud. At this time, the
ovaries no longer contain any vitellogenic oocytes. The second year
begins with a new vitellogenesis, but next February, the ovulation does
not occur. Vitellogenic follicles degenerate and become atretic, the
ovaries decrease and remain inactive until the following October,
during which time a new process of vitellogenesis occurs [94].
The oviducts are submitted to seasonal variations. At ovulation, the
oocytes attain the tubal part of the oviduct. During sexual quiescence,
the wall surrounding the funnel or the lumen is bordered with a single
layer of undifferentiated cells, with a high nucleocytoplasmic ratio.
Just before ovulation, the connective tissue increases, and the
different parts of the oviduct differentiate. In the funnel, the epithelial
cells ciliate. At ovulation, some crests have developed limiting crypts
containing cells with protein secretions. After ovulation, the funnel
regresses. At the second year of the cycle, the funnel develops also in
December but it regresses at the theoretical time of ovulation. The
anterior tubal part of the oviduct develops at the beginning of the
cycle. The connective tissue has developed, vascularized and some
crests are observed in a direction to the lumen. Around the lumen, the
simple undifferentiated columnar epithelium becomes ciliated with
gland cells between the crests. In December-January, some cells with
sulfated mucus are found between the ciliated cells. At the beginning
of pregnancy, this anterior part regresses and remains thin. At the
beginning of the second year of the sexual cycle (October), the oviduct
again prepares for pregnancy, but it degenerates at the theoretical
period of ovulation. The uterine part has increased before ovulation.
The wall first bordered with undifferentiated epithelium develops with
cells equipped with microvilli, rounded ciliated cells and some gland
cells with acid mucus. The well-developed connective tissue forms
vascularized crests. At ovulation and at the beginning of pregnancy, a
lot of cells become secretory, producing acidic mucus which covered
ciliated cells. As the embryos grow, the uterine wall becomes
distended, the secretions of gland cells reduce, and the cells become
degraded. At the end of pregnancy, all the epithelial cells have
degenerated and the connective tissue remains nude. The epithelium of
the intra-uterine embryo’s gills is narrowly applied against this
connective tissue. After parturition, the uterine lumen becomes narrow
and bordered with an undifferentiated tissue. A new differentiation of
the uterus is observed at the beginning of the second year. The uterine
wall regressed at the theoretical period of ovulation. In the following
October, a new biennial cycle starts.

Apoptosis and proliferation in the oviduct
In B. taitanus, the percentage of proliferating cells visualized with
Ki67 antibody was the highest in September-October (period of
preparation to the breeding) and November-February (breeding), and
the lowest in March-August (period of quiescence). The percentage of
apoptotic cells visualized with TUNEL method or “Apostain” antibody,
was significant throughout the year. The balance between proliferating
and apoptotic cells varies throughout the year according to the part of
the oviduct. During March-August, the apoptotic cells are more
abundant than proliferating ones in the pars recta where they are lesser
abundant during the periods of preparation and breeding (15% to
22.4%). In pars convoluted, the total number of proliferating cells
fluctuates between the periods of rest and preparation (22% to 50%).
The variations of the different cell types have been particularly
investigated. In pars utera, the number of proliferating secretory cells,
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the most represented epithelial cells in this part, increases after the
period of quiescence (0% to 38%), and the number of apoptotic cells
increases after the period of preparation to breeding (45% to 56%).
During March-August (quiescence), the relative number of
proliferative secretory cells is lower (about zero) than the relative
number of apoptotic cells (50%). In pars convoluta and pars utera, no
Ki-67-positive secretory cells are observed during the period of
quiescence; they are visualized with the increasing number at next
periods of the cycle. In this part of the oviduct, both proliferating and
apoptotic cells are more frequent over the breeding period than over
the preparation period, and more frequent over the preparation period
than over the resting period [93].

These variations can be related to the reproductive physiology of the
animal. At pregnancy, the connective tissue of the uterus appears
rather in cell regression, while the epithelium multiplies. These
variations are certainly linked to the trophic functions ensured by the
female. A similar phenomenon has been already studied in some
salamanders [99]. In T. compressicauda, the embryos feed secretions of
the epithelium, they abrade it. After this phase of feeding, the embryos
become applied against the uterine wall. Their gills become vesiculous,
narrowly applied against the connective tissue of the uterine wall,
forming a placenta-like structure [100]. Therefore, the embryos
eroding the uterine wall might be the cause of the slowing apoptosis
and increased proliferation.

At the sexual rest period and at the preparation for breeding, the
goblet cells found in pars convoluta are not proliferating. During the
period of reproduction, the percentage of Ki-67 positive goblet cells
increases significantly throughout the year. The percentage of apoptotic
goblet cells decreases progressively during these same periods. So, in
these parts of the oviduct, apoptosis and proliferation increase after a
regression during sexual rest. That can be reliable to the holocrine
activity of these gland cells at breeding, the secretion of which
constitutes the egg gangues. The gangue surrounding the egg is
composed of two layers: an inner part situated against the egg which
composition is the same glycoproteic granulations found in the
secretory cells of the pars convoluta, and an external layer the
composition of which being the same granulations found in the
secretory cells of pars utera [94]. The ciliated and goblet cells facilitate
the transit of eggs after fertilization occurring in the anterior part of
the oviduct, like in other caecilian species [97,98].

In a general manner, the apoptosis/proliferation balance was
favorable to apoptosis at sexual rest except for the lamina propria of
the uterus. During the preparation for breeding, the apoptosis/
proliferation balance was favorable to proliferation. These cell
phenomena are consistent with the evolution of the oviduct
throughout the reproductive cycle. The primary phenomenon
indicating the starting-up of the development of the genital tract is
certainly the increase in cell number. But apoptosis is also involved in
the remodeling of the oviduct. In non-pregnant females, the genital
tract also presented proliferation and apoptosis, consequent to the lack
of corpora lutea.

In T. compressicauda, the proliferating cells were visualized with
Ki67 antibody, and the proliferating indexes calculated for connective
cells, and different epithelial cells (goblet, secretory, ciliated). In
pregnant females, the proliferation indexes are comprised between 7%
(connective cells) and 37% (epithelial cells). During the year of sexual
rest and the period of quiescence, these indexes strongly decrease. In
non-pregnant females, all the cells belonging to all tissues experience a
proliferation index near zero.
In the uterus, during preparation for reproduction, indexes are
12.5% for connective cells and about 36% for epithelial cells. During
the breeding period, the proliferation indexes are comprised between
20 % and 35% according to the cell type (connective cells, secretory
cells, ciliated cells). At quiescence, these indexes decrease [94].
Apoptotic cells were detected with the use of the TUNEL method or
“Apostain” antibody. In the tubal (anterior) part of the oviduct, during
the phase of preparation (October), the percentage of apoptotic cells is
comprised between 20% and 30%, whatever the cell type studied.
During the breeding period, apoptosis affects about a third of these
cells. During the year of quiescence, apoptosis affects a lesser number
of cells. At the end of each year, the percentage of apoptotic cells
increases. At the breeding season, proliferation rates are observed close
to those of apoptosis throughout the genital tract, suggesting a
turnover of cells in all tissues.
In the uterus, at the end of each year of the cycle, apoptosis affects
about 45% of connective cells, and 25% to 33% epithelial cells
(secretory and ciliated cells). In pregnant females, the percentage of
apoptosis decreases. Programmed death affects more connective cells
(36%) than epithelial ones (secretory and ciliated cells). During
quiescence, apoptosis is also low in connective cells, 18.4% of secretory
cells as well as secretory and ciliated cells.
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These variations are under the hormonal control of the ovary and
pituitary gland [101-103]. These observations suggest a different
regulation in comparison to the seasonal sexual rest.

Sexual cycles and hormonal regulation in T. compressicauda
Among the species well-studied, T. compressicauda has been the
subject of research devoted to studying the endocrinal regulation of
sexual cycles. In females, the study of the pituitary gland showed that
gonadotrophic and lactotrophic cells are narrowly linked to the sexual
cycles. These cells increase in size during the phase of preparation to
reproduction then they reach a maximal value at ovulation (February).
During pregnancy, the cells decrease progressively to reach a minimal
value at parturition. A new increase is observed at the new period of
reproduction but after having reached a new maximal value at the
theoretical period of ovulation, they strongly decrease. A new cycle
begins at the end of this second year. An in situ hybridization study
shows an increase of mRNAs encoding PRL at the onset of pregnancy,
and RNAs encoding for PRL receptors were visualized in the corpora
lutea, showing a direct relationship between corpora lutea and
pituitary gland.
In ovaries, 17β estradiol, estrone, and progesterone were researched
throughout the sexual cycle. At the phase of reproduction preparation,
the granulosa cells surrounding the vitellogenic oocytes become
voluminous, with the presence of estrogenic hormones. At pregnancy,
after ovulation, the empty follicles bring on corpora lutea, the
structure, and evolution of which having well studied previously. These
corpora lutea become vascularized and the presence of progesterone is
detected. Like previously said, the cells presented also mRNAs
encoding for PRL receptors. At parturition, corpora lutea regressed. At
the second year of the cycle, the oocytes enter in vitellogenesis and
follicles develop. But at the theoretical period of ovulation, the
vitellogenic oocytes degenerate and follicles became atretic.
Animals live in swamped savanna in the rainy season and in lowlevel water or sometimes buried in the muddy ground in a dry season.
When animals are submitted in an artificial seasonal cycle without any
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period of exondation, the female reproductive cycles are disrupted,
becoming no-synchronized with males cycles [103]. The kidneys show
morphometrical and histological variations according to the season
[104], mesotocin and vasotocin are present in the brain [104], and
their receptors are observed in the kidney [104]. In several species, a
link between the hormones of hydromineral regulation and breeding
has been documented [105-109]. The fact that T. compressicauda is
submitted to a cycle of seasons permits to use it as a model to search a
link between hydromineral regulation and reproduction [110].
The hormonal regulation of oviduct variation during the sexual
cycle has been also investigated in B. taitanus. In this species, the
presence of 17β estradiol, estrone and progesterone has been visualized
using the immunohistochemical method. The distribution of these
hormones is comparable to that of T. compressicauda [111]. The
presence of the receptor of 17β estradiol has been revealed in both
ovaries and oviducts. In ovaries, α and β receptors have been detected
in somatic cells with different ratios between the two receptors,
according to the cell type. This ratio also varied throughout the sexual
cycle, suggesting the existence of a link between the β receptor
involved in vitellogenesis maintenance throughout the year and the
seasonal modulations of granulosa development.
In the oviducts, the regulation of cyclic variations is under the
control of ovarian hormones. α and β receptors of 17ß estradiol have
been visualized in both nucleus and cytoplasm of cells belonging to
various tissues. So, a pleiotropic action of 17ß estradiol can be
highlighted, as well as the existence of action not only genomic but also
metabolic and probably epigenetic.

Conclusion
To conclude, it is obvious that amphibians are interesting models to
understand several physiological phenomena. Since a long time,
amphibians have been models to studying anatomical, histological
aspects of development or differentiation of sexual organs, then
hormonal regulation of metamorphosis or differentiation/
dedifferentiation of sexual organs. These same animals are also models
to study the effects of environmental factors. Today, it seems important
to consider the epigenetic factors which certainly can explain
relationships between the variations of organs (development, cyclic
variations) and the variations of environmental factors. Amphibians
performing a development directly in the external environment, or
being submitted to the variations of the season to breed, are excellent
models to study these more recent aspects of gene expression
throughout these physiological phenomena.
Amphibian species may be proposed such as models to understand
the importance of cell proliferation, differentiation, and death. Here we
show specific aspects of amphibian development such as the regulation
of proliferation, differentiation, and apoptosis during metamorphosis
and also very particular aspects of the same processes during the
preparation for reproduction, notably in Caecilians. Caecilians, also
called Gymnophionans, as lengthening, burrowing or aquatic species,
display a specific adaptation to their local environment which is
illustrated by modifications in genital organs in response to
environmental changes. The genital changes include a change in cell
count, in cell type, in tissue differentiation, and in cell and/or organ
morphology, as it was described here for the oviducts for example. The
genital changes recapitulate a seasonal cycle in females which makes
the oviduct a good candidate to address the mechanisms underlying
the interplay of environmental features (humidity, temperature, food),
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metabolic regulation (hydromineral balance) and cell or tissue
adaptation (preparation for breeding).
Epigenetics is known to be the molecular exploration of the
variations occurring in response to environmental change without
changing the DNA structure, these variations being heritable via
mitosis or meiosis and reversible [112]. Herpetofauna (amphibians and
reptiles) represent important sentinel and indicator species for
environmental and ecosystem health. Environmental stimuli influence
gene activity, and there is growing evidence demonstrating that an
important mechanism is through modulation of the epigenome [113].
Moreover, methylation has been shown to help to reveal epigenetic
plasticity in response to developmental or environmental constraints
[114,115].
Cytosine methylation (5mC) is involved in three vital biological
processes in Mammals: embryogenesis, genomic imprinting and the
regulation of transcription [116-119]. 5-hydroxymethylcytosine
(5hmC). Recently detected in mice, rats, rabbits, and cattle [120-124]
and also in amphibians [125], is reported to regulate developmental
processes, neurogenesis and cellular differentiation [126,127]. Yet, if
the contribution of epigenetics in a developmental context is well
established, which genomic sites are changing and what are the
contributions of methylation and hydroxymethylation to the epigenetic
plasticity in response to seasonal change is still poorly documented.
Here we found in Caecilians, a model to study epigenetic plasticity
involved in differentiation and morphologic modifications in response
to seasonal change. Studying how epigenetics contribute to the
adaptation of organisms has now become a priority in order to bring
new insights into the understanding of epigenetic adaptability in
Vertebrates in a period of climatic change.

Acknowledgment
The works cited have been supported by the Lyon Catholic
University. The authors thank Ms. Marie-Thérèse Laurent and Ms.
Caroline Bouchot for their technical assistance. They also thank the
students who participated in the study of punctual aspects of
reproduction and development of the amphibian models.

References
1.
2.
3.
4.
5.
6.
7.
8.

Duellmann WE, Trueb L (1986) Biology of Amphibians. McGraw Hill,
New York, St Louis, San Francisco.
Exbrayat JM (2018) From oviparity to marsupialism: Strange modes of
reproduction in amphibians. Int J Zool Anim Biol 1: 000109.
Aristote (1979) Generation of animals. Translation of A.L. Peck. Loeb
Classical Libr, Harvard Univ Press, Cambridge, London.
de Wit HCD (1992) Histoire du développement de la biologie. Presses
polytechniques et universitaires romandes, Lausanne, CH.
Exbrayat JM, Moudilou EN, Abrouk L, Brun C (2012) Apoptosis in
amphibian development. Adv Biosci Biotechnol 3: 669-678.
Needham J (1959) A history of embryology. Cambridge University Press,
Cambridge.
Devillers J, Exbrayat JM (1992) Ecotoxicity of chemicals to amphibians.
Handbooks of ecotoxicological data. Gordon and Breach Science
Publishers, Philadelphia, Reading, Paris, Montreux, Tokyo, Melbourne.
Gomes A, Giri B, Saha A, Mishra R, Dasgupta SC, et al. (2007) Bioactive
molecules from amphibian skin: their biological activities with reference
to therapeutic potentials for possible drug development. Indian J Exp Biol
45: 579-593.

Volume 4 • Issue 1 • 1000125

Citation:

Exbrayat JM, Brun C, de Montera B, Moudilou EN, Raquet M (2019) Amphibians as Models for the Study of Cell Proliferation,
Differentiation and Apoptosis throughout Embryonic Development and Oviduct Cycles. Mol Histol Med Physiol 4: 125.

Page 7 of 9
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.

24.

25.

26.

27.

28.

29.

Brand GD, Santos RC, Arake LM, Silva VG, Veras LMC, et al. (2013) The
skin secretion of the amphibian Phyllomedusa nordestina : A source of
antimicrobial and antiprotozoal peptides. Molecules 18: 7058-7070.
Sive HL, Grainger RM, Harland RM (2001) Early Development of
Xenopus laevis: A laboratory manual. Cold spring harbor laboratory
press. NY.
Estabel J, Mercer A, Koenig N, Exbrayat JM (2003) Programmed cell
death in Xenopus laevis spinal cord, tail and other tissues, prior to, and
during, metamorphosis. Life Sci 73: 3297-3306.
Estabel J, König N, Shiokawa K, Exbrayat JM. Apoptosis in xenopus
genus. Research Signpost: Kerala, India. 2005:147-56.
Nieuwkoop PD, Faber J (1967) Normal table of Xenopus laevis (Daudin).
Amsterdam: North Holland Publishing Company.
Schreiber AM, Cai L, Brown DD (2005) Remodeling of the intestine
during metamorphosis of Xenopus laevis. Proc Nat Acad Sci 102:
3720-3725.
Nakajima K, Fujimoto K, Yaoita Y (2005) Programmed cell death during
amphibian metamorphosis. Semin Cell and Dev Biol 16: 271-280.
Hensey C, Gautier J (1998) Programmed cell death during xenopus
development: A spatio-temporal analysis. Dev Biol 203: 36-48.
Imoh H (1986) Cell death during normal gastrulation in the newt,
Cynops pyrrhogaster. Cell Differ 19: 35-42.
Hensey C, Gautier J (1997) A developmental timer that regulates
apoptosis at the onset of gastrulation. Mech Dev 69: 183-195.
Hensey C, Gautier J (1999) Developmental regulation of induced and
programmed cell death in Xenopus embryos. Ann NY Acad Sci 887:
105-119.
Greenwood J, Gautier J (2005) From oogenesis through gastrulation:
developmental regulation of apoptosis. Semin Cell Dev Biol 16: 215-224.
Stack JH, Newport JW (1997) Developmentally regulated activation of
apoptosis early in Xenopus gastrulation results in cyclin A degradation
during interphase of the cell cycle. Development 124: 3185-3195.
Sible JC, Anderson JA, Lewellyn AL, Maller JL (1997) Zygotic
transcription is required to block a maternal program of apoptosis in
Xenopus embryos. Dev Biol 189: 335-346.
Shiokawa K, Kai M, Higo T, Kaito C, Yokoska J, et al. (2000) Maternal
program of apoptosis activated shortly after midblastula transition by
overexpression of S-adenosylm-ethionine decarboxylase in Xenopus early
embryos. Comp Biochem Physiol B: Biochem Mol Biol 126: 149-155.
Zhang B, Denomme MM, White CR, Leung KY, Lee MB, et al. (2015)
Both the folate cycle and betaine-homocysteine methyltransferase
contribute methyl groups for DNA methylation in mouse blastocysts.
FASEB J 29: 1069-1079.
Lozoya OA, Martinez-Reyes I, Wang T, Grenet D, Bushel P, et al. (2018)
Mitochondrial nicotinamide adenine dinucleotide reduced (NADH)
oxidation links the tricarboxylic acid (TCA) cycle with methionine
metabolism and nuclear DNA methylation. PLoS Biol 16: e2005707.
Kaito C, Kai M, Higo T, Takayama E, Fukamachi H, et al. (2001)
Activation of the maternally preset program of apoptosis by
microinjection of 5-aza-2'-deoxycytidine and 5-methyl-2'-deoxycytidine-5'-triphosphate in Xenopus laevis embryos. Dev Growth
Differ 43: 383-390.
Takayama E, Higo T, Kai M, Fukasawa M, Nakajima K, et al. (2004)
Involvement of caspase-9 in execution of the maternal program of
apoptosis in Xenopus late blastulae overexpressed with Sadenosylmethionine decarboxylase. Biochem Biophys Res Commun 325:
1367-1375.
Kai M, Kaito C, Fukamachi H, Higo T, Takayama E, et al. (2003)
Overexpression of S-adenosylmethionine decarboxylase (SAMDC) in
Xenopus embryos activates maternal program of apoptosis as a “fail-safe”
mechanism of early embryogenesis. Cell Res 13: 147-158.
Wroble BN, Sible JC (2005) Chk2/Cds1 protein kinase blocks apoptosis
during early development of Xenopus laevis. Dev Dyn 233: 1359- 1365.

30.
31.

32.
33.
34.
35.
36.
37.
38.
39.
40.

41.
42.
43.
44.
45.
46.
47.
48.
49.

50.
51.
52.

Mol Histol Med Physiol, an open access journal
J Mol Histol Med Physiol

Ruzov A, Shorning B, Mortusewicz O, Dunican DS, Leonhard TH, et al.
(2009) MBD4 and MLH1 are required for apoptotic induction in
xDNMT1- depleted embryos. Development 136: 2277-2286.
De Marco N, Campanella C, Carotenuto R (2011) In X. laevis embryos
high levels of the anti-apoptotic factor p27BBP/eIF6 are stagedependently found in BrdU and TUNEL-reactive territories. Zygote 19:
157-163.
Schuff M, Siegel D, Bardine N, Oswald F, Donow C, et al. (2010) FoxO
genes are dispensable during gastrulation but required for late
embryogenesis in Xenopus laevis. Developmental Biology 15: 259-273.
Trindade M, Messenger N, Papin C, Grimmer D, Fairclough L, et al.
(2003) Regulation of apoptosis in the Xenopus embryo by Bix3.
Development 130: 4611-4622.
Wallingford JB, Seufert DW, Virta VC, Vize PD (1997) p53 activity is
essential for normal development in Xenopus. Curr Biol 7: 747-757.
Malikova MA, Van Stry M, Symes K (2007) Apoptosis regulates
notochord development in Xenopus. Dev Biol 311: 434-448.
Andreazzoli M, Gestri G, Angeloni D, Menna E, Barsacchi G (1999) Role
of Xrx1 in Xenopus eye and anterior brain development. Development
126: 2451-2460.
Yeo W, Gautier J (2003) A role for programmed cell death during early
neurogenesis in Xenopus. Dev Biol 260: 31-45.
Kim GH, Park E, Han JK (2005) The assembly of POSH-JNK regulates
Xenopus anterior neural development. Dev Biol 286: 256-269.
Sugimoto K, Okabayashi K, Sedohara A, Hayata T, Asashima M (2007)
The role of XBtg2 in Xenopus neural development. Dev Neurosci 29:
468-479.
Tribulo C, Aybar M, Sanchez SS, Mayor R (2004) A balance between the
anti-apoptotic activity of Slug and the apoptotic activity of msx1 is
required for the proper development of the neural crest. Dev Biol 275:
325-342.
Mayor R, Guerrero N, Young RM, Gomez-Skarmeta JL, Cuellar C (2000)
A novel function for the Xslug gene: Control of dorsal mesendoderm
development by repressing BMP-4. Mech Dev 97: 47-56.
Carl TF, Dufton C, Hanken J, Klymkowsky MW (1999) Inhibition of
neural crest migration in Xenopus using antisense slug RNA. Dev Biol
213: 101-115.
Aybar MJ, Nieto A, Mayor (2003) Snail precedes slug in the genetic
cascade required for the specification and migration of the Xenopus
neural crest. Development 30: 483-494.
La Bonne C, Bronner-Fraser M (2000) Snail-related transcriptional
repressors are required in Xenopus for both the induction of the neural
crest and its subsequent migration. Dev Biol 221: 195-205.
Schneider M, Schambony A, Wedlich D (2010) Prohibitin1 acts as a
neural crest specifier in Xenopus development by repressing the
transcription factor E2F1. Development 137: 4073-4081.
De Marco N, Iannone L, Carotenuto R, Biffo S, Vitale A, et al. (2010)
p27(BBP)/eIF6 acts as an anti-apoptotic factor upstream of Bcl-2 during
Xenopus laevis development. Cell Death Differ 17: 360-372.
Hutson LD, Bothwell M (2001) Expression and function of Xenopus
laevis p75(NTR) suggest the evolution of developmental regulatory
mechanisms. J Neurobio 49: 79-98.
Poitras L, Bisson N, Islam N, Moss T (2003) A tissue-restricted role for
the Xenopus Jun N-terminal kinase MLK2 in cement gland and
pronephric tubule differentiation. Dev Biol 254: 200-214.
Kerr JFR, Harmon B, Searle J (1974) An electron microscope study of cell
deletion in the Anuran tadpole tail during spontaneous metamorphosis
with special reference to apoptosis of striated tail muscle fibres. J Cell Sci
14: 571-585.
Hughes AF (1961) Cell degeneration in the larval ventral horn of
Xenopus laevis. J Embryol Exp Morpholo 9: 269-284.
Gaze RM, Grant P Spatio-temporal patterns of retinal ganglion cell death
during Xenopus development. J Comp Neurobiol 315: 264-274.
Udin SB, Grant S (1999) Plasticity in the tectum of Xenopus laevis:
Binocular maps. Prog Neurobiol 59: 81-106.

Volume 4 • Issue 1 • 1000125

Citation:

Exbrayat JM, Brun C, de Montera B, Moudilou EN, Raquet M (2019) Amphibians as Models for the Study of Cell Proliferation,
Differentiation and Apoptosis throughout Embryonic Development and Oviduct Cycles. Mol Histol Med Physiol 4: 125.

Page 8 of 9
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.

66.
67.

68.

69.
70.
71.

72.
73.
74.

Robert A, Clarke JDW (1982) The neuroanatomy of an Amphibian
embryo spinal cord. Philos Trans R Soc London B 296: 195-212.
Lamborghini JE (1987) Disappearance of Rohon-Beard neurons from the
spinal cord of Xenopus laevis. J Comp Neurobiol 264: 47-55.
Coen L, Du Pasquier D, Le Mevel S., Brown S, Tata J, et al. (2001)
Xenopus Bcl-X(L) selectively protects Rohon-Beard neurons from
metamorphic degeneration. Proc Natl Acad Sci 98: 7869-7874.
Cruz-Reyes J, Tata JR (1991) Cloning, characterization and expression of
two Bcl-2 like cell survival genes. Gene 58: 171-179.
Nakajima K, Yaoita Y (2003) Dual mechanisms governing muscle cell
death in tadpole tail during amphibian metamorphosis. Dev Dyn 227:
246-255.
Nishikawa A, Hayashi H (1995) Spatial, temporal and hormonal
regulation of programmed muscles cell death during metamorphosis of
the frog Xenopus laevis. Differentiation 59: 207-214.
Sachs LM, Abdallah B, Hassan A, Levi G, Read JC, et al. (1997) Apoptosis
in Xenopus tadpole tail muscles involves Bax-dependent pathways.
FASEB J 11: 801-808.
Das B, Schreider AM, Huang H, Brown DD (2002). Multiple thyroid
hormone-induced muscle growth and death programs during
metamorphosis in Xenopus laevis. Proc Natl Acad Sci 99: 12230-12235.
Rowe I, Le Blay K, Du Pasquier D, Palmier K, Levi G, et al. (2005)
Apoptosis of tail muscle during amphibian metamorphosis involves a
caspase 9-dependent mechanism. Dev Dyn 233: 76-87.
Shi YB, Ishizuya-Oka A (1996) 7 Biphasic intestinal development in
amphibians: embryogenesis and remodeling during metamorphosis. Curr
Top Dev Biol 32: 205-235.
Shi YB, Ishizuya-Oka A (1997) Autoactivation of Xenopus thyroid
hormone receptor beta genes correlates with larval epithelial apoptosis
and adult cell proliferation. J Biomed Sci 4: 9-18.
Shi YB, Ishizuya-Oka A (2000) Thyroid hormone regulation of apoptotic
tissue remodeling: Implications from molecular analysis of amphibian
metamorphosis. Progr in Nucleic Acid Res Mol Biol 65: 53-100.
Ishizuya-Oka A, Ueda S, Inokuchi T, Amano T, Damjanovski S, et al.
(2001) Thyroid hormone-induced expression of sonic hedgehog
correlates with adult epithelial development during remodeling of the
Xenopus stomach and intestine. Differentiation 69: 27-37.
Ishizuya-Oka A, Ueda S (1996) Apoptosis and cell proliferation in the
Xenopus small intestine during metamorphosis. Cell Tissue Res 286:
467-476.
Kaltenbach JC, Fry AE, Colpitts KM, Faszewski EE (2012) Apoptosis in
the digestive tract of herbivorous Rana pipiens larvae and carnivorous
Ceratophrys ornata larvae: an immunohistochemical study. J Morphol
273: 103-108.
Hasebe T, Kajita M, Fujimoto K, Yaoita Y, Ishizuya-Oka A (2007)
Expression profiles of the duplicated matrix metalloproteinase-9 genes
suggest their different roles in apoptosis of larval intestinal epithelial cells
during Xenopus laevis metamorphosis. Dev Dyn 236: 2338-2345.
Ishizuya-Oka A, Shi YB (2005) Molecular mechanisms for thyroid
hormone-induced remodeling in the amphibian digestive tract: A model
for studying organ regeneration. Dev Growth Differ 47: 601-607.
Schreiber AM, Brown DD (2003) Tadpole skin dies autonomously in
response to thyroid hormone at metamorphosis. Proc Natl Acad of Sci
100: 1769-1774.
Tamori Y, Wakahara M (2000) Conversion of red blood cells (RBCs) from
the larval to the adult type during metamorphosis in Xenopus: Specific
removal of mature larval-type RBCs by apoptosis. Int J Dev Biol 44:
373-380.
Toyota H, Yanase N, Yoshimoto T, Moriyama M, Sudo T, et al. (2003)
Calpain-induced Bax-cleavage product is a more potent inducer of
apoptotic cell death than wild-type Bax. Cancer Lett 189: 221-230.
Yajima Y, Kawashima S (2002) Calpain function in the differentiation of
mesenchymal stem cells. Biol Chem 383: 757-764.
Arthur JS, Elce JS, Hegadorn C, Williams K, Greer PA (2000) Disruption
of the murine calpain small subunit gene, CAPN4: calpain is essential for

Mol Histol Med Physiol, an open access journal
J Mol Histol Med Physiol

75.
76.
77.
78.
79.
80.
81.
82.

83.
84.
85.
86.
87.
88.
89.
90.
91.

92.
93.

94.

95.
96.

embryonic development, but not for cell growth and division. Mol Cell
Biol 20: 4474-4481.
Zimmerman UJ, Boring L, Pak JH, Mukerjee N, Wang KK (2000) The
calpain small subunit gene is essential: its inactivation results in
embryonic lethality. IUBMB Life 50: 63-68.
Dutt P, Croall DE, Arthur JS, Veyra TD, Williams K, et al. (2006) mcalpain is required for preimplantation embryonic development in mice.
BMC Dev Biol 6: 3.
Ono Y, Sorimachi H (2012) Calpains: An elaborate proteolytic system.
Biochim et Biophys Acta 1824: 224-236.
Cao Y, Zhao H, Grunz H (2001) XCL-2 is a novel m-type calpain and
disrupts morphogenetic movements during embryogenesis in Xenopus
laevis, Dev Growth Differ 43: 563-571.
Abrouk-Vérot L, Brun C, Exbrayat JM (2013) Expression patterns of
CAPN1 and CAPN8b genes during embryogenesis in Xenopus laevis.
CellBio 2: 211-216.
Moudilou EN, Mouterfi N, Exbrayat JM, Brun C (2010) Calpains
expression during Xenopus laevis development. Tissue Cell 42: 275-281.
Estabel J, Exbrayat JM (2002) Localisation des récepteurs AMPA/kaïnate
dans les organes périphériques chez Xenopus laevis par
immunohistochimie. Revue Française d’Histotechnologie 15: 9-14.
Brun C, Moudilou EN, Bouchot C, Abrouk-Vérot L, Exbrayat JM (2014)
Relationships between calpains and glutamate or kainate-induced
apoptosis in Xenopus laevis tadpoles. Folia Histochem Cytobiologica 51:
300-311.
Moudilou E, Poirier AL, Brun C, Exbrayat JM (2009) 09-P057 Calpains
expression during Xenopus laevis development. Mech Dev 126: S167.
Sorimachi H, Ono Y (2012) Regulation and physiological roles of the
calpain system in muscular disorders. Cardiovascular Research 96: 11-22.
Perrin BJ, Huttenlocher A (2002) Calpain. Int J Biochem Cell Biol 34:
722-725.
Ogielska M (2009) Reproduction of Amphibians. Science Publishers,
Enfield, Jersey, Plymouth.
Jamieson BGM (2003) Reproductive biology and phylogeny of Anura.
Science Publishers, Enfield, Plymouth.
Sever M (2003) Reproductive biology and phylogeny of Urodela. Science
Publishers, Enfield, Plymouth.
Exbrayat JM. Reproductive biology and phylogeny of Gymnophiona
(Caecilians). Science Publishers, Enfield, Jersey, Plymouth.
Kisserli O, Moudilou E, Exbrayat JM (2017) Sexual cycle and seasonal
expression of testosterone (T) in the testes of Sclerophrys mauritanica
(Schlegel, 1841). Afr J Herpetol 66: 106-121.
Vitt J, Caldwell JP (2009) Herpetology-an introductory biology of
amphibians and reptiles. Academic Press, Amsterdam, Boston,
Heidelberg, London, New York, Oxford, Paris, San Diego, San Francisco,
Singapore, Sydney, Tokyo.
Taylor EH (1968) The Caecilians of the world: a taxonomic review.
University of Kansas, Lawrence.
Brun C, Raquet MA, Measey GJ, Exbrayat JM (2017) Cyclic variation of
the oviduct structure of Boulengerula taitana, an oviparous species of
Gymnophiona: morphological changes, proliferation and apoptosis. Afr J
Herpetol 66: 93-105.
Raquet M, Brun C, Exbrayat JM (2017) Patterns of apoptosis and
proliferation throughout the biennial reproductive cycle of viviparous
female Typhlonectes compressicauda (Amphibia, Gymnophiona). Int J
Mol Sci 18: 16.
Malonza PK, Measey GJ (2005) Life history of an African caecilian,
Boulengerula taitanus Loveridge 1935 (Amphibia, Gymnophiona,
Caeciliidae). Trop Zool 18: 49-66.
Exbrayat JM, Estabel J (2006) Anatomy with particular reference to the
reproductive system. In: Exbrayat JM. Reproductive Biology and
Phylogeny of Gymnophiona. Science Publishers, Enfield, Jersey,
Plymouth 79-155.

Volume 4 • Issue 1 • 1000125

Citation:

Exbrayat JM, Brun C, de Montera B, Moudilou EN, Raquet M (2019) Amphibians as Models for the Study of Cell Proliferation,
Differentiation and Apoptosis throughout Embryonic Development and Oviduct Cycles. Mol Histol Med Physiol 4: 125.

Page 9 of 9
97.
98.
99.
100.
101.
102.
103.

104.
105.
106.
107.
108.
109.
110.
111.
112.

Raquet M, Measey J, Exbrayat JM (2011) Premières observations
histologiques de l'oviducte de Boulengerula taitanus, Loveridge, 1935,
Amphibien Gymnophione. Revue Française d’Histotechnol 24: 29-38.
Exbrayat JM (2006) Endocrinology of reproduction. In: Exbrayat JM.
Reproductive Biology and Phylogeny of Gymnophiona. Science
Publishers 183-229.
Greven H (2003) Oviduct and egg-jelly In: Sever M. Reproductive biology
and phylogeny of Urodela. Science Publishers, Enfield, Plymouth
151-181.
Exbrayat JM, Hraoui-Bloquet S (2006) Viviparity in Typhlonectes
compressicauda. In: Exbrayat JM. Reproductive Biology and Phylogeny of
Gymnophiona. Science Publishers, Enfield, Jersey, Plymouth 325-357.
Thompson EB (1994) Apoptosis and steroid hormones. Mol Endocrinol
8: 665-673.
Rastogi R, Iela L, di Meglio M, di Fiore MM, d’Aniello B, et al (2005)
Hormonal regulation of reproductive cycles in amphibians. In: Heatwole
H. Amphibian Zool 6: 2045-2177.
Exbrayat JM, Laurent MT (1986) Q uelques observations sur la
reproduction en élevage de Typhlonectes compressicaudus Amphibien
Apode vivipare. Possibilité de rythmes endogènes. Bull Soc Herp Fr 40:
52-62.
Yousef M (2016) Demonstration of some relations between the regulation
of the hydromineral balance and the reproduction cycles in amphibians.
UDL, France.
Boyd SK (1994) Arginine vasotocin facilitation of advertisement calling
and call phonotaxis in bullfrogs. Hormones Behav 28: 232-240.
Do-Rego L, Acharjee S, Seong JY, Galas L, Alexandre D, et al. (2006)
Vasotocin and mesotocin stimulate the biosynthesis of neurosteroids in
the frog brain. J Neurosci 26: 6749-6760.
Goodson JL, Bass AH (2001) Social behavior functions and related
anatomical characteristics of vasotocin/vasopressin systems in
vertebrates. Brain Res Rev 35: 246-265.
Moore FL, Lowry CA (1998) Comparative neuroanatomy of vasotocin
and vasopressin in amphibians and other vertebrates. Comp Biochem
Physio C 119: 251-260.
Semsar K, Kandel F.L, Godwin J (2001) Manipulations of the AVT system
shift social status and related courtship and aggressive behavior in the
bluehead wrasse. Hormones Behav 40: 21-31.
Yousef M, Moudilou EN, Kadji H, Exbrayat JM (2018) Study of the
hydromineral regulation of Typhlonectes compressicauda according to
the seasonal variation. Folia Histochemica Cytobiologica 56: 172-183.
Raquet M (2014) Seasonal variation and hormonal regulation of the
female genital tract in an oviparous amphibian and a viviparous
amphibian. EPHE, France.
Holliday R (1989) DNA methylation and epigenetic mechanisms. Cell
Biophys 15: 15-20.

Mol Histol Med Physiol, an open access journal
J Mol Histol Med Physiol

113. Hammond SA, Nelson CJ, Helbing CC (2016) Environmental influences
114.

115.
116.
117.
118.
119.
120.
121.
122.
123.

124.
125.

126.
127.

on the epigenomes of herpetofauna and fish. Biochem Cell Biol 94:
95-100.
de Montera B, El Zehery D, Müller S, Jammes H, BremG, et al. (2010)
Quantification of Leukocyte genomic 5-Methylcytosine levels reveals
Epigenetic Plasticity in Healthy Adult Cloned Cattle. Cell
Reprogramming 12: 175-181.
Bossdorf O, Richards CL Pigliucci M (2007) Epigenetics for ecologists.
Ecol Lett 11.
Ehrlich M, Buchanan KL, Tsien F, Jiang G, Sun B, et al. (2001) DNA
methyltransferase 3B mutations linked to the ICF syndrome cause
dysregulation of lymphogenesis genes. Hum Mol Genet 10: 291-2931.
Reik W (2007) Stability and flexibility of epigenetic gene regulation in
mammalian development. Nature 447: 425-432.
Lister R, Ecker JR (2009) Finding the fifth base: genome-wide sequencing
of cytosine methylation. Genome Res 19: 959-966.
Feng S, Jacobsen SE, Reik W (2010) Epigenetic reprogramming in plant
and animal development. Science 330: 622-627.
Penn NW, Suwalski R, O’Riley C. Bojanowski K, Yura R (1972) The
presence of 5-hydroxymethylcytosine in animal deoxyribonucleic acid.
Biochem J 126: 781-790.
Illingworth RS, Bird AP (2009) CpG islands ‘a rough guide’. FEBS Lett
583: 1713-1720.
Tahiliani M, Koh KP, Shen Y, Pastor WA, Bandukwala H, et al. (2009)
Conversion of 5-methylcytosine to 5-hydroxymethylcytosine in
mammalian DNA by MLL partner TET1. Science 324: 930-935.
Robertson J, Robertson AB, Klungland A (2011) The presence of 5hydroxymethylcytosine at the gene promoter and not in the gene body
negatively regulates gene expression. Biochem Biophys Res Commun 411:
40-43.
Wossidlo M, Nakamura T, Lepikhov K, Marques CJ, Zakhartchenko V, et
al. (2011) 5-Hydroxymethylcytosine in the mammalian zygote is linked
with epigenetic reprogramming. Nat Commun 2: 241.
Almeida RD, Sottile V, Loose M, De Sousa PA, Johnson AD, et al. (2012)
Semi-quantitative immunohistochemical detection of 5-hydroxymethylcytosine reveals conservation of its tissue distribution between
amphibians and mammals. Epigenetics 7: 137-140.
Xu Y, Wu F, Tan L, Kong L, Xiong L, et al. (2011) Genome-wide
regulation of 5hmC, 5mC, and gene expression by Tet1 hydroxylase in
mouse embryonic stem cells. Mol Cell 42: 451-464.
de Montera B, Fournier E, Shojaei Saadi HA, Gagné D, Laflamme I, et al
(2013) Combined methylation mapping of 5mC and 5hmC during early
embryonic stages in bovine. BMC Genomics 14: 406.

Volume 4 • Issue 1 • 1000125

