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Abstract: Metallothioneins (MTs) are an evolutionary conserved multigene family of proteins whose
role was initially identified in binding essential metals. The physiological role of MT, however,
has been revealed to be more complex than expected, since not only are MTs able to bind to toxic heavy
metals, but many isoforms have shown specialized and alternative functions. Within this uncertainty,
the information available on MTs in non-mammalian vertebrates, particularly in neglected tetrapods
such as the reptiles, is even more scant. In this review, we provide a summary of the current
understanding on metallothionein presence and function in the oviparous lizard Podarcis sicula,
highlighting the results obtained by studying MT gene expression in most representative adult and
embryonic tissues. The results demonstrate that in adults, cadmium induces MT transcription in
a dose- and tissue-specific manner. Thus, the MT mRNAs appear, at least in some cases, to be an
unsuitable tool for detecting environmental ion contamination. In early embryos, maternal RNAs
sustain developmental needs for MT protein until organogenesis is well on its way. At this time,
transcription starts, but again in a tissue- and organ-specific manner, suggesting an involvement in
alternative roles. In conclusion, the spatiotemporal distribution of transcripts in adults and embryos
definitively confirms that MT has deserved the title of elusive protein.
Keywords: Podarcis sicula metallothionein; gene expression; in situ hybridisation; embryonic
development; cadmium; oogenesis; spermatogenesis

1. Introduction
Since its discovery in 1957 from horse kidney as a cadmium-binding protein [1], metallothionein
(MT) functions have been associated with metal micronutrients homeostasis and heavy metals
detoxification [2]. Despite many studies aimed at validating the use of MT as a good biomarker of
heavy metal contamination, increasing evidence demonstrates the involvement of this protein in many
normal or pathological cellular processes, so that MT has deserved the title of elusive protein [3,4].
Found in all the eukaryotic taxa [5], MT has been extensively studied in invertebrates and
vertebrates, both at the evolutionary and structural levels [6–10]. Among vertebrates, MT studies are
particularly numerous on mammals, while within the lower vertebrates, the MTs have been studied in
greater detail only in fish, in relation to their detoxifying capacity and the significant metal pollution
of the aquatic environment [6,11,12].
Metallothioneins belong to a multigenic family. In mammals, four tandemly clustered genes (MT1
to MT4) have been identified, with MT1 and MT2 being present in almost all tissues, and MT3 and
MT4 being more abundant in neuronal and epithelial cells, respectively [13,14]. In addition, MT1 has
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Figure 1. Adult specimens of Podarcis sicula during copulation.
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Taken together, data indicate that under these experimental conditions, in P. sicula the relationship
between Cd accumulation and MT transcript induction/concentration is not always predictable,
depending on the organ and/or on the exposure route. The conclusion, therefore, is that monitoring
MT mRNA is not necessarily a suitable tool for detecting environmental cadmium contamination.
This conclusion is reinforced by the observation, in invertebrates and vertebrates, that the translational
inhibition of MT mRNA transcripts occurs. Determining in parallel the changes in MT protein
concentration might partly prevent misinterpretations in monitoring studies.
4. Metallothionein in P. sicula Reproductive Organs
4.1. Metallothionein in the Ovary
P. sicula is an oviparous species, characterised by a seasonal reproductive cycle with low gonadal
activity in autumn-winter and maximal gonadal activity in spring-summer, coinciding, in females,
with two or three ovulatory waves [28]. In this period, due to the rising temperature, typical
morpho-physiological modifications occur in the ovary; these include the increase in the number
and size of follicles, and the onset of vitellogenesis. At the end of the ovulatory period, the ovary
enters a fall stasis until November, when a temporary recrudescence occurs. No vitellogenic follicles
are produced, and the ovary enters a new stasis that lasts until the next spring [29].
Beside yolk, during oogenesis the oocytes store RNAs and organelles [30], and micronutrients
such as copper and zinc [22] to support the early stages of embryo development. The rate of metals
uptake, in particular, is clearly synchronized throughout the stages of maturation, since their increases
correlate closely; at the end of oocyte maturation, the copper and zinc content in Podarcis eggs is similar,
suggesting comparable requirements for both metals during embryogenesis [22].
Interestingly enough, we found that in P. sicula oocytes and eggs both zinc and copper ions
are associated with high molecular mass metal-binding proteins, whilst no metal is bound to low
molecular mass proteins. The MTs are therefore absent throughout the ovary, in germ cells as in
somatic follicle cells. However, MT transcripts are present: Northern blot analysis in fact demonstrates
that they are expressed constitutively in the ovary, in all periods of the ovarian cycle, and that
they accumulate during the reproductive period in ovaries containing large vitellogenic follicles
approaching ovulation [22]. By using the in situ hybridisation technique, we have clarified where
the MT mRNA is localised. In small previtellogenic follicles (<150 µm diameter), it localises only in
the oocyte’s cytoplasm and not in the small stem cells forming the follicular epithelium. Later, in
mid previtellogenesis (follicles 400–1400 µm diameter), the small stem cells, and to a lesser extent
the differentiated pyriform cells, contain the MT transcripts. In even larger previtellogenic follicles
(1.5–2 mm), the MT mRNA are localised in the small cells, and to a lesser extent in the regressing
pyriform cells. In vitellogenic follicles (>2 mm diameter), pyriform cells are no longer present, and
all the MT mRNA is localised in the cytoplasm of the small cells [27,31]. In the oocyte cytoplasm, the
hybridisation signal is undetectable, indicating at first that no MT mRNA is present. However, the
oocyte volume is very large, and the transcripts are dispersed and probably masked by the large yolk
platelets (Figure 3). Their presence in fact is confirmed by molecular techniques [22]. The origin of
the oocyte transcripts is also intriguing. The oocyte nucleus is silent since the early diplotene stage;
however, the large pyriform cells synthesize RNAs, organelles, and cytoplasm that transfer into the
oocyte cytoplasm via intercellular bridges at the end of previtellogenesis, before regressing [30].
The absence of protein indicates that the egg transcripts in Podarcis are stored to meet the future
needs of the growing embryo. In effect, the MT mRNAs are still present in the discoblastulae [31].
Though in other species translation is resumed soon after fertilization [32], an asynchronous presence
of transcripts and protein is rather common, and described, for example, in the embryos of the Roman
snail Helix pomatia [33].
The induction of MT synthesis in ovaries following in vivo exposure to cadmium indicates that
the translation of blocked MT mRNA can be triggered if an anomalous increase in metal content
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occurs [22]. This event is accompanied not only by an expected increase in MT expression (to restore
the transcript pool), but, more significantly, by a change in transcript localisation, from small stem cells
to differentiated
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cells [27]. The metal therefore seems to induce changes also in the function
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Due to the lack of information, we decided to investigate the presence and the localisation of MT
The presence of MT in the testis of vertebrates has been a matter of debate for a long time, and
transcript and protein in the testis of P. sicula, in two representative phases of the annual reproductive
for many years authors have reported a substantial lack of the protein [34,35]. Today, both MT
cycle, to highlight the role of this protein during spermatogenesis. The P. sicula testis shows a
expression and synthesis in testis has been widely demonstrated, even though cell localisation is still
tubular structure, like mammals. During the reproductive period, in spring-summer, the seminiferous
contradictory [36–40]. Evidence exists on MT localisation in both somatic and germ cells, but in line
epithelium contains germ cells in all of the stages of maturation, from spermatogonia to spermatozoa,
with what occurs in the ovary, the localisation changes over time, probably depending on the state of
and many sperms fill the lumen of the tubules. This period is followed by: (1) a late-summer stasis,
the gonad. In mouse and rat testes, high levels of MT transcripts are not always accompanied to MT
characterised by the block of spermatogenesis; (2) an autumnal resumption, favoured by the increase
protein co-localisation [41], as demonstrated for the Podarcis ovary.
in circulating testosterone, with the renewal of a defective spermatogenesis without spermiation;
Due to the lack of information, we decided to investigate the presence and the localisation of
(3) a winter stasis; (4) an early spring resumption [42,43].
MT transcript and protein in the testis of P. sicula, in two representative phases of the annual
We performed in situ hybridisation and immunocytochemical analyses on P. sicula testis in the
reproductive cycle, to highlight the role of this protein during spermatogenesis. The P. sicula testis
reproductive period and autumnal resumption. The results demonstrate the presence of MT transcript
shows a tubular structure, like mammals. During the reproductive period, in spring-summer, the
and protein in testicular cells; however, MT expression and synthesis are different in the two phases of
seminiferous epithelium contains germ cells in all of the stages of maturation, from spermatogonia
the reproductive cycle [44].
to spermatozoa, and many sperms fill the lumen of the tubules. This period is followed by: (1) a
late-summer stasis, characterised by the block of spermatogenesis; (2) an autumnal resumption,
favoured by the increase in circulating testosterone, with the renewal of a defective spermatogenesis
without spermiation; (3) a winter stasis; (4) an early spring resumption [42,43].
We performed in situ hybridisation and immunocytochemical analyses on P. sicula testis in the
reproductive period and autumnal resumption. The results demonstrate the presence of MT
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transcript and protein in testicular cells; however, MT expression and synthesis are different in the
two phases of the reproductive cycle [44].
In the mating period, spermatogonia, primary and secondary spermatocytes, and spermatids
contain both MT transcript and protein, whereas spermatozoa show only the protein. This finding
suggests that
stages
and
thethe
protein
is stored,
at least
partly,
for
that the
theMTs
MTsare
aretranslated
translatedininthe
theearlier
earlier
stages
and
protein
is stored,
at least
partly,
spermatozoa
(Figure
4). 4).
for spermatozoa
(Figure

Figure
4. Schematic
sicula testis
testis during
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Figure 4.
Schematic representation
representation of
of MT
MT mRNA
mRNA and
and protein
protein localisation
localisation in
in P.
P. sicula
two stages of reproductive cycle. Spg, spermatogonia; SpcI, primary spermatocytes; SpcII, secondary
spermatocytes; Spd, spermatids; Spz, spermatozoa.

During the autumnal resumption, MT mRNA is present in primary and secondary
During the autumnal resumption, MT mRNA is present in primary and secondary spermatocytes,
spermatocytes, spermatids, and spermatozoa, but not in spermatogonia; conversely, the protein is
spermatids, and spermatozoa, but not in spermatogonia; conversely, the protein is evident only in
evident only in spermatozoa (Figure 4). The spermatogonia are in a resting phase, the recruitment of
spermatozoa (Figure 4). The spermatogonia are in a resting phase, the recruitment of new gametes
new gametes being unnecessary; the spermatocytes and spermatids, probably left from the previous
being unnecessary; the spermatocytes and spermatids, probably left from the previous spermatogenetic
spermatogenetic wave, are also quiescent but maintain their MT mRNA untranslated after having
wave, are also quiescent but maintain their MT mRNA untranslated after having depleted the MT
depleted the MT protein store. The spermatozoa, almost certainly left from the past reproductive
protein store. The spermatozoa, almost certainly left from the past reproductive episode, maintain
episode, maintain both transcripts and protein, a condition recalling that of summer spermatids. It
both transcripts and protein, a condition recalling that of summer spermatids. It would be interesting
would be interesting to analyse the ultrastructure of these cells to demonstrate their true maturation
to analyse the ultrastructure of these cells to demonstrate their true maturation stage.
stage.
What is clear from these data is that many regulatory signals exist between transcription and the
What is clear from these data is that many regulatory signals exist between transcription and
production of a functional protein, and that they can be conveniently studied in Podarcis, an animal
the production of a functional protein, and that they can be conveniently studied in Podarcis, an
model possessing a single MT protein isoform.
animal model possessing a single MT protein isoform.
In Sertoli and intertubular cells, including the Leydig cells, MT transcript and protein are always
In Sertoli and intertubular cells, including the Leydig cells, MT transcript and protein are
present (Figure 4), a fact not surprising when it is considered that these two cell types are involved in
always present (Figure 4), a fact not surprising when it is considered that these two cell types are
the endocrine control of reproduction.
involved in the endocrine control of reproduction.
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The presence of the MT protein in all spermatogenetic stages during the reproductive period
may indicate a key role of MT in germ cells’ maturation, in particular in zinc distribution in the
seminiferous epithelium. It is known that zinc ions, interacting with spermatozoa, are involved in
sperm motility and viability, and the deficiency of this micronutrient leads to the atrophy of germ cells
and a failure of sperm spawning [45,46]. In addition, a reversible metal exchange between MT and the
zinc finger motifs of the estrogen receptors has been demonstrated; hence, the presence of MT in all
spermatogenic cells during the mating period may ensure the proper zinc availability required for the
correct functionality of the estrogen receptors [47].
5. Metallothionein in P. sicula Development
5.1. Metallothionein Expression in P. sicula Embryos under Natural Conditions
Despite it being demonstrated that null-MT mice are viable and reproduced normally [48], under
natural conditions MT genes are precociously expressed in embryos, thus reinforcing the idea that MTs
play critical functions during embryonic development. In mammals, MT transcripts are present as
maternal messengers stored in eggs, and the embryonic MT genes are among the first to be transcribed,
first in blastocyst and then in organs such as the liver and kidney [49,50].
As described above, in P. sicula eggs, MT mRNA accumulates abundantly; as the next step, we
decided to investigate by in situ hybridisation the spatiotemporal changes in transcript localisation
throughout development, from egg deposition to hatching (about 50 days later). Freshly laid eggs
were incubated in a terrarium maintained at natural conditions of humidity and temperature, and
embryos collected at regular time intervals [31].
In Podarcis blastula, collected when the fertilised eggs are still in oviducts, MT transcripts of
maternal origin are present in both embryonic and extra-embryonic areas.
Later, at the beginning of organogenesis (5–10 days post deposition (pd)), MT transcripts
are present in the cytoplasm of the developing neurons of the central nervous system and in the
undifferentiated retina. Transcripts are also present in mesodermal derivates such as somites and
mesenchyme, but not in the kidney or in endodermal derivates like the liver and gut (Figure 5).
At 20 days from deposition, the MT-mRNA distribution slightly changes, and from this moment
on the embryonic gene is expressed, at least in some regions. In the brain, for example, where the typical
anatomical districts are recognisable, transcripts are present in the ventricular zones of telencephalon
and diencephalon, in the developing optic cortex and in several nuclei of mesencephalon and medulla
oblongata, in the ependymal cells of all vesicles, and in the horns of the spinal cord. In the retina,
the MT mRNA is present in the ganglion cells and in the inner and outer nuclear layers’ cells. In the
trunk, only the renal glomeruli show the presence of the MT transcript, whereas in the renal tubules,
and lung, liver, and gut mucosa they are still absent (Figure 5).
At 40 days pd, MT transcripts simultaneously disappear from the telencephalon, diencephalon,
mesencephalon, and ganglion layers of the differentiating retina and the grey matter of the spinal cord.
However, they remain in the nuclei of the medulla oblongata, in the granular and molecular layers of
the cerebellum, and appear, for the first time, in the white matter of the spinal cord. This shift in MT
localisation in the central nervous system could be explained by a consumption of the pool of maternal
mRNAs and/or a temporary silencing of the MT embryonic gene. In the trunk region, the MT mRNA
is present in the renal glomeruli and for the first time in the lung parenchyma, whereas it is still absent
in the liver and gut mucosa and the kidney tubules (Figure 5).
Immediately before hatching, at 50–55 days pd, the distribution of MT transcripts undergoes
further relevant changes. Regarding the central nervous system, they appear in the cortical areas of the
telencephalon and mesencephalon, in several basal nuclei, and in ependymal cells. Their distribution
in the medulla oblongata and in the spinal cord does not change with respect to the previous stage.
In the fully differentiated retina, the MT mRNA is present in the outer and inner nuclear layers, and
again in the ganglion cells layer. In the other organs, transcripts are observed for the first time in the
gut mucosal cells and in the liver, but not yet in the kidney tubules (Figure 5).
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translated from these transcripts are engaged in functions other than heavy metal detoxification.
6. Conclusions
In adult lizard Podarcis sicula the MT protein is present in almost all tissues, as expected considering
its fundamental role in modulating intracellular zinc/copper concentrations. Exogenous metals, and
cadmium in particular, may trigger a significant upregulation, but the timing and amount of newly
synthesised mRNA and/or protein is clearly dose- and tissue- specific. Further analyses are needed
to draw conclusions on the relevance of measuring the MT transcripts in some tissues of P. sicula to
reveal Cd contamination, and to determine if the proteins translated from these transcripts are engaged
in functions other than heavy metal detoxification. The particularly complex pattern observed in
the tissue distribution and the response to cadmium exposure suggests that MTs might have many
different roles, some probably still to be discovered. The elusive MT therefore is far from being known
in full, especially in this reptile.
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