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ABSTRACT

Vitamin A and its derivative retinoids have profound effect on plasticity of somatic cells during
regeneration. Plasticity and regeneration refer to production of cell lineage with specific morphological
and functional settings. Here | review the effects of exogenous vitamin A on plasticity of somatic cells
during regeneration of limb, lens, cornea and heart of different developmental stages of toad, frog, mice,
guinea pig, rabbit and pigs. Further study also deals with transdifferentiation of pineal gland into median
"Third eye" in anuran toad tadpoles under the influence of vitamin A. Vitamin A was found to induce
homeotic transformation of injured tail tissue into limbs and also to accelerate heart regeneration in
tadpoles of the toad, Bufo melanostictus. The research findings give clear evidence of plasticity of
differentiated somatic cells under the influence of vitamin A.
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INTRODUCTION

Somatic cell plasticity during regeneration is associated with dedifferentiation which involves a
terminally differentiated cell reverting back to a less differentiated stage. This process allows the cells to
proliferate again before re-differentiation, leading to the replacement of cells that were lost. Regenerative
biology has now been recognized as a new field with certain aims and goals. One direction of this field is
to understand the basic mechanism by which tissue can be repaired and restored. The other direction
examines the possibility of using this basic knowledge to apply it to medicine with the goal to clinically
repair damaged tissues.

I had been interested to study the problems of regeneration in anuran amphibians since my own doctoral
studies. | did research work leading to my PhD thesis on amphibian limb regeneration under the inspiring
guidance of Professor I A Niazi at Rajasthan University, Jaipur in 1979. The pioneering study on the
effects of vitamin A on limb and tail regeneration in toad and frog tadpoles was initiated for the first time
in Professor Niazi's laboratory in the Department of Zoology in 1967. | joined this laboratory with the
objective to investigate the effects of exogenous vitamin A on limb regeneration of anuran amphibian
tadpoles. The frog and toad tadpoles provide the interesting opportunity of studying the post amputation
events in limbs that have good or reduced ability of regeneration and also in those limbs from which it
had disappeared completely. It was considered that some of the known properties of Vitamin A, such as
stimulation of release of lysosolmal enzymes, dissolution of bone and cartilage, promotion of cell
proliferation and inhibition of thyroid development might influence in some way the process involved in
regeneration. Therefore, the aim was to find how vitamin A would affect post amputation process and
events that lead to regeneration of the removed part of one limb and simultaneously normal development
of intact second limb. Through this mode of experiment, stage dependent effect of Vitamin A was studied
on ontogenesis and regeneration of limbs in anuran Bufo melanostictus tadpoles. It was also observed that
in some cases Vitamin A treatment has resulted regeneration of complete limb from shank level blastema
instead of only the missing distal part. Thus, duplicating the proximal structures in the regenerate,
frequently more than one (usually mirror imaged twins) are regenerated from the same stump (Jangir,
1979; Jangir and Niazi, 1978).

The finding that vitamin A caused specific alteration in the plasticity of limb tissue cells and their
reprogramming ability provided an additional objective for the study viz investigation of various aspects
of somatic cell plasticity under the influence of Vitamin A during limb regeneration.
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After completion of my Ph.D. research work on limb regeneration in anuran amphibians, | was curious to
study the effects of vitamin A on other somatic cell plasticity like ocular (eye), pineal gland and cardiac
tissue cells. Also whether vitamin A can influence ocular and cardiac cell plasticity similar to limb
blastema viz acceleration of developmental potency of limb blastema to form more than lost part.

One prevalent view was that the mature cells were permanently locked into the differentiated state and
were unable to return to a fully immature pluripotent stem cell state. Despite this dogma the notion that
specialized cells somehow be unlocked from their differentiated state and de-differentiation was not
entirely dismissed. Noble (2012) John and Shinya reported that mature differentiated cells can be
reprogrammed to a pluripotent stem cell state. This represents a paradigm shift in the understanding of
cellular differentiation and of the plasticity of the differentiated state. They reported that even stable
differentiated state of tissue cells can be unlocked because it harbors a potential (master switch gene) for
reversion of pluripotency. This potential (master switch gene) alters their state of developmental
commitment. Takahashi and Yamanaka (2006) identified some transcription factor as candidates to
reinstate pluripotency in somatic cells.

Transdifferentiation studies have shown that differentiated cell types may lose their definitive characters
and acquire features of another specialized cell type. The most transdifferentiation studies have been done
with regenerating system. Lens regeneration is one of the most spectacular cases of transdifferentiation of
a terminally differntiated cell type to another. Indeed after lens removal, the pigment epithilial cells from
the dorsal iris dedifferentiate and then transdifferentiate to lens cells (Tsonis, 1999, 2000, 2004; Tsonis et
al., 2000; Jangir, 2013; Jangir et al., 1995, 1997,2000,01,03,04,05,06,07,12,13,14,15). Such a property of
pigmented epithelial cells (PECs) has urged many scientists to investigate lens regeneration to identify the
factors that involved and thus delineate the mechanisms of transdifferentiation and then regeneration.
Several factors like Pax6, FGFR-1 and Prox have been found to be involved during dedifferentiation of
PECs and formation of lens vesicle from dorsal iris cells. Development of eye is largely dependent on
retinoids and their receptors (Wagner et al., 2000; Hyatt et al., 1996; Tsonis et al., 2000). | along with my
research associates and scholars concentrate upon the study of influence of Vitamin A on lens
regeneration in anuran amphbians (toads & frogs), chick embroys and mammals like swiss albino mice,
guinea pig, rabbit and pig. After conclusive obseravations made by several workers including this
research team that Vitamin A improves transdifferentiative ability of pigment epithelial cells to give rise
lens, retina and complete eye even at ectopic site (Jangir et al., 2013, 2014 & 2015).

Ocular tissues are found to be highly powerful model for studying stability and plasticity in differentiation
of tissue cells. In-vitro studies have revealed that dormant potential of pigmented epithelial cells to
transdifferentiate into lens cells is widely conserved throughout vertebrate species including aged humans
(Eguchi and Kodama, 1995; Tsonis et al., 2000; Sharma et al., 2010).

Pearton et al., (2004) reported that differentiated cells of corneal epithelium may convert to hair along
with their associated stem cells by means of a multistep process triggered by dermal developmental
signals. It means that committed transient amplifying differentiating cells are able to transdifferentiate
into cells of another cell lineage. Transdifferentiative ability was also reported in pineal gland cells.
Morphological and functional similarities between the pineal and retinal photoreceptor cells indicate their
close evolutionary relationship. Fu et al., (1998) suggested that Vitamin A involved in photoresponses of
the pineal gland and lateral eyes both. Watanabe et al., (1992) studied the pineal gland as multipotent
organ. It was reported that pineal gland is unique in its development and its plasticity and transformation
capability into different organ like retina, lens and even complete eye (Araki, 2001; Jangir et al., 2005).
With a team of research scholars Ambika Yadav, Govind Gupta, Sunita Gautam, Nidhi Udsaria, Vikram
Kumar and Joni Middha at IASE Deemed University, Sardarshahr (Rajasthan), found that somatic
differentiated cells may change their fate under the influence of vitamin A and transdifferentiate into
another cell lineage (Jangir et al., 2012, 2013, 2014 and 2015). These findings give clear evidence of
plasticity and reprogramming ability of differentiated tissues even at ectopic site under the influence of
Vitamin A. Vitamin A was found to accelerate cardiac tissue regeneration in vivo, in transplantation set
up (at ectopic site) and in culture medium (Jangir et al., 2012,2013,2014,2015; Govind and Jangir, 2015).
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In this brief retrospect | present the results of some of our studies which provided important information
on Vitamin A mediated plasticity of somatic cells during regeneration.

Materials and Methods

The experiments were carried out on different developmental stages of anuran toad (Bufo melanostictus)
& frog (Rana cyanophlyctis), Chick embryos, Swiss albino mice, guinea pigs, rabbit and pigs.

The general methodology followed was to treat the operated animals with required amount of vitamin A
for various periods. To study the plasticity of differentiated somatic cells during regeneration, different
organs like limbs, lens, cornea, pineal gland and heart were excised/amputated. The morphological and
histological effects on regeneration of amputated organs were studied. The plasticity of somatic cells were
studied through different mode of experiments: in vivo (in situ), Transplantation of excised tissue at
different place (transplantation technique) and in vitro (in culture medium).

Vitamin A Mediated Plasticity of Limb Blastema during Regeneration

During my own doctoral studies (1976-79) carried out under inspiring guidance of Prof. I A Niazi, we
found exciting results of pattern altering effect of vitamin A on limb regeneration in tadpoles of the toad,
Bufo melanostictus. The general methodology followed was to immerse the tadpoles in aqueous
suspension of required amount of vitamin A palmitate after operation. Controls were always reared in
plain tap water. The animals were operated after anaesthetizing them in 1: 2000 solution of MS222 (ethyl-
m-amino-benzoate-methane sulphonate-Sandoz) in tap water. During operation only left hind limb was
amputated through shank (Figure 1) and the contralateral right limb was kept intact. The observations on
the effects of vitamin A were made not only on regeneration of the amputated left hind limbs but also on
the ontogenetic development of the right intact limbs. The results reported by Jangir and Niazi (1978)
showed that in young stage tadpoles (spatula stage) regenerates had developed in the controls as usual
(Figure 2). Normal blastema formed in all amputated limbs of tadpoles whereas continuous treatment of
Vitamin A for the entire period immediately and also from 3 days after amputation had completely
inhibited further progress of limb regeneration. Good regenerates had developed in the cases treated with
vitamin A only during the first 3 days when the blastema was forming.

The Results were Exciting with the Features of Regeneration Viz.

(i) all regenerates developed at shank region were complete limbs containing all the proximal parts
including the girdle serially duplicated (Figures 3 & 4).

This phenomenon is now referred to as P.D. duplication or proximalization. In some cases two limbs had
regenerated from each stump. These regenerates were mirror images of each other (Figures 5 & 6).
Vitamin A had affected the plasticity and reprogramming potency of limb blastema and altered the pattern
of limb regeneration. Similar findings were later made in Urodeles and frog tadpoles by several workers
(Niazi, 1983, 1996; Niazi et al., 1979, 1989; Maden, 1982,83,93,96; Thomas and Stocum, 1984; Kim and
Stocum, 1986; Ludolph et al., 1990).

The Results Revealed that:

(i) Vitamin A promotes the process of blastema formation.

(i) Continous treatment of vitamin A beyond blastema stage inhibits redifferentiation and morphogenesis.
(iii) Blastema of treated cases showed increased morphogenetic potency which may be equal to that of the
original limb bud and capable of forming a complete limb.

Vitamin A might have induced such changes in the cells derived from stump tissues during their
dedifferentiation and blastema formation (Jangir and Niazi, 1978; Jangir, 1979).

3.3. Autonomous self organizing capacity of vitamin A treated blastema to produce proximalized
regenerates grafted on ectopic site was also proved during Ph.D. research work (Jangir, 1979) and by
others (Alam, 1983; Niazi, 1983). For this study removed shank level blastema of the tadpole treated with
15 1U/ml vitamin A solution for first 3 days after operation and auto grafted into the enucleated eye orbit
of the same tadpole. Following grafting the tadpoles was transferred to plain water. The vitamin A treated
grafted blastema differentiated into regenerates containing proximal structures in addition to distal limb
structures (Figure 7).
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Figure 1: Photograph of a operated tadpole showing the level of amputation (—)through shank of
left limb (From Jangir, 1979)

Figure 2: Photograph of a operated tadpole showing complete regeneration of amputated part
(From Jangir, 1979)

Figures 3 & 4: Regenerate of young Bufo melanostictus tadpole treated with vitamin A for 3 days
after amputation through shank region. Regenerate is complete limb (Figure 3) having thigh, shank
and foot articulated with newly developed pelvic girdle at shank level (Figure 4) (amputation level)
(From Jangir, 1979)

Figures 5 & 6: Regenerate of young Bufo melanostictus tadpole treated with vitamin A for 3 days
after amputation through shank region. Note the formation of two complete limbs (Figure 5) having
thigh, shank and foot at the amputation level (Shank). Histological section showing duplicated
regenerates articulated with pelvic girdle developed at shank region (Figure 6) (from Jangir, 1979)
Figures 7 & 8: Regenerate formed by shank level blastema of 3day vitamin A treated and untreated
tadpoles of Bufo melanostictus homoplastically grafted into denucleated eye orbit. Note formation
of complete single limb (Figure 7) by treated blastema where as only distal part of foot was formed
by untreated blastema (Figure 8) (from Jangir, 1979)

Abbreviations: R=Regenerated limb, St=Stump, S=Stylopodium, Z=Zeugopodium, A= Autopodium,
G=Girdle
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In many cases they were complete limbs even containing a gridle and in some cases good mirror image
twin limbs had develpoed from the same graft whereas only distal part formed from the untreated
blastema in control group recipient tadpoles (Figure 8). Vitamin A was also found to induce limb
regeneration in froglets of Rana cyanophlyctis who do not have the power of regeneration (Niazi et al.,
1979; Shrama and Niazi, 1979).

3.4. During my Ph.D research work | also studied the effects of vitamin A excess on normal developing
limbs of tadpoles along with their regeneration. As | mentioned earlier young tadpoles (Spatula / Paddle
stage 30/31) were employed for this study. Exposure to vitamin A at this stage inhibited further
development of the foot but tissues of the proximal segments which were at a higher stage of
differentiation at that time were not affected. By the time the treatment started 3 days later the foot
morphogenesis had also advanced and so its further development was not affected in this case.

The results indicated that the cells of any prospective limb region are susceptible to the inhibitory
influence of vitamin A only at some specific stage of differentiation.

Vitamin A Mediated Plasticity of Ocular Tissue during Lens Regeneration

Ocular tissues are found to be a highly powerful model for studying stability and plasticity in
differentiation of tissue cells. Lens regeneration provides a clear example of somatic cell plasticity of one
differentiated cellular type having a distinctive pattern of metabolic activities to another cellular type,
which is morphologically and biochemically distinct from the original. For the study of lens regeneration,
different developmental stages of the toad, frog, chick, swiss albino mice, guinea pig, rabbit and pigs
were used.

Plan of Experiment

Plasticity of ocular tissue was studied in three modes of experiments: (i) in vivo study of lens
regeneration, (ii) Study of lens regeneration by transplantation technique, and (iii) in vitro study of lens
regeneration

(i) For in vivo study of lens regeneration the general methodology followed was to extract intact lens
from right eye of the animal.

Animals were anaesthetized before operation. For lentectomy, a longitudinal slit was made in the cornea
of right eye extending across the middle of the pupillary space. The lens was extracted through incision
operated animals were treated with vitamin A. Controls were kept untreated with vitamin A. The operated
animals of both treated and untreated groups were preserved at different time intervals in Bouin's solution
for histological evaluation.

(ii) For transplantation technique the method used was as follow-

e Preparation of Explants: Anterior half of lentectomized eye balls (lens less) comprising iris and a part
of retinal tissue of young animals (tadpoles & mice) were taken out and meshed in saline solution and
there after meshed tissue was used as explant for implantation.

e Preparation of Recipients: Young and mature animals were used as recipients or host animals. The
animals were anaesthetized before operation. A longitudinal slit was made in the cornea of right eye and
complete lens was extracted through incision. These lentectomized animals were used as recipients.

e Implantation: 0.01 ml meshed explant tissue extract was implanted into the anterior chamber of
denucleated lentectomized eye ball of recipient (host) animal. Operated animals with implants were
treated with vitamin A.

(iii) In vitro study of lens regeneration: For this purpose meshed pigmented epithelium of ratina and iris
part was used as explants. The meshed explant tissue extract inoculated in Leibovitz L-15 culture
medium. Vitamin A was supplemented to the culture medium for treated group. The culture medium was
renewed on every 2nd day. Cultures were terminated on day 5,10,15 and 40 after inoculation.

4.1 The results of experiments done during my own Ph.D. research period, posed a humber of questions
which stimulated and oriented the subsequent investigations carried out in collaboration with Digvijay
Singh Shehawat, Swati Ojha, Renu Durgpal, Prakash Acharya, Pawan Kumar Suthar, Manshi Sharma,
Sunita Jhajharia, Sumer Singh, Surender Kumar Saini, Vandana Goswami, Amit Nagal and Deepshikha
Modi who joined me to do research work for their doctoral Degrees. Several other scholars like K K
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Swami, A.K. Sharma, K.C.Soni, Manish Verma, Prakash Sloanki, Sudnit Kaur, Madhu Agarwal,
Laxmikant Sharma, Garima Lata, Jaishree Banot, Shakuntala Rathore, Ram Chandra Suthar and Sharmila
Chhalani, joined me to do research work for their M.phil. Degree.

The results obtained clearly demonstrate that:

¢ Vitamin A accelerated the percentage of lens regeneration not only in amphibian tadpoles but also in
chick embryos, mice, rabbit, guinea pigs and pigs.

¢ Results showed that iris PEC’s have the ability to transdifferentiate into lens. Histological observations
revealed that once the lens is removed the process of regeneration initiated by de-differentiation of iris
pigmented epithelium. After lentectomy the two layers of pigmented epithelium of dorsal iris began to
thicken and the nuclie of iris cells changed their shape. Cleft appears between two laminae of dorsal iris
(Figure 9). The pupillary margin of the iris became knob like. Later on this knob like structure
differentiates in the form of swollen loop like structure (Figure 10). Formation of lens vesicle (Figure 11)
by the depigmented progenies of iris cells was evident between 7 to 10 days. By day 12 to 15 after
lentectomy the internal layer of the lens vesicle thicken. Following that period lens fibers were produced
in the vesicle. Cells began to elongate and entered the lumen of the lens vesicle. The lumen get filled by
primary fibers (Figure 12) before the secondary lens fibers began to form. Later on the secondary lens
fibers began to differentiate and grow around the central nucleus. Now the regenerated lens become better
defined (Figure 13). The regenerated lens get detached from the dorsal iris and return to normal position.
At last the nuclei of secondary lens fibers progressively disappeared (Figure 13).

4.2 The plasticity and transdifferention of retinal iris pigmented epithelium was also tested by
transplantation technique. The retinal iris pigmented epithilium tissues were taken out from donor animals
and pooled them and meshed or subjected to homogenization with saline solution. A small drop (0.1ml)
of freshly prepared meshed retinal iris tissue extract was injected into enucaleated eye ball (eye ball from
which lens has been extracted). Results revealed that two lenses developed in host’s operated eye ball.
One from it’s own iris pigmented epithelium and second from transplanted retinal iris meshed tissue
extract (Figure 14).

The percentage of secondary lens formation was found higher in vitamin A treated cases. The
morphological features of regenerated lenses like shape and transparency were found similar to that of
normal intact lenses. Development and differentiation of lens from implanted retinal iris tissue extract
occured by de-differentiation of the PEC’s. Similar to in situ regeneration, de-differentiated cells
aggregate and form vesicle like structure which later on differentiate to form normal polarized lens
(Figures 15,16&17).

4.3 Similar events were reported in in vitro study of lens regeneration (Sharma et al., 2010). Sharma et
al., (2010) reported that lens forming transdifferentiation ability of iris PEC’s increased in presence of
neural retinal cells. Percentage of lens formation was found higher in vitamin A supplemented culture
medium.

Typical cytological signs of lens differentiation such as enlargement of nuclei, nucleoli, cell elongation,
gradual loss of basophillic properties and acquisition of acidophilic properties for crystalline synthesis
were observed in the initial 10 days period of culture. Later on thick and acidophilic cells aggregate and
differentaite into complete normal lens (Figure 17). The percentage of normal lens fromation was found
higher in vitamin A treated group culture.

Transdifferentiation of pigmented epithelium cells into lens is clear evidence of somatic cell plasticity and
transdifferentiation of one type of differentiated cells into another type. In vitro and transpalntation
experiments have revealed that the eye is not necessarily needed for de-differentiation and
transdifferentiation of pigmented epithelium cells into lens cells.

Results give clear evidence that Vitamin A could be considered as key factor for lens regeneration not
only in amphibian frogs and toads but in several higher vertebrates like mice, guinea pigs, rabbit and pigs.
Amit et al., (2008) reported significant role of retinoids in lens regeneration by using bioinformatics and
drug designing tools (Autodock3 and cerius2, Insight Il and databases such as Protein databank & swiss
Prot). The accelerating effect of Vitamin A on dedifferentiation and proliferation during lens regeneration
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was found closely similar to a cis-retinoic acid. Retinoic acid receptors are members of super family of
intracellular hormone receptor which function as regulator of gene transcription. Docked energy of
Vitamin A and its metabolites was found almost similar in mammalian group.

Figures 9-13: Microphotographs of sections passing through the lentectomized eyes of vitamin A treated
tadpoles of Rana cyanophlyctis showing transdifferentiation of PECs into lens cells (Figures 9 & 10)
which later on differentiate into lens vesicle (Figure 11) and subsequently into lens (Figures 12 & 13)
(From Sumer and Jangir, 2014).

Figure 14: Microphotograph of section passing through the lentectomized eye with retinal-iris implant
in vitamin A treated tadpoles showing formation of two lenses (40X) (Vandana, 2007)

Figures 15 & 16: Microphotographs of sections passing through the regenerated explants inoculated in
culture medium Leibovitz L-15 supplemented with vitamin A. Note on day 10 after inoculation,
cultivated explants tissue transdifferentiate in to lens forming cells (400X) which later on differentiate in
to lens (200X) (Sharma et al., 2010)

Figure 17: Photograph of a lens regenerate of normal status from the inoculated explant tissue in
vitamin A containing culture medium. Note that the regenerated lens encapsulated with normal lens
epithelium and containing well differentiated lens fibers oriented in concentric manner (from Manshi et
al., 2010). Abbreviations: LFC=Lens forming cells, DI=Dorsal iris, LV=Lens vesicle, LE= Lens
epithelium, PLF=Primary lens fibers, RL=Regenerated lens, MPCs=Pigmented epithelial cells
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Vitamin A Mediated Plasticity and Reprogramming of Pineal Gland Cells

Pineal gland was found to be unique and multipotent organ. For the study of plasticity of pineal gland,
external gill stage tadpoles of the toad, Bufo melanotictus were employed. The experiment was planned to
complete in three phases.

¢ In first phase of experiment: fine oblique cut was made to remove the anterior most part of the brain
leaving behind pineal gland intact. Operated tadpoles were treated with vitamin A.

e In second phase of experiment: pineal gland along with a small part of brain was excised from the
donor external gill stage tadpoles and transplanted into a pit made between two lateral eyes of 5 toe stage
recipient tadpoles. Operated tadpoles were treated with Vitamin A.

¢ In third phase of experiment: pineal gland along with surrounding brain tissue was excised from 10
donor external gill stage tadpoles and pooled and meshed in culture medium Leibovitz L-15. This meshed
tissue extract was considered as explant tissue. The treated group culture medium was supplemented with
vitamin A and higher concentration of 2M-NaCIl,KCI, NHCO; and 1M-MgCl..

Figure 18: Photograph of a tadpole with single median eye. Note-development of single median eye
from "injured pineal gland” after removal of two normal lateral eyes in vitamin A treated young
tadpole of the toad Bufo melanostictus

Figures 19a&19b: Photographs of operated tadpole and toadlet (metamorphosed tadpole) showing
development of ""median third eye" from the grafted meshed pineal gland tissue in between two
lateral eyes in vitamin A treated tadpole of the toad Bufo melanostictus

Abbreviations: ME=Median eye developed from pineal gland
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In the first phase of experiment it was observed that a protuberance like structure appeared in the centre of
cephalic region of both control as well as Vitamin A treated tadpoles. Later on these protuberances
developed and differentiated into median eyes. The percentage of development of median eyes was found
higher in Vitamin A treated tadpoles (90%) in comparison to control ones (60%). Structurally newly
developed median eyes were having normal components of eye viz cornia, lens and retina etc (Figure 18).
Histological study revealed that the cellular architecture of newly transformed median eye was almost
similar to that of normal developing eyes.

In transplantation set up it was reported that median eyes developed from the grafted meshed pineal gland
tissue extract in both Vitamin A treated and untreated control host animals (Figures 19a&b). But the
percentage of development of median eyes was higher in Vitamin A treated cases. In vitro study gives
good evidence of transdifferentiation ability of pineal gland cells under experimental conditions. In hyper
ionic condition pineal cells were found to differentiate into muscle fibers, neurons possess with
varicosities and lens forming cells. These features were never observed in situ pineal gland of tadpoles
nor in transplantation set up. However, such type of differentiations was observed in a few cultures.
Several workers have also reported that the embryonic pineal gland includes a number of multipotential
progenitor cells in differentiation viz: pigmented epithelial cells, lens cells, skeletal muscle fibers
(Watanabe et al., 1992) photoreceptors of both rod and cone type (Araki et al., 2001) and even complete
median third eye (Jangir et al., 2001).

Vitamin A Mediated Plasticity of Injured Tail Tissue during Regeneration

Vitamin A was found to be a good model to induce transdifferentiation of meshed ocular tissue into lens,
retina and complete eye at ectopic site and also induce the injured tail tissue to transformed into limb
segments. For this conclusive research finding anuran toad and frog tadpoles were employed as
experimental animals.

Plan of Experiment

(A) Meshed lentectomized eye balls of young 3 toe stage tadpoles were used as explant tissue

e A semicircular pit was made on mid lateral position of the tail of recipient tadpole. A small piece of
meshed ocular tissue was implanted into the pit and skin flap was covered over it.

o Operated tadpoles were treated with Vitamin A for first three days and then transferred to plain tap
water.

(B) For the study of tail tissue plasticity, young tadpoles of toad Bufo melanostictus were used. A
semicircular pit (Lmm deep and 1mm wide) was made at mid lateral position (towards the trunk side) of
the tail.

o Operated tadpoles were treated with vitamin A (15 1U/ml) for the first three days and then transferred
to plain tap water.

6.1 Present research findings give clear evidence of somatic cell plasticity under the influence of Vitamin
A during regeneration. The plasticity of meshed ocular tissue (retinal-iris meshed tissue) as explant was
tested. On ectopic transplantation of meshed ocular tissue into a pit made on mid lateral position of tail
(Figure 20), resulted formation of not only lens, (Figures 21 & 22) but also retina (Figure 23) and even
complete eye (Figures 24 & 25) in Vitamin A treated host animals (Jangir et al., 2012, 13,14 & 2015).
The findings suggest that Vitamin A changes the fate of retinal iris meshed explants at ectopic site and
results give clear evidence of plasticity and transdifferentiation of terminally differentiated somatic cells.
6.2 The most striking result was formation of complete limb/s including pelvic girdle on injured site of
the tail (Figure 26) in Vitamin A treated cases. Whereas, in untreated control group tadpoles normal
healing of injured tail was reported. In Vitamin A treated operated cases blastema / bud like structure
developed on injured tail (Figures 27 & 28). Internally, the stump consisted mainly of a large notochord, a
small neural tube and the musculatures. In most of these cases, not only complete single limb developed
at injured site of the tail (Figures 29 & 30) but in some cases paired limbs articulated with pelvic girdle
reported (Figure 31). The pattern of skeletal structure of limbs was comparable with those in normal
limbs. It was unique to report the formation of skeletal elements in tails of Vitamin A treated operated
tadpoles, whereas anuran tadpole’s tail does not contain any skeleton.
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Figure 20: Microphotograph of a section passing through the ocular graft in the tail of vitamin A
treated tadpole. Note close association and involvement of notochordal sheath tissue in the
differentiation of explant tissue (40X) (from Jangir et al., 2013)
Figures 21 & 22: Microphotographs of sections passing through the developing cellular lens from
grafted tissue in the tail of vitamin A treated tadpoles (Figure 21, 100X). Well differentiated lens is
shown in figure 22 (100X)
Figure 23: Microphotograph of a section passing through the grafted tissue differentiated into
retina in the vitamin A treated tadpole’s tail (100X)
Figures 24 & 25: Microphotographs of sections passing through the newly developed complete eye
from the ocular graft in the tail of vitamin A treated tadpole. Note- eye like structure differentiated
from the graft linked with notochordal sheath by a stalk like structure (40X). Figure 25 shows the
magnified view of figure 24 (100X)
Abbreviations: NC=Notochord, RL-=Regenerated lens, LE=Lens epithelium, RR=Regenerated retina,
NCS=Notochordal sheat, LV=Lens vesicle, IMT=Implanted tissue, NFC=Notochordal fibrous sheat,
PC=Pigmented epithelial cells, CSS=Cellular stalk like structure, NDEB=Newly developed eye ball
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Figure 26: Photograph showing a pit made on mid lateral position of the tail of toad tadpole (20X)
Figure 27: Photograph showing development of limb blastema at the pit made on mid lateral
position of the tail of vitamin A treated toad tadpole (20X)
Figure 28: Microphotograph of a section passing through three day vitamin A treated tadpole’s tail
showing development of limb blastema at the operated site (40X)
Figure 29: Microphotograph of a section passing through the operated tail of vitamin A treated
tadpole. Note newly developed limb segments at the mid lateral position of the tail bearing
condensed limb skeletal segment (40X)
Figure 30: Microphotograph of a section passing through the vitamin A treated tadpole. Note well
defined and differentiated limb structure (femur) articulated with pelvic girdle, developed at
injured site of the tail (100X)
Figure 31: Microphotograph of a section passing through the vitamin A treated tadpole. Note two
well defined pelvic girdles PG1&PG2 articulated with limb structures developed at injured site of
the tail (100X)
Abbreviations: P=Pit made on mid lateral position of the tail, t=Tail, L=Limb, LB=Limb blastema,
AEC=Apical ectodermal cap, NC=Notchord, TF=Tail fin, NDLS=Newly developed limb bud limb
structure, SC=Spinal cord, TM=Tail musculature, PG=Pelvic girdle, F=Femur
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Vitamin A Mediated Plasticity of Cardiac Tissue during Regeneration

For the study of cardiac tissue plasticity, young (3 toe stage) and mature (5 toe stage) tadpoles of the toad,
Bufo melanostictus and the frog, Rana cyanophlyctis were used. Tadpoles were anaesthetized with 1:4000
MS222 solutions for 3-5 minutes, before opertion and fixation. The experiments were designed into three
series I, Il and I

Series I: This mode of experiment was concerned with the study of heart regeneration in situ (invivo
study) Anaesthetized tadpoles were secured ventral side up on a slotted moist pad. Sharp pointed forceps
were used to penetrate the skin, muscles and pericardial sac. Once exposed, the venticle was gently pulled
up at the apex and the tip of ventricle was cut with irridectomy scissors. Operated tadpoles were treated
with vitamin A solution.

Series II: It was concerned with the study of fate of meshed cardiac tissue implanted in the tail of
recipient (host) tadpoles. For this purpose ventricle tip portion from 10 donor young tadpoles collected
and pooled them and then meshed in saline solution. This meshed cardiac tissue was used as explant.

e Young and mature tadpoles were prepared as recipient. A semicircular slanting 1mm deep pit was
made by a sharp needle at mid lateral position of the tail.

e About a pin head size meshed cardiac tissue explant was implanted into the pit on recipient tadpole’s
tail. After insertion of the explant, skin flap was covered over it. Operated tadpoles with implants were
treated with vitamin A for the first three days and then transferred to tap water.

Series Ill: It was concerned with the invitro study of cardiac tissue plasticity under the influence of
vitamin A. For this purpose ventricle tip portion from donor tadpole’s heart were collected and pooled
them and meshed in 70 % Leibovitz L-15 culture medium. Treated group cultures were supplemented
with vitamin A. Meshed explant tissues were inoculated into culture dishes.

On the termination day of experiment, grown cardiac tissues in culture dishes were washed twice with a
PBS and fixed with 95 % chilled methanol, embedded in paraffin and stained with Haematoxyline and
counter stain with Eosin.

7.1. Present findings give clear evidence that Vitamin A accelerates the percentage of heart regeneration
in vivo (Figures 32 & 33), in transplantation set up (Figures 34 & 35) and in culture medium (Figures 36
& 37) (Jangir et al., 2014; Govind and Jangir, 2015).

7.2. Even at ectopic site meshed ventricular tissue explants showed good regeneration and differentiation
ability and rhythmic beating (Figure 30 & 31) (Jangir et al., 2014). Heart regeneration may occur through
stem and progenitor cell-differentiation or via dedifferentiation with residual cardiomyocytes reentering
the cell cycle.

During present study in toad/frog tadpoles it was found that regeneration involves blastema formation; i.e.
the accumulation of dedifferentiated cells nears the edge of the lesion.

By day 20 amputated heart showed restoration of normal myocardial architecture (Figures 27, 28 & 29)
(Jangir et al., 2013, 2014; Govind and Jangir, 2015). Vitamin A was found to accelerate the percentage of
cardiac tissue regeneration.

7.3. The culture system appears to be a suitable for investing the changes occurred during regeneration
and differentiation of cardiac muscles. In present study Vitamin A might have induced some factors and
make the meshed explants capable to differentiate into cardiac patches with normal rhythmic beating
(Figure 28 & 29).

From the present study it can be presumed that cardiomyocytes/cardiac patches may constitute the ideal
donor cells/tissues for repairing injured heart, as they possess the accessory structural and physiological
attributes to integrate functional cells.

It can also be suggested that cell based cardiac repair offers the promise of rebuilding the injured heart
from its component parts.
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Figure 32: Microphotograph of a section passing through the amputated heart of vitamin A treated
tadpole (5 days old) showing dedifferentiated blastemal cells (100X)
Figure 33: Microphotograph of a section passing through the amputated heart of vitamin A treated
tadpole (20 days old) showing complete regeneration of lost part of ventricle (100X)
Figure 34: Photograph of a developing cardiac tissue implant on the tail of recipient vitamin A
treated tadpole showing normal rhythmic beating on day 20 after operation (20X)
Figure 35: Microphotograph of a section passing through the implanted cardiac tissue on recipient
vitamin A treated tadpole’s tail showing regeneration and normal differentiation of cardiac tissue
(100X)
Figures 36 & 37: Microphotographs of sections passing through the explants inoculated in culture
medium supplemented with vitamin A. Figure 36 showing 15 days old explants with early
differentiation of cardiomyocytes (100X). Figure 37 shows 40 days old explant with complete
regeneration of cardiac tissue (100X)
Abbreviations: DBC=Dedifferentiated blastema cells, RCTF=Regenerated cardiac fibers,
RH=Regenerated heart, RVTI=Regenerated ventricular tissue implant, ECMC=Early cardiomyocytes,
RCMF-=Regenerated cardiomyofibrils, RVP=Regenerated ventricle part
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DISCUSSION

Results obtained and mentioned in the present review show that Vitamin A affects the cell plasticity of
different organs during regeneration. It is clear from the findings that even somatic differentiated cells are
more versatile than previously thought. Experimentally induced somatic cells can potentially be used to
replace damaged or lost cells in degenerative disorders. Cell replacement therapy with induced somatic
cells can allow antilogous cell grafting that would be less prone to immune rejection. It is appropriate to
briefly discuss the interesting and surprising effects of Vitamin A on plasticity of limb, tail, heart and
occular tissue during regeneration.

Vitamin A Changes the Fate of Limb Blastema during Regeneration

Vitamin A and its derivative retinoids are low molecular weight lipophilic compounds which have
profound effects upon the development and regeneration of limbs. In the developing and regenerating
limb, retinoic acid has been detected endogenously, confirming that this molecule plays a role in the
generation of pattern. We observed that the effect of Vitamin A is exerted on the developing limb bud
during early stages of differentiation and on the blastema cells of regenerating limb at the onset of re-
differentiation (Jangir, 1979; Jangir & Niazi, 1978, 79).

The entire limb bud mesoderm from base to apex however, is not sensitive to the injurious influence of
Vitamin A at the same time. Similar to our findings several workers reported that the effects of retinoic
acid in developing and regenerating limb are concentration dependent, time dependent and stage
dependent (Jangir & Niazi, 1978; Maden, 1996; Niazi, 1996). Jangir and Niazi (1978) reported the
enhancement of morphogenetic potency of vitamin A treated blastema.

Is this enhanced potency related with increased and prolonged mitotic activity and delayed re-
differentiation of blastema in Vitamin A treated animals. Similar observation was also reported by Alam
(1983). We also expressed the opinion that Vitamin A treatment increases the potency of the blastema by
causing more intense dedifferentiation of its cells and reactivating all the limb forming genes. Increased
acid phosphatase activity in the treated blastema was found to be correlated with the process of
dedifferentiation in regenerating limb (Sehmidt, 1968; Kim and Stocum, 1986; Maden, 1996). It is well
known fact that dedifferentiation of cells is prerequisite for regeneration. Dedifferentiation allows the
cells to reenter the cell cycle, which must be a key for the ability to regenerate. It involves biosynthetic
changes in the cells expressed in the production of new RNAs and proteins. These changes must be
directed and controlled by certain genes reactivated under the influence of amputational injury and
subsequent events. Normally those genes are reactivated which direct the formation of only the missing
part distal to the amputational level. However, vitamin A treatment probably reactivates the full
complement of limb-forming genes in the blastema cells. Several workers identified endogenous retinoic
acid in normal developing and regenerating limbs (Maden, 1996; Eichele and Thaller, 1987; Horton and
Maden, 1995; Scadding and Maden, 1994). If so, does the quantitative level of endogenous RA existing
in the cells as any amputation level of the limb determine the limit of gene reactivation, set the proximal
boundary of the regenerate and thus permit the formation of parts only distal to that level? If it be so,
perhaps the amount of RA in cells/tissues at the level of amputation might be the molecular basis of
regeneration of distal parts to the amputation level. Administration of additional exogenous Vitamin A
might raise the quantitative level of RA which may reactivate complete limb forming genes at any
amputation level. This also provides an insight into the possible reasons behind the loss of limb
regeneration capacity in the anuran tadpoles before metamorphosis and its absence in adult frogs and
toads.

Vitamin A and Ocular Tissue Plasticity during Lens Regeneration

In this part of discussion emphasis has been given on the effect of Vitamin A, on ocular tissue plasticity
during lens regeneration in different vertebrate animals like frog, toad, swiss albino mice, rabbit, guinea
pigs and pigs. The major cellular events such as dedifferentiation and transdifferentiation which allow
complex body part regeneration are discussed and possible common molecular mechanisms are
pinpointed.
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The research findings of my research scholers (Digvijay Singh Shekhawat, Swati Ojha, P.C Acharya,
Renu Durgpal, Vandana Goswami, Mansi Sharma, Amit Nagal, Surendra Saini, Sunita Jhajharia, Sumer
Singh, Deepshikha Modi) show that Vitamin A induced and accelerated the lens regeneration not only in
anuran tadpoles, froglets, adult frogs but also in swiss albino mice, guinea pigs, rabbits and pigs insitu as
well as invitro conditions. Results also revealed that presence of neural retinal cells increased the
percentage of lens forming transdifferentiation ability of iris PECs in both untreated control and Vitamin
A treated explants (Shekhawat et al., 2001; Sharma et al., 2010). Thus the present result provides
substantial evidence for the cell plasticity and transdifferentiation of iris pigmented epithelial cells into
lens. Similar to present results Yamada (1967), Reyer (1966), and Connelly et al., (1986) also reported
that following de-pigmentation PECs re-differentiate into lens fiber cells and synthesize crystalline
proteins. The process is dependent upon retina invivo and invitro. Sharma et al., (2010) also reported
much high percentage of lens formation in culture medium supplemented with Vitamin A which was
containing both iris PECs and neural retina tissue. The retina acts indirectly by promoting passage of
retinal factors to the iris epithelial cells (Connelly and Green, 1987). How Vitamin A affects lens
regeneration is still not well known. However, Tsonis et al., (2000) suggested that when the function of
retinoid receptors was impaired by using RAR antagonist, the process of lens regeneration was
dramatically affected. Tsonis (2000) reported FGFs and their receptors are prominent in the
dedifferentiating cells and in the subsequent regenerating lens vesicle and differentiating lens fibers.
Vitamin A action might be through the influence on fibroblastic growth factor It has been shown that FGF
can initiate cell cycle events and cell division in the dorsal iris cells, which are the basis for lens
regeneration (McDevitt et al., 1997; Tsonis et al., 2000). At molecular level it has also been suggested
that several genes that look like good candidates to regulate the ability of lens regeneration. These include
FGF-1, FGFR-1, FGFR-2, FGFR-3 and Hox genes which are found prominent in dedifferentiating cells
and the subsequent regenerating lens vesicle and differentiating lens fibers (Tsonis et al., 2000). It was
also reported that FGFR-1 plays important role in regulating lens regeneration and inhibitor of FGFR-1
inhibited lens regeneration (Tsonis et al., 2000). Present findings revealed that culture system provides a
useful opportunity for analyzing cellular and molecular mechanism involved in each step of
differentiation. This may solve the problem of cataracts, use of artificial lens and open a new vast field of
transdifferentiation.

Vitamin A Influences the Plasticity of Ocular and Tail Tissues

Ocular tissues present a highly powerful model for studying plasticity in differentiation of tissue cells. As
discussed earlier, in culture medium it has been studied that the dormant potential of pigmented epithelial
cells to transdifferentiate into lens is widely conserved in various animals (Jangir et al., 2012, 2013, 2014,
2015; Sharma et al., 2010, Tsonis et al., 2004). Viatmin A and its derivative retinoids have remarkable
effects on plasticity and transdifferentiation of ocular tissues. Exogenous retinoic acid was found to
change the fate of ocular tissue at ectopic site (mid lateral position of injured tail) and transdifferentiate
into lens, retina and even complete eye (Jangir et al., 2012, 2013, 2014). Recently the plasticity and
reprogramming ability of terminally differentiated tissue was observed in toad tadpole’s tail where
vitamin A modified the fate of injured tail tissue to form additional body segments like pelvic girdle
elements and hind limbs (Jangir et al., 2014). Several workers have also reported homeotic transformation
of tail tissue into limb under the influence of retinoids in several species of anuran amphibians (Mohanty
et al., 1992; Mohanty and Crawford, 2003; Muller et al., 1996). However, they reported the development
of ectopic hind limb at the level of amputation of tail i.e. Ectopic hnd limb (EHL) developed at the cut
ends of the tail. But in our study tail was not amputated completely rather a small pit was made on mid
lateral position. Thus our results give clear evidence of inductive influence of Vitamin A on injury
induced reprogramming ability of tail tissue into axial skeletal elements, pelvic segments and limbs.
Mahapatra and Mohanty (1994) suggested that a gene of Hox 3 cluster may be involved in the
development of the tail to legs. Mohanty and Crawford (2003) discussed the role of retinoids in the
regulation of Hox genes with respect to development of limbs from tail. In our experiment considerable
enlargement of notochord reported in Vitamin A treated operated cases. Maden (1993) has also observed
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similar enlargement of notochord after Vitamin treatment in regenerating tail of Rana temporaria. It can
be speculated that under the influence of Vitamin A notochord mediates the expression of key Hox genes
for the establishment of the pelvic region and nerve supply by respecification and proximalisation in the
tail tissue.

Vitamin A Mediated Plasticity of Cardiac Tissue during Heart Regeneration

The high regenerative ability of amphibians provides a valuable model system to gain basic information
on regeneration that may be transferable to human trauma. Vitamin A was found to accelerate the
percentage of heart regeneration in toad and frog tadpoles (Jangir et al., 2012, 2013, 2014; Poss et al.,
2002; Govind and Jangir, 2015). However, the cellular and molecular mechanisms that control the
regenerative capacity of the anuran amphibian heart are not still clear. The repair process is associated
with the proliferation of cardiomyocytes, which are characterized by a partial disassembly of saromeric
structure (Bader and Oberpriller, 1978; Tate and Ober, 1989). Several workers observed that
cardiomyocytes may have an intrinsic potential for re-entering the cell cycle in order to repair a damaged
heart (Nag and Cheng, 1981; Quaini et al., 1994). Poss et al., (2002) and Raya et al., (2003) reported that
in Zebra fish there is creation of a primitive blastema at the margin of injury comprising undifferentiated
progenitor cells (Lapilina et al., 2006). However, some workers reported that cardiac regeneration in
Zebra fish occurs via pre-existing adult cardiomyocytes through reactivation of cell cycle (Jopling et al.,
2010; Kikuchi et al., 2010).

Any factor which may stimulate cardiomyocyte division by a mechanism involving dedifferentiation will
be beneficial for repairing or regeneration. Poss (2007) and Lapilina et al., (2006) reported beneficial
effect of FGF on heart regeneration. They observed inhibiting FGF receptor blocks cardiac regeneration.
Other signals like retinoic acid may co-operate with FGF to induce myocardial proliferation during
regeneration (Poss, 2007; Jangir et al., 2012,2013,2014; Gupta & Jangir, 2015).

In the present study evident influence of Vitamin A was observed on the plasticity of somatic cells during
regeneration. Despite the fact that the process of limb, lens and heart regeneration are quite different from
each other and involve different tissues and structures, they all start with the dedifferentiation process. In
this regard it may hypothesize that what triggers dedifferentiation could be common in these regenerative
processes.

Interesting similarities are obvious. The most striking is the possible role of FGFs in signaling the
initiation of all these events. It is tempting to speculate that FGF signaling does indeed play a more
general role in inducing the dedifferentiation process in the different regenerative tissues FGF have also
been found to support spinal cord regeneration and to initiate liver development from the gut endoderm
(Chen et al., 1996; Huang et al., 1999).

Such similarities and common themes in regeneration can be studied further as more mechanisms of
dedifferentiation are revealed (eg. Rb phosphorylation). Identification of a common mechanism for
dedifferentiation could unify concepts and prove paramount in expanding the study of plasticity during
regeneration in other animals as well.

From the present study | believe that Vitamin A play an evident role in plasticity of somatic differentiated
cells during regeneration. The study offers a new insight for further detail findings for therapies
designated to repair the degenerated tissues or organs.
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