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Regeneration

Regeneration is the reactivation of
developmental processes in post-
embryonic life to restore missing
tissues/organs.





Types of regeneration

Regeneration does in fact take place in all species and can occur in four major

ways:

STEM CELL REGENERATION: Stem cells allow an organism to regrow certain organs or

tissues that have been lost. Examples include the regrowth of hair shafts from follicular

stem cells in the hair bulge and the continual replacement of blood cells from the

hematopoietic stem cells in bone marrow.

EPIMORPHOSIS: Here, adult structures can undergo dedifferentiation to form relatively

undifferentiated mass of cells that the redifferentiates to form the new structure. Such

epimorphosis is characteristic of planarian flatworm regeneration and also of

regenerating amphibian limbs.

MORPHALLAXIS: Here, regeneration occurs through the repatterning of existing tissues

and there is little new growth. Such regeneration is seen in Hydra.

COMPENSATORY REGENERATION: Here, the differentiated cells divide but maintain their

differentiated functions. The new cells do not come from stem cells, nor they come from

the dedifferentiation of the adult cells. Each cell produces cells similar to itself, no mass

of undifferentiated tissue forms. This type of regeneration is characteristic of the

mammalian liver.



When an adult salamander limb is amputated, the remaining limb

cells are able to reconstruct a complete new limb, with its all

differentiated cells arranged in the proper order. In other words, the

new cells construct only the missing structures and no more. For

example, when a wrist is amputated, the salamander forms a new

wrist and a new elbow. In some way, the salamander limb knows

where the proximal-distal axis has been severed and is able to

regenerate from that point on. Salamander accomplish epimorphic

regeneration by cell dedifferentiation to form a regeneration

blastema (an aggregation of relatively dedifferentiated cells derived

from the original differentiated tissue) which then proliferates and

redifferentiates into the new limb parts. Bone, dermis and cartilage

just beneath the site of amputation contribute to the regeneration

blastema, as do satellite cells from nearby muscles.

Regeneration 

blastema



Formation of wound 

epidermis

When an adult salamander limb is amputated, a plasma

clot is formed. Within 6-12 hours, epidermal cells from

the remaining stump migrate to cover the wound

surface, forming the wound epidermis. In contrast to

wound healing in mammals, no scar forms and the

dermis does not move with the epidermis to cover the

site of amputation. The nerves innervating the limb

degenerate for a short distance proximal to the plan of

amputation.



Formation of blastema and 

AEC

During the next 4 days, the ECMs of the tissues beneath the wound

epidermis is degraded by proteases, liberating single cells that

undergo dramatic dedifferentiation: bone cells, cartilage cells,

fibroblasts and myocytes all lose their differentiated characteristics.

Genes that are expressed in differentiated tissues (such as mrf4 and

myf5 genes expressed in muscle cells) are downregulated, while

there is a dramatic increase in the expression of genes such as msx1

that are associated with the progressive zone (PZ) mesenchyme of

the embryonic limb. This cell mass is the generation blastema that

consists of cells which are eventually redifferentiate to from the new

structures of the limb. Moreover, during this time, the wound

epidermis thickens to form the apical ectodermal cap (AEC), which

acts similarly to the apical ectodermal ridge (AER) during normal

development.



Nature (potency) of blastema 

cells

So, the previously well-structured limb region at the cut

edge of the stump forms a proliferating mass of

indistinguishable cells just beneath the AEC. Interestingly,

the blastema is not a collection of homogeneous, fully

dedifferentiated cells. Rather, cells retain their

specification and the blastema is a heterogeneous

assortment of restricted progenitor cells. So, muscle cells

arise only from old muscle cells, dermal cells come only

from old dermal cells.



The growth of the regeneration blastema depends on the presence of

both the AEC and nerves. The AEC stimulates the growth of the

blastema by secreting Fgf8 (just as AER does in normal development),

but the effect of AEC is only possible if nerves are present. Singer

(1954) demonstrated that a minimum number of nerve fibers must be

present for regeneration to take place. The neurons also believed to

release factors necessary for the proliferation of the blastema cells.

One of these factor (nerve derived blastema mitogen) is newt anterior

gradient protein (nAG) that cause blastema cells to proliferate during

regeneration process. If activated nAG genes are electroporated into

the dedifferentiating tissues of limbs that have been denervated, the

limbs are able to regenerate. The nAG is only minimally expressed in

the normal limbs, but it is induced in the Schwann cells that surround

the neurons within 5 days of amputation.

Growth factor and Nerve factor for blastema 

formation



The creation of the amphibian regeneration blastema may

also depend on the maintenance of ion currents driven

through the stump: if this electric field is suppressed, the

regeneration blastema fails to form. Such electric fields have

been shown to necessary for the regeneration of tails in

Xenopus laevis (an anuran amphibian, frog). In this frog, the

V-ATPase H+-pump is activated within 6 hours after tail

amputation, changing the membrane voltage and establishing

flow of protons through the blastema. If this proton pump is

inactivated either by mutation or by drugs, depolarization of

the blastema cells fails to occur and there is no regeneration.

Ion flow for blastema 

formation





Molecules for establishing the axes of regenerating 

limb

The regeneration blastema resembles the progress zone

mesenchyme of the developing in many ways and the genes

involved in patterning the limb are often re-pressed

appropriately in the regenerating limb. There are some

differences, but similarities are striking. The anterior-

posterior axis is established by sonic hedgehog activation and

the graded expression of the HoxD series of genes, while the

proximal-distal axis is re-established using retinoic acid (RA),

HoxA genes and fibroblast growth factors (Fgfs), just as in the

developing limb.





AP-axis specification during limb 

regeneration
SHH is expressed in a patch of posterior mesenchyme of the blastema and associated with

posterior patterning, while Fgf8 is expressed in the anterior mesenchymal patch and

associated with anterior patterning. The initial upregulation of Fgf8 in anterior cells is

independent of interaction with posterior cells and initial upregulation of shh in posterior

cells is independent of interaction with anterior cells. Actually, Fgf8 from AEC activates Fgf10

in mesenchyme (generated by lateral plate mesoderm), activates a Wnt-β-catenine pathway

in AEC. This Wnt-β-catenine activates Fgf8 synthesis that intern enhances synthesis of Fgf10.

However, later on, the expression of fgf8 and shh becomes interdependent in a positive

feedback loop, probably involving GREM1 (a powerful BMP-antagonist), that is primarily

expressed in the anterior half of the blastema but also in some posterior cells. SHH activates

Gremlin1 that intern blocks BMPs and thereby preventing BMP-mediated inactivation of

Fgf8, while Fgf8 blocks Etv4 and Etv5 and thereby preventing Etv-mediated repression of

SHH. The positive feedback loop between SHH and Fgf8 sustains during limb growth.

However, with the advancement of limb growth, the level of Fgf8 rises that intern blocks

GREM1 in the mesenchyme. As long as the GREM1 can reach AEC, the Fgf8 will be made

and AEC maintained. However, after blocking of GREM1 by higher level of Fgf8, GREM1 can

not reach to the AEC. At that time, the BMPs block FGF synthesis, the AEC collapses and

posterior mesenchymal region that acts ZPA (with no FGFs to support it) is terminated and

the phase of limb regeneration ends.



The Hoxd genes also involved in AP axis

specification. The expression of SHH also regulates

the pattern of expression of Hoxd genes. The

HoxD 9 is expressed throughout the AP-axis in

regenerating limb. Then, HoxD10, HoxD11,

HoxD12, Hoxd13 expression becomes distributed

from relatively anterior to posterior axis in a

nested pattern.









PD-axis specification during limb 

regeneration

The initial pattern of Hox genes expression in regenerating limb is

not same as that in developing limbs. However, the nested

pattern of Hoxa and Hoxd gene expression characteristic of limb

development is established as the limb regenerates. The

expression pattern of Hoxa gene combinations is considered to

indicate the order of specification of new positional identities

representing the proximal-distal (PD) axis of the limb. Hoxa9

(stylopod), Hoxa11(zeugopod) and Hoxa13(autopod) are

expressed serially in proximal to distal order in the mesenchyme

of the blastema. Hoxa9 is expressed first in entire region of

blastema, Hoxa11 next in the prospective zeugopodial region and

Hoxa13 last in the prospective autopodial region in a nested

pattern.



Role of retinoic acid

Retinoic acid (RA) is synthesized in the wound

epidermis of the regenerating limb and forms a

gradient along the proximal-distal and anterior-

posterior axes of the blastema. This RA-gradient is

thought to facilitate three major processes that might

inform cells of their position along that axis in the limb.





The first pathway through which RA can establish proximal-distal

patterning involves Hox genes. RA can activate a set of Hox genes

differentially across the blastema that tells cells where they are in the

limb and how much they need to grow. RA can stimulate proximal

marker such as Hoxd10 (stylopod), while downregulate distal marker

such as Hoxa13 (autopod) in the blastema.

The mechanism by which the Hox genes do this are not known, but

one possibility is that they regulate changes in blastema cell-cell

adhesion similar to those postulated to mediate the actions of Hox

genes in the developing limb. A proximodistal gradient of blastema cell

adhesivity has been demonstrated in the regenerating urodele limb.

RA can promote the expression of cell adhesion protein CD59 (also

known as Prod1) by upregulating Hoxd10 gene in proximal region of

blastema. Moreover, CD59 appears to be activated by nAG from the

glial cells, thereby linking proliferation and patterning together.

1st mechanism through which RA 

acts



RA may also act through a second pathway involving meis

genes. It stimulates the expression of homeodomain genes

meis1 and meis2 in proximal portion (stylopodial region) of

the regenerating blastema. Originally, RA establishes a

domain of meis gene expression across the entire blastema.

However, Fgfs secreted by the AEC suppress meis gene

activation, limiting meis gene products to the proximal

region of the limb. Thus, RA activity promotes stylopodal

(proximal) specification through the activation of Meis1/2

expression, whereas Fgf from AEC promotes zeugopodal

and autopodal (more distal) specification through repression

of Meis1/2 expression.

2nd mechanism through which RA 

acts


