
Evolution of Regeneration 

What explains the distribution 

  of regeneration among  

  organisms? 

 

 - Adaptive? 

 - Ancestral to all metazoans 

   and repeatedly lost, or  

   independently derived? 

 

Evolution and Development 



“The regenerative process is one of the 
fundamental attributes of living things...” 
Thomas Hunt Morgan (1901), from his 
book Regeneration. 

Regeneration- the reactivation of development 

in later life to restore missing tissues. The 

phenomenon of the limb generation in newts 

of starfish is marvelous but we cannot grow 

back our awn arms and legs. What gives 

salamanders this ability we so sorely lack? 



There are three major ways by which regeneration can occur. 

Epimorphosis: It involves the differentiation of adult 
structures to form an undifferentiated mass of cells 
that then becomes re-specified. It is characteristic of 
regenerating limbs of salamander. 

Morphallaxis: Here, regeneration occurs through the 
re-patterning of existing tissues and there is little new 
growth. Such regeneration is seen in hydras. 

Compensatory regeneration: it is an intermediate type and 
can be thought of as compensatory regeneration. Here the 
cells divide but maintain their differentiated functions. They 
produce cells similar to themselves and do not form a mass of 
undifferentiated tissues. This type of regeneration is the 
characteristic of mammalian liver. 



 
EPIMORPHIC REGENERATION OF 
SALAMANDER LIMBS 
 

When an adult salamander limb is amputated, the 
remaining cells are able to reconstruct a complete 
limb, with all its differentiated cells arranged in 
proper order. In other words, the new cells construct 
only the missing structure and no more. For 
example, when a wrist is amputated, the salamander 
forms a new wrist and not a new elbow. 

 
 

 



Regeneration is Phylogenetically Widespread 

Anuran Tail  Planeria  



Regeneration of salamander forelimb. The amputation shown on the left was made 

below the elbow; the amputation shown on the right cut through the humerus. In both 

cases, the correct positional information is respectified. 



 Formation of the ectodermal cap and 
regeneration of blastema: 

 Salamanders accomplish this feat by 
dedifferentiation and re-specification. Upon limb 
amputation, a plasma clot forms, and within 6-12 
hours, epidermal cells from the remaining stump 
migrate to cover the wound surface, forming the 
wound epidermis.  

 The single-layered structure is required for 
regeneration of limb, and it proliferates to form 
the epical ectodermal cap. 

 



Regeneration in the larval forelimb 
of the spotted salamander 
Ambystoma maculatum.  

(A) Longitudinal section of the upper 
arm, 2 days after amputation. 
The skin and muscle have 
retracted from the tip of the 
humerus.  

(B) At 5 days after amputation, a 
thin accumulation of blastema 
cells is seen beneath a thickened 
epidermis.  

(C) At 7 days, a large population of 
mitotically active blastema cells 
lies distal to the humerus.  

(D) At 8 days, the blastema 
elongates by mitotic activity; 
much dedifferetiation has 
occurred.  



(E) At 9 days, early re-differentiation can be seen. 
Chondrogenesis has begun in the proximal part of the 
regenerating humerus, H.  
 
The letter A marks the apical mesenchyme of the 
blastema, and U and R are the precartilaginous 
condensations that will form the ulna and radius, 
respectively. P represents the stump where the 
amputation was made.  
 
(F) At 10 days after amputation, the precartilaginous 
condensations for the carpal bones (ankle, C), and the 
first two digits (D1, D2) can also be seen. 



 Genes that are express in differentiated tissues (such as the 
MRF4 and my5 genes expressed in the muscle cells) are 
down-regulated, while there is dramatic increase in the 
expression of genes, such as msx1, that are associated with 
proliferating progress zone mesenchyme of the embryonic 
limb.  

 The formerly well-structured limb region at the cut edge of 
the stump thus forms a proliferating mass of 
indistinguishable, dedifferentiated cells just beneath the 
epical epidermal cap. This dedifferentiated cell mass is 
called the regeneration blastema. 

 These cells will continue to proliferate, and will eventually 
dedifferentiate to form the new structure of the limb. 

 



Glial growth factor (GGF) produced by newt neural cells, 

is present in the blastema, and is lost upon denervation. 

When the peptide is added to a denervated blastema, the 

mitotically arrested cells are able to divide again.  

 

A fibroblast growth factor may also be involved. FGFs 

infused into denervated blastema are able to restore 

mitosis.  

 

Another important neural agent necessary for cell cycling 

is transferrin, an iron-transport protein that is necessary 

for mitosis in all dividing cells. 

 

Thus, in salamander limb regeneration, adult cells can go 

―back to the future,‖ returning to an ―embryonic‖ 

condition to begin to the formation to the limb anew. 

 



Retinoic acid appears to play an important role both in the 

dedifferentiation of the cells to form the regeneration 

blastema and in the respecification processes as the cells 

dedifferentiate.  

Retinoic acid is synthesized in regenerating limb wound 

epidermis and is  seen to form a gradient along the 

proximal-distal axis of the blastema. 



Epimorphic Regeneration: The Blastema is 

Very Similar Among Unrelated Taxa 



COMPENSATORY REGENERATION IN THE 

MAMMALIAN LIVER. 

  

Liver has the ability to regenerate. The standard assay 

for liver regeneration is to remove (after anesthesia) 

specific lobes of the liver, leaving the others intact.  

The removed lobe does not grow back, but the remaining 

lobes enlarge to compensate for the loss of missing liver 

tissue.  

Even in humans, the amount of liver regenerated is 

equivalent to the amount of liver removed. 



Kinetics of DNA synthesis in the four major cell types of 

the mammalian liver. It is possible that, since the 

hepatocytes respond fastest, they are secreting paracrine 

factors that induce DNA replication in the other cells. 



• The liver regenerates by the proliferation of the existing 

tissues. The regenerating liver cells do not fully 

differentiate when they re-enter the cell cycle. 

• No blastema is formed. 

• Five type of liver cells- hepatocytes, duct cells, fat-

storing cells (lto), endothelial cells and Kupffer 

macrophages- each begin dividing to produce more of 

themselves. 

• Each type of cell retains its cellular identity, and the liver 

retains its ability to synthesize the liver-specific enzymes 

necessary for glucose regulation, toxin degradation, bile 

synthesize, albumin production and other hepatic 

functions. 

• Fetal transcription factors and products are made, as 

are the cyclins that control cell division. 



most important proteins for returning liver cells to the cell 

cycle is hepatocyte growth factor (HGF).  

 

This protein induces many of the embryonic proteins. 

Within an hour after partial hepatectomy, the blood level 

of HGF has risen 20 fold.  

 

The trauma of partial hepatectomy may activate 

metalloproteinases that digest the extracellular matrix 

and permit the hepatocytes to separate and proliferate. 

 

These enzymes also may cleave HGF to its active form. 



MORPHALLACTIC REGENERATION IN 
HYDRAS 

 When a Hydra is cut in half, the half containing 
the head will regenerate a new basal disc, and 
the half containing the basal disc will 
regenerate a new head.  

 Moreover, if a hydra is cut into several portions, 
the middle portions will regenerate both heads 
and basal disc at their appropriate ends. No cell 
division is required for this to happen, and the 
result is a small hydra. This regeneration is 
morphallactic. 

 



Budding in 

Hydra. A new individual buds 

from the right side of an adult 

Hydra. 



providing evidence for a 

gradient  of  head  inhibitor. 

(A) Subhypostomal tissue 

does not generate a new 

head when placed close to 

an existing head. (B) 

Subhypostomal tissue forms 

a head if the existing one is 

removed. A head will also 

form at the site where the 

host's head  was amputated. 

(C) Subhypostomal tissue 

induces a new head when 

placed   far  away  from  the 

existing head. 

experiments Grafting 



Observations Supporting the  

Idea that Regeneration is Ancestral  

 Phylogenetically widespread 

 Lost between closely related species 

 Aspects of regeneration are similar among 
organisms in a developmental sense 

 Some organisms that can not regenerate body 
parts, do so partially during development. 



Why Not Regeneration? 
Why don’t we observe it more?  

 Loss of regeneration may reflect major evolutionary 
changes: 

 
 With respect to amniote vertebrates: 

 Water to land transition 

 Poikilothermy to homothermy 

 Loss of metamorphosis 

 Evolution of immune system 


