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Summary. The presence of a mitogenic activity in limb 
blastemas of axolotls was detected in crude extracts of 
blastemas at the mid-bud stage. The mitogenicity of the 
extracts was estimated from the mitotic index of blaste- 
ma cells grown for 6 days in the presence of limb blaste- 
ma extracts, with colchicine present for the last 2 days. 
All the extracts tested (whole blastema, blastemal mesen- 
chyme, epidermal cap) significantly enhanced prolifera- 
tion of blastema cells. The highest stimulation factors 
we observed were 7 x with 7 pg protein/ml whole blaste- 
ma extracts, 5.2 x with 14 pg/ml blastemal mesenchyme 
extracts, and 11 x with 3.5 pg/ml epidermal cap extracts. 
Hence the epidermal cap extracts appeared to be the 
most mitogenic. Extracts from the blastemal mesen- 
chyme, although less mitogenic than the epidermal cap 
extracts, were more potent than nerve extracts [Albert 
P, Boilly B (1986) Biol Cell 58:251-262]. These results 
are discussed with regard to the production of growth 
factors during limb regeneration. 
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Introduction 

After amputation, limbs of urodeles regenerate com- 
pletely. Regeneration begins with wound healing, accu- 
mulation of mesenchymal cells beneath the wound epi- 
dermis, and invasion of the mesenchymal cell mass by 
regenerating nerves (see Wallace 1981 for review). Prolif- 
eration leads to the formation of a blastema, which is 
composed of an epidermis (epidermal cap) surrounding 
the mass of mesenchymal blastema cells (mesenchyme). 
Regeneration of a limb depends on the proliferation of 
the blastema cells, so any treatment that blocks prolifer- 
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ation, such as X-irradiation, denervation or removal of 
the epidermal cap (see Wallace 1981 for review), will 
stop the regeneration process. It is important to under- 
stand what controls the proliferation of blastema cells 
in order to comprehend better the process of regenera- 
tion. Excluding systemic factors like hormones (see for 
review Liversage et al. 1985), the three components of 
blastemas (i.e. regenerating nerves, epidermal cap, mes- 
enchyme) can be considered as potential sources ofmito- 
gens. The production of growth factor(s) by nerve tissue 
during regeneration has been demonstrated by Singer 
(1974, 1978) and others (see Carlone and Mescher, 1985 
for review) but its nature is still unknown. 

Less is known about the epidermal cap and mesen- 
chyme. Mescher (1976) suggested, 'The epidermal cap 
may serve to keep the dedifferentiating cells in the cell 
cycle and prevent their early redifferentiation'. Using 
culture of explanted blastemas, Globus et al. (1980) were 
able to demonstrate that the epidermal cap controlled 
the cycle of mesenchymal blastema cells; after removal 
of the epidermal cap, mesenchymal cells left the cell cycle 
and differentiated precociously into cartilage nodules. 
Globus et al. (1980) suggested that the epidermal cap 
provided a 'division signal' for mesenchymal cells, 
which differentiate in its absence. The production of this 
' signal' would allow for a high proliferation rate in blas- 
tema cells just beneath the epidermal cap. Cells further 
from the epidermal cap would be exposed to decreasing 
concentrations of the signal, and would therefore differ- 
entiate. However, as pointed out by Globus and Vetha- 
many-Globus (t985), 'The manner in which the AEC 
(apical epidermal cap) exerts its effect has not been deter- 
mined '. There are no experiments relating to tihe possible 
mitogenic influence of blastemal mesenchyme on itself 
during regeneration. Although several authors have used 
limb blastema extracts on denervated (Deck and Futch 
1969; Burnett et al. 1971) or X-irradiated limbs (Deck 
and Dent 1970) their results are difficult to interpret 
because they used extracts prepared from whole blaste- 
mas, and because these extracts were tested in vivo. Test- 
ing crude extracts in vivo induces inflammatory re- 
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sponses, which can interfere with the effect of  any potent 
growth factor contained in the extract. To search for 
mitogens in tissues, we need a sensitive bioassay using 
cultured blastema cells. We have developed such a bioas- 
say (Albert and Boilly 1986) and have used it to confirm 
the presence of mitogens in nerve tissue of amphibians; 
we have also shown that the production of  mitogens 
by the spinal cord is regulated during regeneration (Boil- 
ly and Albert 1988). In this paper, we use the same bioas- 
say to test the mitogenicity of  extracts from the epider- 
mal cap and from the mesenchyme. We show that ex- 
tracts from the epidermal cap of  limb blastema are high- 
ly mitogenic and that extracts from the mesenchyme, 
although clearly less potent, are more mitogenic than 
the previously studied nerve extracts. 

Materials and methods 

Mid-bud stage blastemas were obtained from 9-12-month-old axo- 
lotls (Ambystoma mexicanum), the forelimbs of which were ampu- 
tated under anesthesia (MS 222 0.1% Sandoz) through the distal 
stylopod. After peeling off the epidermal cap, the mesenchyme 
was mechanically dissociated with needles in culture medium and 
the mesenchymal cells plated in petri dishes (35 mm diameter, Fal- 
con Primaria). The culture medium was made with diluted MEM 
(Seromed) serum-free, complemented with insulin, L-thyroxine, so- 
matotropin, hydrocortisone and antibiotics (osmolarity 250/ 
260 mOsm, pH 7.3) as described previously (Albert and Boilly 
1986). The cultures were maintained for 16 days at 25~ (2% 
CO2, 98% air) and the assays of the mitotic index were conducted 
only on the layer of blastema cells that had migrated from the 
explants (Albert and Boilly 1986). 

The mitogenic activity of extracts was tested as follows. The 
extracts were added to the culture medium of seven cultures on 
the 10th day of culture; on the 14th day, the medium was removed 
and extracts added again at the same concentration with 20 gg/ml 
colchicine (Serva, Heidelberg). The mitotic index was established 
48 h later. About 500-1000 cells were examined in each dish in 
order to calculate the mitotic index. All the experiments were per- 
formed in replicate. 

Extracts were obtained from mid-bud stage blastemas of axo- 
lotls 14 days after forelimb amputation or from muscles (muscuIus 
dorsalis tronci). The blastema extracts were prepared either from 
the epidermal cap, the mesenchyme, or the whole blastema. We 
checked histologically that the epidermal cap and the mesenchyme 
we isolated from blastemas were pure (Fig. 1). All the samples 
were maintained in Ringer's solution at 0 ~ C. They were homoge- 
nized (Potter homogenizer) and centrifuged (25000 g, 1 h, 4 ~ C) 
and the supernatant was removed. The protein content of the su- 

pernatant was determined (Bradford 1976) prior to bioassay; the 
quantity of protein in the supernatant used varied between 3.5 gg/ 
ml and 28 p~g/ml culture medium. As a control, bovine serum albu- 
min was added to cultures in similar amounts. 

Results and discussion 

Our results show that crude extracts from blastemas, 
particularly from the epidermal cap, strongly stimulate 
the proliferation of  cultured mesenchymal blastema 
cells. The absence of  an influence of  bovine serum albu- 
min on the one hand, and the low level of stimulation 
obtained with a non-blastemal tissue (muscle) on the 
other hand (Fig. 2), show that the stimulatory effect of  
tissue extracts is not  a consequence of  the addition of  
proteins to the culture medium (when used at a concen- 
tration similar to that of  blastema extracts: 3.5-14 lag 
protein/ml); rather the effect we obtained is correlated 
with the blastemal origin of the extracts. The blastema 
extracts used appeared to be mitogenic; they stimulated 
the proliferation of  blastema cells up to a maximum 
concentration that depended on the tissue origin of the 
extract; beyond this concentration, the stimulation of  
cell proliferation decreased. 

Extracts of  epidermal cap were highly mitogenic. The 
mitotic index reached its maximum level (19.6% vs 1.8% 
for the control) at a relatively low concentration of  pro- 
tein (3.5 lag/ml) (Fig. 3). There is already some indirect 
evidence that the epidermal cap secretes a product into 
the underlying blastema. Singer and Salpeter (1961) pre- 
sented electron micrographs of  epidermal cells, the ap- 
pearance of  which suggested secretion; Chapron (1974) 
using [3H]fucose labeling showed that the epidermal cap 
synthesizes a glycoprotein that localizes between blaste- 
ma cells; Revardel et al. (1986) reported that extracts 
from scar epithelium increase digit regeneration of  Rana. 
However, no evidence concerning the mitogenicity of  
an epidermal secretion has previously been presented. 
Our results show that the mitogenic activity appears to 
be very effective since a quantity of  epidermal cap ex- 
tract that is ten times less (measured by its protein con- 
tent) than that used for nerve extracts (Albert and Boilly 
1986) is twice as mitogenic. The nature of this mitogenic 
activity is at present unknown. However, Chew and Ca- 

Fig. 1. Histological section of a 
blastema, the mesenchyme (me) 
and the epidermal cap (ec) of 
which are partially separated (a) 
or totally separated (b, c); note 
that the basement membrane 
(arrow) is present on the 
mesenchyme after separation. 
Bar: 100 gm 



445 

MI 

4 

3 

2 

1' 

0 
3.5 7 14 gg/ml 

Fig. 2. Influence of bovine serum albumin or muscle extract (gg/ml 
culture medium) on the mitotic index (M/) of blastema cells. The 
mitotic index represents the number of mitoses for 100 cells. 
�9 Control; [] Bovine serum albumin; N Muscle 

meron (1983) succeeded in stimulating the proliferation 
of dedifferentiating stump cells in amputated limbs de- 
prived of the wound epidermis by implanting Elvax 40 
impregnated with crude preparations of fibroblast 
growth factor (FGF) or endothelial cell growth supple- 
ment (ECGS). The mitotic indices in the area of dediffer- 
entiation of animals receiving implants increased by a 
factor of six for ECGS and ten for FGF over controls 
without implants. Although we cannot know from these 
experiments if the growth factors replace whatever is 
normally supplied by the epidermal cap, it has been 
shown in separate studies that the proliferation of blaste- 
ma cells can be stimulated by FGF (Mescher and Gosp- 
odarowicz 1979; Rathbone et al. 1979; Gospodarowicz 
and Mescher 1980; Carlone et al. 1981; Mescher and 
Loh 1981; Albert et al. 1987). In addition, we have re- 
cently succeeded in extracting acidic FGF from the epi- 
dermal cap of axolotls (Boilly 1989). 

Extracts of mesenchyme alone also stimulated prolif- 
eration of mesenchymal blastema ceils. However, the 
maximum efficiency (5.2 x the controls) was less than 
half that of epidermal cap extracts and moreover re- 
quired the fourfold concentration (14 ~tg/ml as com- 
pared to 3.5 gg/ml) (Fig. 3). Since blastema cells can be 
stimulated to divide by both nerves and epidermal cap, 
it is possible that the mitogenicity of blastema cell ex- 
tracts is provided by the mitogens from the nerve and/or 
epidermal cap, which can be sequestered outside the cell, 
in the extracellular matrix like FGF (Jeanny et al. 1987; 

Vlodasky et al. 1987a, b; Baird and Ling 1987). It is 
also possible that the mitogen we obtained in extracts 
of mesenchymal blastema cells is produced by the blaste- 
ma cells themselves. Such an autocrine control of growth 
is known for FGF in fast-growing cells like cancer cells 
(Sporn and Roberts 1985) or in normal cells able to 
undergo rapid histogenesis, such as human vascular 
smooth muscle cells (Winkles et al. 1987) and capillary 
endothelial cells (Moscatelli etal. 1986; Schweigerer 
et al. 1987). Moreover, recent results related to the stim- 
ulation of blastema cells by heparin (unpublished data) 
suggest that blastema cells produce an acidic FGF-like 
growth factor, a factor we have also extracted from mes- 
enchyme during regeneration (Boilly 1989). In addition, 
other growth factors such as basic FGF could be pro- 
duced by specialized cells like macrophages (Baird et al. 
1985, 1986), which are known to be present in blastemas 
(Bryant et al. 1971). 

Extracts obtained from the whole blastema enhanced 
proliferation of mesenchymal blastema cells at a high 
level; maximum stimulation (5.2 x to 7 x ) was obtained 
for a concentration of 7 gg protein/ml (Fig. 3). It ap- 
pears that the mitogenic effect we observed with extracts 
from whole blastemas results from the activity of both 
components of the blastema without potentiation or in- 
hibition, since extracts from whole blastemas are more 
potent than mesenchyme extracts and less potent than 
epidermal cap extracts, and since the epidermal cap rep- 
resents about half of the whole blastema (in cell 
number). 

The mitogenic effect of limb blastema extracts has 
already been tested in vivo on denervated (Deck and 
Futch 1969; Burnett et al. 1971) or X-irradiated (Deck 
and Dent 1970) limbs. These extracts, which were con- 
sidered by Burnett et al. (1971) to contain the mitogen 
furnished by nerves, allowed denervated limbs to pro- 
duce an early blastema in 76% of the cases (Deck and 
Futch 1969) or to 'maintain normal regeneration' (Bur- 
nett et al. 1971) but did not stimulate recovery of irradi- 
ated limbs (Deck and Dent 1970). In a similar manner, 
Skowron et al. (1963), Semkowicz (1964), Weber and 
Maron (1965), and Wiecek (1966) observed that tail blas- 
tema homogenates accelerated the growth of regenerat- 
ing tails. However, the effect of infusion of crude extracts 

t,/ll 

20.  

10 

0 1.75 3.5 7 1 4 21 gglml 

Fig. 3. Influence of whole blastema extract, 
mesenchyme extract, or epidermal cap extract (gg/ 
ml culture medium) on the mitotic index (M/) of 
blastema cells. The mitotic index represents the 
number of mitoses for 100 cells. �9 Epidermal cap; 
[] Mesenchyme; [] Blastema 
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in vivo is r a the r  diff icul t  to in t e rp re t  since the  admin is -  
t r a t i on  o f  va r ious  t issue or  t issue ext rac ts  can  s t imula te  
r egenera t ion  (Mal in in  and  D e c k  1958; Po lezhaev  1959; 
Po lezhaev  and  E r m a k o v a  1960; Po lezhaev  et al. 5961 
1964; Po lezhaev  and  T u c h k o v a  1967; Smi th  and  Craw-  
fo rd  1969); it  is p r o b a b l e  tha t  this  s t imu la t i on  o f  regener-  
a t i on  resul ted  m o r e  f rom an  i n f l a m m a t o r y  response  
(which is k n o w n  to genera te  g rowth  fac to rs ;  Turck  et  al. 
1987) than  f rom the ' t r o p h i c '  fac tor ,  which  migh t  be 
con ta ined  in the  extract ,  because  infus ion o f  saline 
(Ringer ' s  so lu t ion)  also p r o d u c e d  a pos i t ive  effect on  
g rowth  (Deck  1971). O n  the o the r  hand ,  because  o f  the  
type  o f  b ioas say  used  in this w o r k  (cell cul ture) ,  ou r  
results  a l low us to  assume tha t  b l a s t emas  con ta in  mi to -  
gens. In  the  same way,  G o s p o d a r o w i c z  and  Mescher  
(1981) r e p o r t e d  tha t  c rude  ext rac ts  f rom regenera t ing  
l imbs  o f  axolo t l s  exh ib i ted  an  F G F - l i k e  mi togen ic  effect 
on  m o u s e  3T3 cells, a n d  Brockes  (1984) and  Brockes  
and  K i n t n e r  (1986) us ing a n o t h e r  t a rge t  cell ( ra t  
Schwann  cell) showed  tha t  b l a s t emas  o f  Notophthalmus 
viridescens con ta ined  glial  g r o w t h  fac tor ,  a g r o w t h  fac- 
tor  re la ted  to bas ic  F G F  ( G o s p o d a r o w i c z  et al. 1987). 
A l t h o u g h  some o f  the g rowth  fac tors  p resen t  in blas te-  
m a s  are  furn ished  by nerves,  as p r o v e n  by Brockes  
(1984) and  Brockes  and  K i n t n e r  (]986) for  glial g rowth  
fac tor ,  ou r  results  suggest  t ha t  they  can  also or ig ina te  
f rom o the r  sources,  l ike the ep ide rma l  cap  and  p e r h a p s  
f rom the b l a s t e m a  cells themselves.  This  expla ins  why  
dene rva t i on  o f  a regenera t ing  l imb does  no t  comple t e ly  
s top  the p ro l i f e ra t ion  o f  b l a s t ema  cells (Boil ly  et al. 
1985) and  why  nerve ext rac ts  a re  less p o t e n t  t han  blas te-  
m a  extracts .  
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