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ABSTRACT During regeneration. blastema cell proliferation depends on several different factors
which are, as yet, not fully understood. Previous studies showing the presence of FGF.' and FGF
receptors in the limb blastema make FGF-' a potentially important molecule for limb regeneration but
they do not demonstrate that this factor is active during the process. In the present study, we have first
of all confirmed the presence of FGF-1 in limb blastemas of the amphibian Pleurodeles waItt using
immunochemistry. Second, we provide evidence in vivothat FGF-1 controls blastema cell proliferation
by using different reagents which interfere with FGF activity. Sulfated polysaccharides which bind
FGFs, such as heparin, l-carrageenan and pentosan polysulfate, are ableto decrease both 3H-thymidine
incorporation and the mitotic index in regeneration blastemas. In addition, suramin which inhibits the
binding of growth factors to their receptors, induces the same effect. The presence of receptors in
blastema cells is also demonstrated by using the FGF-saporin complex which is known to bind to FGF
receptors and to kill cells bearing these receptors. This complex decreases the mitotic index in
mesenchyme, while saporin alone did not influence cell proliferation. Finally, results obtained using
a neutralizing monoclonal antibody against FGF-1 which was able to specifically reduce blastema cell
proliferation, suggests that FGF-1 plays an important function in limb regeneration.
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Introduction

Some amphibians (Urodeles and larvae of Anurans) have the
ability to regenerate their limbs after amputation (Wallace, 1981;

ChernoH and Stocum, 1995; Tsonis, 1996 forreview), The process

of limb regeneration resembles limb development at least at the
morphological level (Faber, 1971). After wound healing, a blast-
ema arises at the surface of the limb stump; the blastema is
composed of an epidermal cap, which covers a mass of dediffer-
entiated mesenchymal cells (Le. blastema cells) that proliferate
very actively, After this phase of strong cell proliferation, the
blastema differentiates and restores the original limb pattern.

It is known that limb regeneration, as well as limb development,
depends on proliferation of mesenchymal cells. During regeneration,
blastema cell proliferation dependson diHerentfactors, some ofthem
originating both from the severed peripheral nerves and from the
epidermal cap (Boilly et a/., 1990). Nevertheiess, the nature of factors
which trigger blastema cell proliferation remain unknown. Several
mitogens, assumed to be produced by nerves, such as substance P

(Globus and Vethamany-Globus, 1985; Smith et a/., 1995), transfer-
rin (Mescher and Munaim, 1984) and fibroblast growth factor (FGF)
(Gospodarowicz and Mescher, 1980), were considered to act during
limb regeneralion. FGF received particular attention especially at a
time when this growth factor was first purified from nerve tissues
(Gospodarowicz, 1975). Currently the family of FGFs consists of 9
structurally-related polypeptides: the first two represent the well-
known prototypes, FGF-l (acidic FGF) and FGF-2 (basic FGF)
(review in Fernig and Gallagher, 1994). They actthrough high-aHinity
tyrosine kinase receptors and low affinity binding sites; the latter are
heparan sulfate proteoglycans (HSPG) present both on the cell
surface and in the extracellular matrix (ECM). HSPG plays an
important role in FGF function. They are known 10bind FGF on their
heparan sulfate moieties and to present itto FGF receptors, to protect
FGF-l from denaturation and also to modulate the eHect of FGF by
a competition process.
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Fig. 1. Immunolocalization of FGF- 1 in PleurodeJes waltl. Strong immunofluorescence is present in the epidermal cap (ep) of mid bud stage blastema
(AI and the epidermis of the stump (8). Immunoreactivity is localized both in the cytoplasm of the epidermal cells and cell periphery IC). The cytoplasm
of mesenchymal cells is weakly labeled with the FGF-l antibody (arrow).No reactivity was observed with non-immune rabbit serum (D). Bars: 100pm
for A. B, 0; 50 ).1m for C.

FGF-1 and FGF-2 stimulate the growth of many cell types but
also have neurotrophic and angiogenic activities; all these activi-
ties which are of importance during wound healing and tissue
repair (Greenhalg el aI., 1990) make FGF a potent molecule for
limb regeneration. It was first shown that FGF is able to stimulate
cell proliferation of denervated blastemas both in vivo (Mescher et
Gospodarowicz, 1979; Chew and Cameron, 1983) as well as in
vifro (Rathbone ef al., 1979; Carlone ef al., 1981; Merscher and
Loh, 1981; Albert ef al., 1987; Boilly and Albert, 1988). Then the
presence of FGF-1 in blastemas was demonstrated using heparin-
sepharose chromatography and immunochemical methods (Boilly
ef al., 1991). Moreover, specific low and high affinity FGF binding
sites were characterized using iodinated FGF binding (Boilly et al.,
1991; Hondermarck and Boilly, 1992). Finally, expression of FGF
receptors in limb blastemas was reported using in situ hybridization
(Poulin ef al.., 1993) or Northern blot analysis of blastema RNAs
(Boilly ef aI.., 1995). Thus, these results clearly show that blastema
cells are responsive to FGF but they do not demonstrate that this
factor is actually involved in the regeneration process. In the
present study, we have first of all confirmed the presence of FGF-

1 in limb blastemas of the amphibian Pl.eurodel.es walt/.. using
immunocytochemistry. We then provide evidence in vivo that FGF
controls blastema cell proliferation by using different reagents
which interiere with FGF activity. There are several widely used
chemicals which have been shown to bind, and therefore inhibit,
activity of FGFs.lnthis study, we have used sulfated polysaccharides
which bind to the heparin-binding domain of the growth factors and
thus prevent their attachment to and activation of the high-affinity
receptors. We have also used the anticancer drug suramin, which
also inhibits the binding of growth factors to their receptors, FGF-
saporin, specifically designed to kill FGF-responsive cells, and
neutralizing FGF-1 antibody which specifically blocks the biologi-
cal activity of FGF-1.

Results

Immunoreactive FGF-1 is present in limb blastemas
A very strong FGF-1 immun.oreactivity was seen overthe entire

epidermis of the regenerate, especially in the epidermal cap of the
blastema (Fig. 1A,B). This immunoreactivity seems specific since
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it does not appear in the absence of FGF-' antibody or when FGF-
1 is replaced by a rabbit non-immune serum (Fig. 1D). The antigen
seems to be localized in the cytoplasm ot epidermal cells and/or the
cell periphery. The basement membrane, when present, was
strongly labeled (not shown). In contrast to the epidermal cap, the
blastema mesenchyme does not display strong FGF-1 labeling
due to the fact that mesenchymai cells are dispersed; neverthe-
less, when observed at high magnification, the cytoplasm of
mesenchymal cells appears weakly labeied with the FGF-1 anti.
body (Fig. 1C).

Sulfated polysaccharides decrease cell proliferation in limb
blastemas

Whoie blastemas treated with 1 ~glml and 10 ~glml heparin
showed a significant decrease of 21 % and 27% 3H thymidine
incorporation, respectively (Fig. 2). No hemorrhagic effect was
observed since mid-bud blastemas of Pleurodeles are not yet well-
vascularized. A decrease was also observed in the mitotic index
with other polysaccharides (Fig. 3). Pentosan polysulfate (5 ~glml)
induced a 29% and 30% mitotic index decrease in the mesen-
chyme and epidermal cap, respectively (Fig. 3). With carrageenan,
we observed a significant decrease (40 and 45%) only in the
mesenchyme for a 10 ~g/ml and a 50 ~g/ml dose, respectively (Fig.
3). Conversely, when we used an immobilized heparin (bound to
sepharose beads), the mitotic index did not decrease significantly
(Fig. 2).

Suramin decreases cell proliferation in limb blastemas
Suramin, a drug which inhibits the binding of a variety of growth

factors to their cell surface receptors. decreased the mitotic index
of both mesenchymal and epidermal cells of limb biastemas. This
effect was dose-dependent and similar for these two cell types; a
non-toxic dose of 300 ~g/ml reduced cell proliferation by 48% and
64% in mesenchyme and epidermal cap, respectiveiy (Fig. 4).

FGF.saporin reduces cell proliferation in limb blastemas
FGF-saporin (1.3 ng/~I) induced a 37% significant decrease of

3H thymidine incorporation, while saporin alone (0.75 ng/~l) had no

effect (Fig. 5). At the mitotic index level, we observed a significant
decrease (45%) in the mesenchyme while the decrease of mitotic
index of the epidermal cap was not significant (20%) (Fig. 5).

M~s~nch)11l~

Neutralizing anti FGF-1 decreases3H thymidine incorporation
in limb blastemas

In the presence of neutralizing anti FGF-1 (3D12), 3H thymidine
incorporation in whole blastemas decreased by 44% compared to
blastemas which received an equivalent quantity of PBS. The
mitotic index also decreased, both in the mesenchyme and in the
epidermai cap (45% and 32% respectively) with this antibody (Fig.
6). On the other hand, the injection of the same quantity on the non-
relevant antibody 13F4 did not alter either 3H thymidine incorpora-
tion or mitotic index (Fig. 6).

Discussion

Although they lack a peptide secretory signal, FGF-' and FGF-
2 are widely distributed in the EC compartment. Because of their
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Fig. 3. Sulfated polysaccharide effect on cell proliferation of mid-bud
stage blastema of Pleurodeles walt148 h after treatment. Mitotic index
(%) in epidermal cap and mesenchyme after treatment with 2 agarose
beads soaked with PBS (01 or pentosan polysulfate (PPS). 5 pg/mI11) and

10 pg/ml 121or !-carrageenans (Carr), 10 pg/m/(31 and 50 pg/m1141
.Slgniflcantly lower fP< 0.05) than control. ..Significantly lower fP<0.07)
than control.
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strong heparin affinity, they are present in the ECM and especialiy
in the basement membrane. However, this does not necessarily
mean that these factors are active; they appear only to be stored
in the heparan sulfate component of ECM. That is why they are
sometimes considered as .wound hormones" ready to work when
necessary, i.e. in case of injury (Ku and D'Amore, 1995). The high
level of FGF-1 we extracted from the epidermal cap of axolotl limb
blastemas (Boiliy et al., 1991) is therefore not surprising since this
tissue contains a large amount of heparan sulfate (Boiliy et al..
1995).

In Pleurodeles waltl, using immunocytochemistry, we also ob-
served that FGF-1 is mainly present in the epidermal cap; the same
observation was made earlier on axolotls (Boiliy, 1989). In
Pleurodeles, immunolocalization of FGF-1 concerns both the
cytoplasm of epidermal celis as weli as cell periphery. The pres-
ence of intraceliular FGF-1 filling the whole perinuclear space
indicates that this factor is probably produced in these celis. The
function of keratinocytes as FGF-producing cells isalready known
since Halabanet al. (1988) demonstrated that these cells produce
FGF-2 which stimulates the underlying melanocytes, an effect we
also observed in neural plate-derived cells from Pleurodeles
(Maufroid et al., 1996). The presence of FGF-1 around epidermal
celi may be a storage form of this growth tactor. How it is released
in order to stimulate mesenchymal cells and/or epidermal cells
represents the major problem of the function of FGF during limb
regeneration. Whatever the mechanism of FGF-1 release from the
epidermal cap, we propose that the bioavailability of FGF in
mesenchyme controls blastema groWth. Thus, polysaccharide
sulfates such as heparin, carrageenan and pentosan polysulfate
are able to decrease both 3H thymidine incorporation and the
mitotic index in blastemas treated by these compoundsas previ-
ously shown in other cells such as cancer cells (Coombe et al.,
198?; Wellstein et al., 1991; Hoffman, 1993; Hoffman and Sykes,
1993; Swain et al., 1993; Kilfeather et at., 1995). The present
results are in agreement with many in vitro assays and observa-
tions in vivo concerning the relation between proliferative activity
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Fig. 5. FGF-saporin and saporin effect on blastema cell proliferation in

mid-bud blastema of Pleurode/es walt/48 h after treatment. (AI 3H
thymidine incorporation (CPm!jl9 protein) after injection with 5 jll of PBS

(control), of saporin (0.75 ng/jl/) and of FGF-saporin (1.3 ng/jll). IB) Mitotic

index (%) in epidermal cap and mesenchyme after treatment with 2
agarose beads soaked with PBS (control) or FGF-saporin (1,3 ng/l1l) (2)
""Significantly lower (P<0,07) than control.

and heparan sulfate level in different developmental models
(Hondermarck et al., 1992a,b) including limb regeneration (Boilly
et al., 1995). The latter study demonstrated a good correlation
between the decrease of mitotic activity in denervated blastemas
and the increase of HS synthesis in the mesenchyme. Most
certainly, we do not know if the polysaccharide sulfate trapped only
endogenous FGFs because many other growth factors bind to
heparin (Fernig and Gallagher, 1994), but we can assume that they
control at least FGF induced growth. Some polysaccharide sulfates,
such as pentosan polysulfate, affected the growth of both the
mesenchyme and the epidermal cap; this result led us to think that
the growth of the epidermal cap might also depend on heparin
bindinggrowth factors as is the case for mammalian keratinocytes,
the proliferation of which is stimulated by different types of FGFs
such as FGF-1 (Shipley et al., 1989) and under the dependence of
keratinocyte growth factor (FGF-?) from mesenchymal cells (Rubin
et al., 1995). Morphogenesis during limb development depends on
reciprocal interactions between epidermal cap and mesenchyme
(Tabin, 1995 for review); thus treatments which limit the growth of
mesenchyme might influence indirectly the growth of the epidermal
cap by limiting the release of some factors from mesenchymal
cells. Interestingly, we did not observe an effect on epidermal cap
with less diffusible sulfated polysaccharides like carrageenan
which affect only the mesenchyme. In addition, when there is no

diffusion of the sulfated polysaccharides (immobilized heparin), no
significant effect on either mesenchyme or epidermal cap was
observed.

The effects of polysaccharide sulfates on blastema growth
cannot be attributed only to their inhibition of FGF activity because
they also interact with other heparin-binding growth factors. Nev-
ertheless, we were able to show that FGF influences blastema
growth by experimentally targeting FGF receptors. The FGF-2
saporin complex is known to bind to FGF receptors and to kiil cells
bearing these receptors following the internalization of the FGF-
saporin receptor complex (Lappi et al., 1989; Ying et al., 1994).
After FGF-saporin treatment, we observed a clear decrease of
mitotic index in mesenchyme while saporin alone did not influence
cell growth. This result indicates that at least some mesenchymal
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cells possess FGF receptors, bind FGF-saporin and are conse-
quently killed; this is in agreement with the expression of receptors
for FGF-2 in blastema mesenchyme, namely FGFR-1 and the bek
variant of FGFR-2 (Poulin et ai, 1993; Poulin and Chiu, 1995). A
similar decrease of mesenchymal cell growth was also obtained in
suramin-treated blastemas. This agent, which disrupts the interac-
tion of growth factors with their receptors, is known for its inhibitory
action on protein kinase C in tumors (Hensey et al., 1989; Myers et
al., 1992) and regeneration (Daller eTal" 1994); protein kinase C

has also been implicated in amphibian limb regeneration (Boilly et

al" 1992; Martelly et aT., 1998). Its action on FGFs is well docu-
mented; thus proliferation (Leith et al., 1992; Bernardini et al"
1993) or neovascularization (Pesenti et al., 1992), two classical
effects of these growth factors, are prevented by suramin. It seems
that the major effect of suramin is to cause microaggregation and,
in some cases, conformational changes of the growth factor;
interestingly

I in the case of FGF-1, suramin interacts at or near its
heparin binding site and induces aggregation of this growth factor
to at least a hexameric state (Middaugh et al., 1992).

The presence of FGF receptors on mesenchymal cells of limb
blastemas is already known since cultured mesenchymal cells are
responsive to FGF-1 and FGF-2 (Albert et al.. 1987) and since FGF
receptors are expressed in these ceils (Poulin et al., 1993; Boilly eT
al., 1995; Poulin and Chiu, 1995). Moreover, Scatchard analysis of
FGF binding and FGFbinding insitu(Boilly etal., 1991; Hondermarck
and Boilly, 1992) clearly showed that mesenchymal cells possess
FGF receptors. Nevertheiess, as FGF-2 binds to FGF receptors
which are also recognized by FGF-1 (Partanen et al., 1993),
although the result we obtained with FGF-2-saporin clearly indi-
cates that FGF is concerned with blastema cell growth, it does not
distinguish which member of the FGF family is involved in blastema
growth. Thus, the results we obtained with the neutralizing anti-

FGF-1 (3D12), which was able to specifically reduce blastema
growth by 44%, suggest that FGF-1 plays an important function in
blastema growth. This is in agreement with earlier results which
demonstrate that this growth factor can be extracted from both
epidermal cap and mesenchyme while FGF-2 was not biochemi-
cally detected (Boilly et al.. 1991), It is possible that other members
ofthe FGF family might be involved in limb regeneration as they are
in limb development e,g., FGF-4 (Niswander et al., 1993), FGF-8
(Heikinheimo eTa I.. 1994). Further investigations will be needed to
clarify this point. It is also of great importance to know: 1) the source

Fig. 6. Neutralizing FGF-' antibody effect on blastema
cell proliferation in mid-bud blastema of Pleurodeles
walt/48 h after treatment. {AI3H thymidine incorporation
(cpm/Jtg protein) after injection with 5111of PBS (control), of
a non-relevant antibody (13F4) or neutralizing anti FGF-1.
(8) Mitotic index (%) in epidermal cap and mesenchyme
after injection of a non-relevant antibody (13F4) or the
neutralizing FGF-l antibody. .Significantly lower «O.OS)
than control. Significantly lower (P<O.0 1)than control.

of FGF-1 in limb blastemas; 2) if it is produced by epidermal cells;
3) the conditions of its release; and 4) how the function of this
growth factor is modulated during regeneration, especially by
another important factor of limb regeneration Le. regenerating
nerves (Boilly and Bauduin, 1988).

Materials and Methods

Animals
We studied limb blastemas of Pleurodeles waftffrom 6 months to 1 year-

old. Blastemas were obtained after amputation under anesthesia (MS 222
Sandoz, 1%0) of both forelimbs. Amputated animals were maintained at

20.t.1 ec. All experiments were conducted on mid-bud stage blastemas, a
slage characterized by high proliferative activity and nerve dependence
(Bailly et al., 1986).

Chemicals and antibodies
Sulfated polysaccharides (heparin, I-carrageenan, pentosan polysulfate)

were from Sigma, Suramin (Germanin) from Bayer (Germany). Heparin-
Sepharose and Sepharose beads were from Pharmacia (CL-6B). The
FGF-saporin, a gift from D.A. Lappi (La Jolla, CA, USA), is a conjugate of

FGF-2 and saporin-6 (a ribosome-inactivating protein isolated from
Saponaria officinalis) in equimolar amounts (Lappi et al., 1989).

FGF-1 polyclonal antibodies were a kind gift from Dr. Y. Cao (Stock-
holm, Sweden) and Dr. J. McAvoy (Sydney. Australia). FGF-1 monoclonal
antibody 3012 was provided by Dr. I. Hendry (Canberra, Australia). The

non-relevant antibody used (13F4) was an avian early myogenic cell and
differentiated muscle marker (Rong etal., 1987), a gift from C. Ziller(Nogent
sf Marne, France).

Immunocytochemistry
Blastemas were fixed either in methanol (-20°C) or in 4%

paraformaldehyde (Merck) (PBS 0.15 M NaCl, pH 7.2), washed in 5%
sucrose in PBS and processed for inclusion in polyethylene glycol-400
distearate (Aldrich) (Norenburg and Barren, 1987).

Immunolocalizalionof FGF-1 was pertormedon 8 to 10 ~m sections with
polyclonal antibodies and stained using either a FITC or a peroxydase
labeled secondary antibody (anti-rabbit secondary antibodies were from
Sigma).

Animal experiments
All chemicals introduced into the blastema were diluted in PBS, NaCI

0.15 M (pH 7.2). They were either directly injected into blastemas or
diffused from Affi-gel blue beads (Biorad), previously soaked in the chemi-
cal solution and mechanically inserted into the blastemas. For injection, 5
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JlIof solution was slowly delivered to the blastema with a glass microsyringe.

The contralateral blastema received the same volume of PBS and served
as control. Affi-gel blue beads were soaked in solution for 24 h at 4~C and
implanted under the epidermal cap (2 beads per blastema). The contralat-
eral blastema received 2 beads soaked in PBS only.

Proliferative activity
Forty-eight hours after treatment with the different chemicals, the

proliferative activity of blastemas was assayed either with 3H thymidine
incorporation in whole blastemas or by mitotic index evaluation; the laUer
method allowed for the differentiation of the effects of treatments on each
of the blastemal compartments (epithelial or mesenchymal).

3H-thymidine incorporation was measured after 24 h incubation (25°C)
of freshly dissected blastemas in the presence of 3 j.lCilml of 3H thymidine
(ICN, specific activity 2 Ci/mmole) in Leibovitz medium (L15 Sigma, L4386)
diluted to 70% and complemented with insulin (0.15 U/ml) (Organon) and
antibiotics (Penicillin/Streptomycin, Eurobio) as previously described
(Lassalle, 1983). Thymidine incorporation is indicated in relation to total
blastema protein (Bradford's method, 1976). Six blastemas were used for
each type of experiment.

For mitotic index estimation, blastemas were fixed (Bouin Hollande
fixative) and processed for paraffin embedding. Mitotic figures (metaphases
to telophases) were counted on 7 J,lm sections and the mitotic index
estimated from at least 10,000 cells per blastema. The mitotic index was
recorded in each of the two parts of the blastema, the epidermal cap and
the underlying mesenchyme. Three blastemas were used for each type of
experiment. Statistical analysis were pertormed using the Student's ttest.
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