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In our previous study, we have shown that Fgf-8 is expressed in the basal
layer of the apical epithelial cap (AEC) and in the underlying thin layer of
mesenchymal tissue of the regenerating limbs of Mexican axolotl, Amby-
stoma mexicanum. Our present RT-PCR data also demonstrate that Fgf-8
transcript is localized both in the mesenchymal and epidermal tissues. To
understand the effect of retinoic acid (RA) on the expression of Fgf-8 in the
regenerating axolotl limbs, RA was injected intraperitoneally at the dediffer-
entiation stage of limb regeneration. The RA treatment caused a change in
the Fgf-8 expression profile of the regenerating limbs. In RA-treated limbs,
duration of Fgf-8 expression was prolonged and a high level of expression
was maintained during dedifferentiation and blastema formation stages.
These results suggest that Fgf-8 is an important molecule in the process of
pattern duplication of regenerating salamander limbs evoked by RA treatment.

Local application of RA to the anterior margin of chick
wing buds induces mirror-imaged pattern duplication of
digits in the AP (anteroposterior) axis (Tickle et al.,
1982; Han and Kim, 1988). A similar result is induced
by implantation of ZPA (zone of polarizing activity) to
the anterior margin of the wing bud (Saunder and
Gasseling, 1968). The induction of a duplicated AP
structure in the developing wing bud is the result of
formation of ectopic ZPA that expresses Shh (Riddle et
al., 1993). However, whether endogenous RA initiates
a similar signaling network at the posterior limb bud
margin is still controversial.

In regenerating urodele limbs, RA causes pattern du-
plication in the PD (proximodistal) axis and pattern
completion in the transverse axes (Maden, 1982; Ju
and Kim, 1994). In the process of RA-induced pattern
duplication of regenerating limbs, RA coordinately proxi-
malizes level-specific blastema cell adhesivity (Craw-
ford and Stocum, 1988). The modification of cell adhe-
sivity might be related with changes of cell surface
glycoconjugates (Gudas et al., 1994). Moreover, one of
the interesting features of the effects of RA is the
elevated state of dedifferentiation, both in terms of
duration and level, as has been demonstrated by the
elevated and extended activities of lysosomal acid
phosphatase (LAP), cathepsin D and gelatinase in limb
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regeneration of Korean salamander after RA treatment
(Ju and Kim, 1994; 1998; 2000; Park and Kim, 1999).

It is intriguing to study the effect of RA on Fgf-8
expression during limb regeneration because both are
associated with patterning in PD axis of regenerating
and developing limbs. In the present study, we
examined whether RA treatment would affect the
expression pattern of Fgf-8 in the regenerating limbs of
Mexican axolotl.

Materials and Methods

Experimental animals and manipulation

Mexican axolotl (Ambystoma mexicanum) larvae were
obtained from the Sogang University Amphibian Colony
and were maintained according to standard laboratory
procedures (Kim, 1996). Regenerating limbs of larvae
were staged referring to Stocum (1979). Animals were
anesthetized in 0.02% (w/v) ethyl p-aminobenzoate
(benzocaine, Sigma, E1501) prior to limb amputation,
retinoic acid injection, or collection of limb regenerates.
To initiate the limb regeneration, both forelimbs were
amputated at elbow level. After amputation, protruding
cartilage was trimmed to create a flat amputation
surface to avoid abnormal regeneration. Animals were
then returned to water and allowed to regenerate to
the desired stage. Regenerates were collected at 0.5d,
1d, 2d (wound healing stage), 4d (dedifferentiation
stage), 7d (early bud stage), 10d (medium bud
stage), 13d (late bud stage), 16 d (palette stage), and
20 d (digital outgrowth stage) after amputation.
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Expression pattern of Fgf-8 by RT-PCR

To compare the expression of Fgf-8 in mesenchymal
and epidermal tissues by RT-PCR, tissues of 7 d-old
regenerates (blastema formation-early bud stage, Table
1) were separated by treatment with 0.2% EDTA in
Ca'’free Holtfreter solution for 30 min for loosening of
the epidermis and then the epidermis were peeled off
with watchmaker's forceps (Stocum and Dearlove,
1972). Total RNAs were isolated from the mesenchy-
mal and epidermal tissues, and single strand cDNAs
were synthesized from each RNA using Expand reverse
transcriptase (Roche) and oligo(dT)s2.1s primer. 35
cycles of PCR was performed with sense (5"-TGC AGA
ATT CAA AGG TAA TGT TCA GTC C) and antisense
(5-CCT AGT CGA CTG TTT TGG TTC CTA TCG C)
primers. For normalization, 20 cycles of PCR was
performed at 57°C of annealing temperature for axolotl
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
with sense (5-AAG TGA AGG CTG AGG ACG GT)
and antisense (5-TGC CAG TGA GTT TCC ATT GA)
primers.

Administration of retinoic acid

Retinoic acid (RA; all trans; Sigma, R2625) was dissol-
ved in dimethyl sulfoxide (DMSO) to make a stock
solution of 40 mg/mL (w/fv). The solution was freshly
prepared under dim light to minimize photo-oxidation.
At 4d after amputation when the RA effect is most
pronounced, animals were injected intraperitoneally via
microliter syringe (Hamilton Co., USA) with 150 pg of
RA per gram of body weight (Kim and Stocum, 1986).

Probe preparation and whole-mount in situ hybridization

To prepare DIG-labeled Fgf-8 riboprobe for in situ
hybridization, the phagemid DNA containing axolot! Fgf-8
c¢DNA was linearized with EcoRl, and antisense RNA
was synthesized and labeled using T7 RNA polymer-
ase and RNA labeling Mix containing digoxigenin-11-

Table 1. Comparison of expression level and domains of Fgf-8 in the normal and RA-treated limb regenerates of axolotl.

the days indicated by bold numbers

UTP (Roche). Whole-mount in situ hybridization was
performed essentially as described by Han et al. (2001).

Results and Discussion

Expression pattern of Fgf-8 in regenerating limbs

In the developing limbs of higher vertebrates such as
chicks and mice, the transcripts of Fgf-8 have been
known to be localized only in the AER. Regenerating
limbs and developing limb buds of vertebrates utilize a
similar set of signals that regulate pattern formation
(Muneoka and Sassoon, 1992). However, it was
previously reported that the expression pattern of Fgf-8
in regenerating limbs of amphibians was different from
developing limbs of amniotes (Han et al., 2001). To
examine specific expression pattern of Fgf-8 in rege-
nerating urodele limbs, we carried out RT-PCR with
RNAs obtained from the mesenchymal and epidermal
tissues. The Fgf-8 expression was observed in both
tissues (Fig. 1). This is consistent with our previous
results showing that Fgf-8 is expressed in the basal
layer of the AEC and the underlying thin layer of
mesenchymal tissue of regenerating limbs (Han et al.,
2001).

Effect of retinoic acid (RA) on expression of Fgf-8 in
regenerating limbs

In normal regenerating limbs not treated with RA, Fgf-8
began to be expressed in the distal mesenchymal tissue
of stump at 12h after amputation (wound healing
stage; Fig.2A). At 2d after amputation (dedifferentia-
tion stage), its expression was detected in the muscle
bundle of the stump (Figs. 2B, 2C). At the blastema
formation stage (10d after amputation), Fgf-8 tran-
scripts were localized at the distal mesenchymal tissue
(Fig. 2D). As limbs were redifferentiated (16d after
amputation), Fgf-8 expression was profiles gradually
decreased (Fig. 2E), and disappeared when the original

Samples were harvested al

Day* 0.5/1(2 3'4{5 6/7{8 9(10/11 12'13414 15‘16’17{18 19’20J21'22‘23)24}25}26)27’28
Stage Wound Dediffer- Early bud Mid bud Late bud Palette Digit Gompletion of
Normal healing entiation Blastema formation Redifferentiation regeneration
Expression Mesenchymal tissue Epidermal and mesenchymal
domain of distal stump tissues of blastema
Intensity +++ ’ ++ { ++ ++ +++ +
Intensity ++ ++ ++ +++ ++
E)é%r;sasilr?n ce?rltﬁtaag;e Blastema and proximoposterior region
RA Wound
Stage healing Dedifferentiation Blastema formation Redifferentiation
Day” 05123 Rf‘ 5| 6|7|8|9|10/11|12,13|14|15|16(17|18(19|20(21|22|23/24|25|26|27|28

Day*: Days after amputation.

Intensities: +++ (high), ++ (moderate), + (low), - (not expressed)
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Fig. 1. Reverse Transcription-Polymerase Chain Reaction (RT-PCR) of
Fgf-8 in the mesenchymal and epidermal tissues of 7-d old regenerates
(blastema formation stage) of 7-9 c¢cm axolotl. 35 cycles of PCR were
performed for Fgf-8 and 20 cycles for GAPDH. 1 and 2. Fgf-8 expres-
sion in the mesenchymal and epidermal tissues, respectively. M. 100 bp
DNA ladder marker. 3 and 4. GAPDH expression in the mesenchymali
and epidermal tissues, respectively.

limb pattern was almost restored (Fig.2F; 20d afer
amputation). On the other hand, with RA treatment at
4 d post-amputation, Fgf-8 expression profiles appeared
to be modified in the regenerating axolotl limbs. As
com- pared with the normal regenerating limb, at 7d
post- amputation (3d after RA-treatment) when the
regeneration was still in the dedifferentiation stage, the
Fgf-8 signal in RA-treated regenerates was detected in

Fig. 2. Expression profiles of Fgf-8 in normal regenerating limbs of
axolotl amputated at the elbow level. A, 12 h after amputation (wound
healing stage, early). Strong Fgf-8 expression is notable in the distal
stump tissue near the amputation site (arrowhead). B, 2d after ampu-
tation (dedifferentiation stage, early). Note the high level of Fgf-8 expres-
sion in the stump tissue undergoing dedifferentiation, probably the muscle
bundle in the stump (arrowheads). C, 4d after amputation (dedifferen-
tiation stage, late). The expression pattern is similar to the previous
stage but with somewhat stronger intensity (arrowheads). D, 10 d after
amputation (medium bud stage). The Fgf-8 signal is present in the
mesenchymal tissue of the limb regenerate (arrowhead). E, 16 d (palette
stage). The Fgf-8 signal is virtually absent. F, 20d (early digit stage)
after amputation.
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Fig. 3. Expression profiles of Fgf-8 in retinoic acid (RA)-treated
regenerating axolotl forelimbs amputated at the elbow level. A, 7 d after
amputation (3 d after RA treatment). Note the strong expression of Fgf-8
in the distal cartilage and around it (arrowhead). B, 10d after ampu-
tation (6 d after RA treatment). Fgf-8 signal can be seen in the mesen-
chymal tissue of blastema (arrowhead). C, 13d after amputation (9d
after RA freatment). The expression pattern is similar to the previous
stage. D, 20d after amputation (16d after RA treatment). Note the
expression of Fgf-8 in the mesenchymal tissue of blastema (arrowhead).
E, 24 d after amputation (20d after RA treatment). Fgf-8 expression
begins to disappear in blastema as redifferentiation proceeds. F, 28 d
after amputation (24 d after RA treatment). The Fgf-8 signal is virtually
absent in the regenerate.

the distal tip of the amputated cartilage of the stump
(Fig. 3A). At blastema formation stage (10-20d after
amputation), Fgf-8 was expressed in the distal
mesenchymal tissue of blastema (Figs. 3B-D). In the
RA-treated regenerates, Fgf-8 expression began to
disappear 24 d after amputaion (Fig. 3E). At 28 d after
amputation with RA treatment, the signal of Fgf-8 was
virtually absent in the regenerates (Fig. 3F). Overall,
regeneration processes were delayed by about 1 week
by RA treatment, and the expression pattern of Fgf-8
paralleled to the delayed regeneration stages. The
expression profile of Fgf-8 in the normal and RA-
treated axolotl forelimbs are summarized in Table 1.
RA induces pattern duplication in regenerating urodele
limbs (Maden, 1983). In addition, RA affects the expres-
sion of several genes including HoxA13, MMP9, and
Cathepsin D which are implicated in the dedifferen-
tiation process or pattern regulation process (Gardiner
et al.,, 1995; Ju and Kim, 1994; 1998). Moreover, both
RA and FGFs have been known to play a role in
differentiation and proliferation of various cell types
(Buxton et al., 1997; Voigt et al., 2000). Considering
that FGF-8 is a potent signaling molecule for limb
development and regeneration, we were interested to
find out if RA affects Fgf-8 expression as well in the
regenerating axolot! limb. Our results showed that RA
caused extended period of Fgf-8 expression in limb
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regenerates, and that it coincided well with the
extended dedifferentiation period by RA treatment as
has been reported previously (Ju and Kim, 1994).

Recently, two closely related homeobox genes,
Meis1 and Meis2, have been identified as determinants
that define the proximal compartment in PD axis of
limb (Mercader et al., 1999). Both Meis? and Meis2
are positively regulated by RA and endogenous RA
signaling is required for the maintenance of Meis
expression in the proximal domain of limb (Mercader et
al., 2000). Interestingly, expression of Meis genes are
repressed by FGF-8 bead implantation in developing
chick limb bud. Since RA modifies the pattern of PD
axis by proximalizing the cells in regenerating limb, it
is suggested that RA and FGF-8 signalling might play
antagonistic roles in limb regeneration. On the other
hand, it has been suggested that the binding of FGFs
to low-affinity heparan sulfate proteoglycans (HSPG)
present in the ECM is a prerequisite step for its
binding to the high-affinity receptor (Vlodavsky et al.,
1987; Klagsbrun and Baird, 1991). Binding of FGFs to
HSPG provides the cells with a growth factor reservoir
(Flaumenhaft et al., 1989). RA is known to cause the
release of hydrolytic lysosomal enzymes such as LAP
by stimulating exocytosis of lysosomes in mouse liver
(Wang et al., 1976), and to increase the activity of
LAP during dedifferentiation stage of urodele limb re-
generation (Ju and Kim, 1994). Thus, in limb regene-
ration, exogenously treated RA may also stimulate the
release of FGFs including FGF-8 from ECM by
discharging them from HSPG by lysosomal enzymes at
the dedifferentiation phase. Analysis of amount and
distribution of FGF-8 in terms of protein level after RA
treatment will elucidate possibie causal relationship
between the extended dedifferentiation period by RA
and FGF-8 localization in blastema.
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