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FGF8 and SHH substitute for anterior–posterior 
tissue interactions to induce limb regeneration
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In salamanders, grafting of a left limb blastema onto a right limb 
stump yields regeneration of three limbs, the normal limb and two 
‘supernumerary’ limbs1–4. This experiment and other research have 
shown that the juxtaposition of anterior and posterior limb tissue 
plus innervation are necessary and sufficient to induce complete 
limb regeneration in salamanders5–10. However, the cellular and 
molecular basis of the requirement for anterior–posterior tissue 
interactions were unknown. Here we have clarified the molecular 
basis of the requirement for both anterior and posterior tissue 
during limb regeneration and supernumerary limb formation 
in axolotls (Ambystoma mexicanum). We show that the two 
tissues provide complementary cross-inductive signals that are 
required for limb outgrowth. A blastema composed solely of 
anterior tissue normally regresses rather than forming a limb, 
but activation of hedgehog (HH) signalling was sufficient to drive 
regeneration of an anterior blastema to completion owing to its 
ability to maintain fibroblast growth factor (FGF) expression, 
the key signalling activity responsible for blastema outgrowth. In 
blastemas composed solely of posterior tissue, HH signalling was 
not sufficient to drive regeneration; however, ectopic expression of 
FGF8 together with endogenous HH signalling was sufficient. In 
axolotls, FGF8 is expressed only in the anterior mesenchyme and 
maintenance of its expression depends on sonic hedgehog (SHH) 
signalling from posterior tissue. Together, our findings identify 
key anteriorly and posteriorly localized signals that promote limb 
regeneration and show that these single factors are sufficient to 
drive non-regenerating blastemas to complete regeneration with 
full elaboration of skeletal elements.

Limb regeneration in salamanders, including axolotls, proceeds 
in four steps: injury, blastema formation, sustained blastema out-
growth, and differentiation. Previous studies have shown that blastema  
formation is dependent on the presence of nerves at the injury site, 
and that sustained outgrowth requires the presence of both anterior 
and posterior limb cells5–10. Remarkably, despite the large cadre of 
molecular information that has accumulated on limb patterning in the 
past decades, the cellular and molecular logic underlying the require-
ment for anterior and posterior cell juxtaposition in maintaining limb 
regeneration is unknown. Two models relying on different cellular 
principles have been proposed to explain this requirement. In the polar 
coordinate model, a graded spectrum of positional values around the 
limb circumference manifests in the form of cell surface properties. 
Disruption of this gradation as a result of transplantation or ampu-
tation would be recognized by cells at the border, stimulating them 
to proliferate and generate daughter cells that intercalate the missing 
circumferential identities and thereby resulting in distal outgrowth 
of the limb tissue11. By contrast, the boundary model subdivides the 
limb circumference into four domains: anterior–dorsal, anterior– 
ventral, posterior–dorsal, and posterior–ventral, and proposes that the 
intersection between the domains is required to induce the posterior 
domains to express a secreted morphogen that is required for growth 

and patterning of the limb12. Thus, complementing, cross-inductive 
interactions between domains rather than local detection of differ-
ences form the conceptual basis of the boundary model.

Anterior-only blastemas (ABs) composed solely of anterior tissue  
can be created by deviating nerve endings to an anterior-facing  
lateral wound in the upper limb8,9. A mid-bud blastema forms at the  
lateral site but eventually regresses, unless a patch of posterior limb skin 
(including dermal mesenchyme) is grafted to the anterior site; the graft 
allows the blastema to grow and form a fully patterned limb, called an 
accessory limb. We first searched for posterior-associated molecules 
that could stimulate complete limb regeneration from ABs and found 
that stimulation of HH signalling via the global application of smooth-
ened agonist (SAG) was sufficient to prevent regression of an AB and 
to elicit regeneration of a limb with clear skeletal patterning along the 
proximo–distal axis and the full complement of constituent limb cell 
types (Fig. 1a, Extended Data Figs 1 and 2a, b, d and Supplementary 
Table 1). The accessory limbs displayed varying digit numbers 
that depended on SAG concentration (Extended Data Fig. 2a).  
We corroborated these findings by overexpressing human SHH in 
ABs via baculovirus-mediated delivery; this also led to patterned limb 
outgrowth (n = 8 of 32; Fig. 1b and Supplementary Table 1). These 
results show that activation of the HH pathway is sufficient to induce 
regeneration from an anterior-only blastema. Conversely, inhibition of 
HH signalling by global application of cyclopamine blocked accessory 
limb outgrowth from ABs complemented with a graft of posterior skin 
(Extended Data Fig. 2c), indicating that HH signalling is required 
for ectopic blastema outgrowth when a full complement of positional 
identities is present.

To gain an insight into the mechanism of SAG-induced outgrowth 
of ABs, we investigated whether HH signalling induced a stable change 
from an anterior to a posterior determination state in parts of the 
ectopic limb tissue, or whether SAG treatment stimulated anteriorly 
determined cells to grow out a limb. Reamputation of SAG-induced 
accessory limbs (SAG-ALs) yielded either no outgrowth (n = 2 of 5) 
or outgrowth of a spike (n = 3 of 5), suggesting that a stable anterior– 
posterior discontinuity that could induce a secondary limb had not 
been established (Extended Data Fig. 3a). Transplantation is the clean-
est way to test determination state. Therefore we transplanted skin 
from SAG-ALs to innervated anterior or posterior wounds and looked 
for secondary accessory limb formation (Extended Data Fig. 3b). 
Limb outgrowth occurred when the SAG-AL skin was transplanted to  
posterior (n = 15 of 21) but not anterior wounds (n = 0 of 22), indicating  
that the SAG-AL limb tissue retains an anterior rather than posterior 
determination state (Extended Data Fig. 3c, d and Supplementary 
Table 2).

These results suggested that SAG may promote accessory limb 
outgrowth by upregulating a downstream growth-stimulating signal-
ling loop that is involved in limb development; namely, posteriorly 
secreted SHH that stimulates upregulation of gremlin1 (grem1) and 
consequently fgf genes, whose protein products in turn maintain shh 
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expression in posterior cells13–25. We therefore quantified the expres-
sion of key limb development factors and limb blastema genes in 
SAG-treated versus untreated ABs by Nanostring nCounter analysis  
(a method for counting RNA transcripts) and by RNA in situ hybrid-
ization. As expected, we observed upregulation of the blastema- 
associated transcription factors prrx1, msx1, msx2 and twist1 and of 
the anterior marker gli3 in ABs treated with SAG or water (Extended 
Data Fig. 4a, b and Supplementary Table 7a). Interestingly, a set of 
extracellular signalling factors that included fgf8, fgf9, fgf10 and 
grem1 were sustainably and highly upregulated in SAG-treated ABs 

but showed only an initial, unsustained upregulation in untreated 
ABs. Fgf17 was expressed only in ABs treated with SAG, and shh was 
not expressed in ABs at all (Fig. 1d, Extended Data Figs 4 and 8 and 
Supplementary Tables 3, 7a and 8).
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Figure 1 | Activation of HH signalling or expression of FGF8 in anterior 
blastemas (ABs) is sufficient to drive outgrowth of accessory limbs.  
a, Accessory limbs develop from ABs treated with 10 nM SAG (n = 43 of 66),  
but not from ABs treated with water (n = 0 of 22). Alcian blue/alizarin 
red staining reveals the skeletal pattern with supernumerary digits and 
carpal elements in the accessory limb. Data from three experiments. See 
Supplementary Table 1 for details. b, Ectopic expression of SHH in ABs by 
baculovirus transduction is sufficient to drive accessory limb outgrowth 
(n = 8 of 32, data from two experiments). Black dashed lines demarcate 
the outgrowing accessory limb. See Supplementary Table 1 for details. 
c, Ectopic expression of FGF8 in ABs by baculovirus transduction is 
sufficient to drive accessory limb outgrowth (n = 14 of 57, data from four 
experiments). Alcian blue/alizarin red staining reveals the skeletal pattern 
with a single digit in the accessory limb. See Supplementary Table 4 for 
details. d, Expression of FGF–SHH loop components in ABs untreated 
or treated with 10 nM SAG and analysed with Nanostring nCounter 
technology. Each data point is the mean normalized count number from 
biological replicates (n = 3 or 4; for individual n values and complete  
data set, see Supplementary Table 7a; data from one experiment). Error 
bars represent s.d. For data points where the s.d. was low, no error bars  
are shown. The dashed line is for visual aid and indicates the level of 
mature (day 0) expression. For in situ hybridization of selected genes,  
see Extended Data Fig. 4. Scale bars, 2 mm. dpw, days post-wounding.  
For alcian blue/alizarin red staining, cartilage is blue and ossifications  
are red.
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Figure 2 | FGF8 is not detected in posterior blastemas (PBs) and its 
ectopic expression is sufficient to drive accessory limb outgrowth in 
the presence of intact endogenous HH signalling. a, Accessory limbs 
did not grow from PBs (upper row) of animals treated with 10 nM SAG 
(n = 1 of 32), while ABs on the contralateral forelimbs of the same animals 
(lower row) developed into accessory limbs (n = 23 of 32), indicating 
efficient deactivation of HH signalling. Data from one experiment. 
Yellow dashed line demarcates the AB. See Extended Data Fig. 6a–c, f for 
controls and Supplementary Table 1 for details. b, PBs expressing FGF8 
after baculovirus transduction grow into accessory limbs (n = 27 of 50; 
data from three experiments). See Extended Data Fig. 6d–e, g for controls 
and Supplementary Table 5 for details. c, PBs expressing ectopic FGF8 
and treated with 8 μM cyclopamine, an inhibitor of HH signalling, do not 
develop into accessory limbs (n = 3 of 48; data from four experiments). 
See Extended Data Fig. 10 for controls and Supplementary Table 6 for 
details. d, Expression of FGF–SHH loop components in PBs treated with 
10 nM SAG, untreated or complemented with anterior skin, analysed 
with Nanostring nCounter technology. Note the lack of fgf8 induction 
by SAG despite the induction of the HH signalling targets gli1 and ptc1, 
which indicates functional HH signalling. Each data point is the mean 
normalized count from biological replicates (n = 2 or 3; for individual n 
values and complete data set, see Supplementary Table 7b; data from one 
experiment). Error bars represent s.d. For data points where the s.d. was 
low or where n = 2, no error bars are shown. The dashed lines are for visual 
aid and indicate the level of mature (day 0) expression. Extended Data  
Fig. 7 shows in situ hybridization of selected genes. Scale bars, 2 mm. dpw, 
days post-wounding.
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These data pointed to FGF signalling as a potentially critical effector 
of SAG in ABs. To test this theory, SAG-treated ABs were exposed to 
the FGFR1/FGFR3 signalling inhibitor PD173074 starting at day 10 
after wounding. Treatment of ABs with SAG alone induced accessory 
limb formation (n = 14 of 14), whereas addition of PD173074 blocked 
SAG-induced accessory limb outgrowth (n = 0 of 16) (Extended Data 
Fig. 5a). To test whether FGF signalling can drive accessory limb 
outgrowth, FGF8 was ectopically expressed in ABs by baculovirus  
transduction; this yielded single digit outgrowths (Fig. 1c, Extended 
Data Fig. 5b and Supplementary Table 4) without radius or ulna  
formation or anterior–posterior digit elaboration. These data show 
that FGF signalling is both necessary and sufficient to drive accessory 
limb outgrowth from ABs.

We next tested whether SAG treatment was sufficient to induce 
outgrowth of posterior-only blastemas (PBs). PBs also regress unless 
complemented with an anterior skin graft. Interestingly, we found that 

SAG did not induce PBs to form accessory limbs (n = 1 of 48) (Fig. 2a, 
Extended Data Fig. 6a–c, f and Supplementary Table 1). Nanostring 
analysis (Fig. 2d and Supplementary Tables 7b, 9) and RNA in situ 
hybridization (Extended Data Fig. 7 and Supplementary Table 3) 
for gli1, ptc1 and shh revealed that these factors were expressed in 
PBs with or without SAG, indicating that the HH signalling system 
is intact in PBs but is not sufficient to induce regeneration in this 
context. In addition, grem1 and fgf10 were also initially upregulated 
in PBs with or without SAG, and fgf9 was initially upregulated in 
untreated PBs. On the other hand, fgf8 and fgf17 were not upregulated 
in PBs with or without SAG (Fig. 2d, Extended Data Figs 7 and 8 and 
Supplementary Tables 3, 7b, 9). RNA in situ hybridization on normal 
blastemas revealed that the fgf8 signal localized to the anterior half 
of the blastema, being excluded from the posterior hand2-expressing 
zone. Interestingly grem1, fgf9, fgf10 and fgf17 were not excluded from 
the posterior hand2-expressing domain (Extended Data Fig. 9a, b). 
These results suggested that FGF8 is the anteriorly expressed FGF that 
is limiting in PB outgrowth. To test whether FGF8 expression could 
substitute for anterior cells in PBs to drive accessory limb outgrowth, 
we transduced the posterior regions of axolotl limbs with baculovirus 
expressing fgf8 and created PBs several days later. FGF8 expression 
alone was sufficient to induce accessory limb outgrowth in 54% of 
cases (n = 27 of 50), whereas no significant outgrowth was observed 
after control mCherry expression (Fig. 2b, Extended Data Fig. 6d, e, g 
and Supplementary Table 5). Interestingly, FGF8-mediated outgrowth 
from PBs required endogenous HH signalling, as co-treatment with 
cyclopamine blocked accessory limb outgrowth (Fig. 2c, Extended 
Data Fig. 10 and Supplementary Table 6). Our results show that FGF8 
expression together with endogenous HH signalling is sufficient to 
drive accessory limb outgrowth from PBs.

We next investigated the relevance of our findings to normal regen-
eration. Treatment of upper arm blastemas with cyclopamine starting 
at day 6 after amputation blocked regeneration (Fig. 3a) and yielded 
changes in the expression of extracellular signalling factors (Fig. 3b 
and Supplementary Table 10). The limb blastema marker prrx1 showed 
similar profiles in blastemas treated with cyclopamine or ethanol  
(control) up to day 16. In contrast, fgf8, fgf9, and fgf10 showed sus-
tained expression under control conditions, whereas in cyclopa-
mine-treated blastemas, the initial induction of fgf8, fgf9, and fgf10 
up to day 8 was followed by downregulation. Interestingly, grem1 
showed a faster kinetic, peaking after 6 days before being downregu-
lated in cyclopamine-treated blastemas, and shh expression started to 
be downregulated at day 10 in cyclopamine-treated blastemas. These 
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Figure 3 | HH signalling is required for maintaining blastema 
outgrowth and regeneration. a, Inhibition of HH signalling with 
cyclopamine blocks progression of limb regeneration. Limbs treated 
with cyclopamine (8 μM) starting from day 6 after amputation do not 
regenerate (n = 0 of 14), whereas ethanol-treated controls do (n = 6 of 6). 
Data from three experiments. Scale bars, 2 mm. b, Nanostring nCounter 
gene expression analysis of limbs treated with 8 μM cyclopamine or 
ethanol. The schema illustrates the experimental setup. The blastema 
gene prrx1 shows a similar profile in control and cyclopamine-treated 
samples, whereas genes involved in the SHH–FGF loop and the late genes 
fgf17 and hox13 diverge under the two conditions. Each data point is the 
mean normalized count of data from biological replicates (n = 3 or 4; for 
complete data set and individual n values, see Supplementary Table 10; 
data from one experiment). Error bars represent s.d. For data points where 
the s.d. was low, no error bars are shown.

hand2

fgf8

grem1

shh

Posterior Anterior

shh

grem1

fgf8

Figure 4 | Molecular circuitry of signals involved in anterior and 
posterior tissue requirement of regeneration. Anterior cells of the 
blastema express fgf8, whereas shh is expressed in the most posterior 
part. The initial upregulation of fgf8 in anterior cells is independent of 
interaction with posterior cells and the initial upregulation of shh in 
posterior cells is independent of interaction with anterior cells. Later, the 
expression of fgf8 and shh becomes interdependent in a positive feedback 
loop, probably involving GREM1, that is expressed primarily in the 
anterior half of the blastema but also in some posterior hand2-expressing 
cells. FGFs are the factors that can drive blastema outgrowth and limb 
regeneration.
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profiles are consistent with GREM1 being upstream of fgf gene expres-
sion, and with FGFs being required for shh maintenance14,19,22–24. Two 
late-stage genes associated with distal limb bud development, fgf17 
and hoxa13, were strongly expressed only in ethanol-treated blaste-
mas, suggesting that FGF–SHH signalling is required for substantial 
distalization during limb regeneration. These results show that the 
FGF–SHH loop is active during regeneration and is required for blas-
tema outgrowth. Additionally, the anterior localization of fgf8, but not 
of fgf9, fgf10 or fgf17, in the limb blastema, and the lack of expression 
of fgf8 in PB cells, suggest that the cross-induction between anteriorly 
restricted fgf8 and posteriorly restricted shh (Extended Data Fig. 9a, c) 
is an essential part of normal limb regeneration (Fig. 4).

In summary, we have delineated the mechanism underlying the 
anterior–posterior juxtaposition that has long been known to be 
required for limb regeneration. We have identified single factors that 
can substitute for anterior and posterior tissue functions: SHH for pos-
terior and FGF8 for anterior tissue. This work shows that, in axolotls, 
the anterior and posterior tissue provide cells that are restricted in 
their competence to express complementary soluble signalling factors 
required for the growth and patterning of a mid-bud blastema, a result 
consistent with the boundary model of limb regeneration12. Posteriorly 
localized SHH is required for the maintenance of anteriorly restricted 
FGF8 expression and of non-restricted expression of FGF9, FGF10 
and FGF17. Sustained FGF signalling is the key limiting factor for 
extended proliferation of anterior and posterior cells and subsequent 
morphogenesis (Fig. 4).

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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METHODS
Data reporting. Animal distribution to experimental groups was randomized 
within the selection criteria outlined below for different experiments. The investi-
gators were not blinded to allocation during experiments and outcome assessment.
Animal procedures. Axolotls (Ambystoma mexicanum) used in all experiments 
were bred in captivity in our facility, maintained at 17–24 °C in tap water and fed 
with artemia. Axolotls of the leucistic (d/d) strain were used in all experiments. 
Non-transgenic animals were used in all experiments unless indicated otherwise. 
When necessary, transgenic animals of the caggs::egfp genotype were used26.

Animals of length between 2 and 4 cm from snout to cloaca (that is, between 4 
and 8 cm from snout to tail tip) were used in all experiments, except for the SAG 
treatment experiment in which larger 13–14-cm (snout to tail tip) animals were 
used (Extended Data Fig. 2b). In any given experiment, the range in the length 
(snout to cloaca) of animals used was no more than 0.4 cm, to ensure comparable 
dynamics of regeneration. Among different replicate experiments, animals of sim-
ilar size were used. For any given experiment, sibling animals were preferentially 
used. In cases when this was not possible, animals from different matings were 
evenly distributed among the different experimental subgroups. It was not possi-
ble to determine the sex of the animals at the stage at which the experiment was 
performed and therefore this was not taken into account.

All animal procedures were carried out in accordance with the laws and regu-
lations of the State of Saxony, Germany.
Surgical procedures. For all experimental procedures, axolotls were anaesthetized 
in 0.03% benzocaine (Sigma) before surgery. All surgeries were performed using 
Olympus SZX10 microscopes.

To initiate normal limb regeneration, limbs were amputated either through the 
upper arm or lower arm.

To generate ABs and PBs, wounds were created by cutting out a rectangular 
piece of skin from the anterior or posterior side of the distal half of the upper arm. 
Two ventral nerves were dissected free, severed at the elbow level and deflected 
to the wound.

Skin transplantation to wounds was performed similarly. A slightly larger patch 
of skin compared to AB or PB production was removed from the host distal half 
of the upper arm and nerves were deflected to the wound. A square skin flap from 
the donor arm was placed on the distal half of the host wound, while leaving the 
proximal half uncovered with nerves sticking out. To allow healing of the trans-
plant, animals were left for 15 min to 1 h in a Petri dish humidified with 0.03% 
benzocaine; afterwards animals were transferred into tap water.
Treatment of animals with chemical agonists or inhibitors. In all experiments 
that required animals to be treated with chemical compounds, the compounds 
were dissolved in tap water and animals were kept in that solution. Solutions were 
made freshly and exchanged daily. The chemical compounds used in the study 
were: smoothened agonist SAG (EMD Millipore), PD173074 (Tocris Bioscience), 
cyclopamine (LC labs), dimethyl sulfoxide DMSO (Sigma) and ethanol (99.9% 
VWR chemicals). Chemical solutions were prepared in glass bottles covered with 
aluminium foil that protected the solutions from light, and stirred for a minimum 
of 30 min with a magnetic stirrer. Solutions were distributed to the boxes in which 
animals were kept. The animals were then transferred into the boxes with solutions 
and kept in darkness. During treatment, animals were fed daily for 30 min to 1 h 
under lab light or preferentially in darkness. Feeding was started 30 min to 1 h 
before the chemical solution was exchanged.
SAG treatment of ABs and PBs. ABs and PBs were generated by surgical methods 
as described above. Treatment with SAG was performed as described above and 
started immediately after surgery or 3 days after surgery for some PB samples. 
The duration of treatment with SAG varied; the duration of treatment for each 
experiment is indicated in Supplementary Table 1.
Cyclopamine treatment of blastemas, ABs complemented with posterior skin, 
and PBs complemented with anterior skin. Limbs were amputated or injured as 
above. An 8 μM cyclopamine solution in tap water was prepared from a stock of 
4 mM cyclopamine in ethanol as described. We found that the effect of cyclopa-
mine was dependent not only on the final concentration but also on the volume of 
the solution in which animals were kept. In all experiments, the volume of solution 
per animal was 60 ml. A control solution of ethanol in tap water with similar dilu-
tion and volume was also prepared. Treatment with solutions was started 6 days 
after surgery. The duration of treatment is indicated in the experimental schemas 
associated with each experiment.
Exogenous expression of genes in ABs or PBs by baculovirus transduction. 
Baculovirus technology27–29 was established in our lab for use as a transient expres-
sion system in the axolotl and will be described elsewhere. Baculovirus was pseu-
dotyped with vsv-ged gene, which was inserted into the rescue vector under the 
baculovirus polyhedrin promoter. Genes of interest (human SHH, axolotl fgf8, and 
mCherry) were cloned into the baculovirus rescue vector under the CMV promoter 
using standard restriction enzyme methods.

The generation of pseudotyped baculoviruses carrying the gene of interest  
was carried out by co-transfection of the rescue vector together with  
replication-incompetent baculovirus DNA into a modified Spodoptera frugiperda 
cell line (expresSF+, ProteinSciences Corporation). Upon culture expansion, 
recombinant baculoviruses were collected, concentrated and purified. Baculovirus 
titre was assessed by end-point dilution assay in SF-9 Easy Titer cells, a modified 
Spodoptera frugiperda cell line expressing a reporter egfp gene under the control 
of the baculovirus polyhedrin promoter30.

Expression of SHH in ABs by baculovirus transduction was achieved by inject-
ing baculovirus–SHH into the anterior sides of mature upper arms, followed by 
surgery 5 days after injection. Titres of injected baculovirus suspension are shown 
in Supplementary Table 1.

Expression of mCherry or FGF8 was achieved by injecting the corresponding 
baculovirus into the posterior or anterior sides of mature upper arms. Titres of the 
viral suspensions injected were: mCherry, 2.7 × 1010 or 9.4 × 1010; FGF8, 2.7 × 1010 
or 8.5 × 1010.

Injections were performed using a glass capillary needle pulled on a micropi-
pette puller (Sutter Instrument Co. model P-97). Glass capillaries (1.2 mm OD, 
0.9 mm ID borosilicate glass) were acquired from Harvard Apparatus. For injection 
into the anterior upper arm, either a tiny incision was made with surgical scissors 
(FineScienceTools No 15024-10) or the skin was punctured with a 30G needle 
(BD Bioscience) on the dorsal side of the upper arm just proximal to the elbow. 
The needle was inserted through the incision/puncture and the virus was injected 
into the biceps and surrounding connective tissue. For injection into the posterior 
upper arm, an incision/puncture was made posterior–dorsally just above the elbow, 
the needle was inserted through the incision/puncture and the virus was injected 
into the triceps muscles and surrounding connective tissue.
Statistical analysis of outgrowths. First, outgrowths were sorted into several cat-
egories according to the extent of outgrowth (see Supplementary Tables 4 and 6). 
Next, different categories were grouped into two supra-categories: substantial out-
growth versus non-substantial outgrowth, with outgrowths that have at least two 
cartilaginous segments being the cut-off for what marks a substantial outgrowth. 
We then used the Cochran–Mantel–Haenszel test with continuity correction for 
repeated tests of independence on categorical data to assess whether different 
treatments had statistically significant effects on the likelihood of substantial out-
growths. The two groups of category were: type of manipulation (for example, ABs 
+ FGF8 versus ABs + mCherry) and type of outgrowth (for example, substantial 
outgrowth versus non-substantial outgrowth).
Choice of sample size in experiments. When we used SAG to investigate the 
role of HH signalling in accessory limb outgrowth from ABs, the sample size was 
chosen at random for the first experiment. For subsequent experiments it was 
chosen based on the rate of accessory limb induction in the first experiment. In 
experiments involving baculoviral delivery of human SHH or axolotl fgf8 to ABs, 
the sample size was also chosen based on the rate of accessory limb induction 
from ABs by SAG.

In experiments testing the potential of SAG to induce accessory limbs from PBs, 
we used four conditions: PBs treated with SAG, PBs treated with water (negative 
controls), PBs complemented with anterior skin (positive controls), PBs comple-
mented with posterior skin (negative controls). The sample size for all groups 
was based on the rate of accessory limb induction from ABs by SAG, as described 
above.

In experiments involving baculoviral delivery of mCherry or fgf8 to PBs, the 
sample size was chosen based on the induction rate of accessory limbs from PBs 
complemented with anterior skin, taking into consideration the false positive rate 
of accessory limb induction from PBs treated with water, as identified in the PB 
experiments described above.

In experiments where the determination state of SAG-induced accessory limbs 
from ABs was assayed by transplanting accessory limb skin onto host anterior or 
posterior wounds, the sample size was based on preliminary experiments and 
resulting information about the induction rate of accessory limb outgrowth from 
PBs complemented with anterior skin or ABs complemented with posterior skin.
Nanostring gene expression analysis. For probe design, sequences of genes of 
interest were taken from the axolotl transcriptome that has been assembled from 
Illumina sequencing reads (to be published elsewhere). For genes whose sequence 
was validated by the Sanger method, the Nanostring probes were designed to the 
whole validated sequence. For non-validated genes, the Nanostring probes were 
designed only to the open reading frame of the sequence. Probes were designed 
by Nanostring Technologies.

RNA isolation for Nanostring analysis was done by a tandem purification using 
Trizol (Ambion) and Qiagen Micro Kit (Qiagen). The tissue was homogenized 
in Trizol using a polytron homogenizer. After chloroform addition and centrif-
ugation, the aqueous phase was collected. An equal volume of 70% ethanol was 
added to the collected aqueous phase and vortexed. The solution was then loaded 
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onto a Qiagen Micro Kit column, and RNA purification was done following the 
manufacturer’s protocol.

For Nanostring hybridization, each hybridized sample corresponded to one 
biological replicate. Each biological replicate consisted of a single blastema, AB 
or PB. In each hybridization we used 200 ng of RNA (analysis of blastemas) or 
300 ng of RNA (analysis of ABs and PBs). Samples were hybridized according to 
the manufacturer’s instructions, and subsequently analysed on the Nanostring 
Digital Analyzer to obtain the data on the number of counts. Data were normalized 
based on the counts of housekeeping genes rpl4 and ef1 with Nanostring nSolver 
software. Statistical analysis (one-way ANOVA with false discovery rate correc-
tion, followed by Tukey post-hoc test) was performed in Genespring GX (Agilent) 
software. Graphs showing expression profiles of genes were generated with Prism6 
(Graphpad) software.
Alcian blue/alizarin red staining. The regenerates were fixed overnight in 
MEMFA (1 × MEM salts, 3.7% formaldehyde), followed by three 5-min washes 
in PBS. The limbs were dehydrated in 25% and 50% ethanol (EtOH) for 10 min 
each. They were then placed in alcian blue solution and kept at 37 °C for approxi-
mately 1 h or until all cartilage elements were visibly stained. The limbs were then 
washed in EtOH–acetic acid mix for 1 h, 95% EtOH for 15 min and twice in 1% 
KOH solution for 10 min each time, until the soft tissue became clear. They were 
then placed in alizarin red solution, and stained at room temperature until the 
ossified parts of the bones became visibly stained (usually approximately 25 min). 
They were subsequently washed in 1% KOH–glycerol mix. Finally, the limbs 
were placed in 20% glycerol–PBS solution and imaged using an Olympus SZX16  
microscope and Cell F software (Olympus).
Cryosectioning. Limbs with accessory limbs were collected and fixed in MEMFA 
overnight at 4 °C. Afterwards, the limbs were washed for 2 × 5 min and 4 × 10 min 
in 1× PBS and placed in 20% sucrose solution overnight at 4 °C. The next day they 
were embedded in optimum cutting temperature (OCT) compound and frozen in 
plastic blocks. Samples were sectioned into 10-μm-thick slices that were collected 
on Superfrost-plus microscopy slides (Menzel-Gläser). The sections were allowed 
to air dry for 1 h before being stored at −20 °C.
Immunostaining. The following antibodies were used for staining: anti-Meis1/2/3, 
clone 9.2.7 (EMD Millipore); anti-beta-3-tubulin (R&D systems MAB1195); 
anti-myosin heavy chain (generated in-house at MPI-CBG antibody facility). 
Staining was performed using protocols previously described31,32.
Paraffin embedding and sectioning. Limbs with accessory limbs or blastemas were 
collected and fixed in MEMFA for 3 days at 4 °C. Afterwards, the limbs were washed 
for 2 × 5 min in 1× PBS treated with diethylpyrocarbonate (DEPC) and sequen-
tially dehydrated in 25%, 50%, 75% and 100% ethanol in DEPC-treated water. The 
samples were left overnight in 100% ethanol. The next day, the limbs were washed 
for 10 min in fresh 100% ethanol, then for 3× 40 min to1 h in 100% xylol at room 
temperature, and lastly for 3 × 1 h in melted paraffin at 70 °C. The limbs were placed 
on the bottom of disposable plastic base moulds filled with molten paraffin and left 
on a smooth surface to solidify at room temperature. Samples were cut into sections 
with a thickness of 7–10 μm and transferred onto superfrost-plus microscopy slides 
(Menzel-Gläser) covered with DEPC-treated water. The slides were placed on a 
heating platform at 37 °C and allowed to air dry for at least 1 h.
Isolation of genes for in situ hybridization. We used 10–12 freshly frozen 9-day 
or 15-day blastemas for total RNA extraction using a standard trizol-based  
protocol. A SuperScript III kit (Invitrogen) was used for cDNA synthesis according 
the manufacturer’s protocol. cDNA was used for PCR with appropriate primers to 
isolate the genes of interest. PCR products were run in 2% agarose gel and bands of 
the expected size were cut out and purified from the gel. PCR products were cloned 
into a PCR-II Topo vector, using TOPO TA Cloning kit (Invitrogen). Accession 
numbers are listed after the Acknowledgements section.

For grem1 in situ hybridization we pulled out a sequence of 937 bp by PCR using 
the following primers: forward TCGCCTGACACTACATAGC, reverse AGAT 
GTGCAAAAGTTCAGAGAT. For hand2 in situ hybridization we pulled out 
a sequence of 632 bp by PCR using the following primers based on the newt 
HAND2 sequence: forward TGAGCCTGGTGGGGGGCTTCC, reverse 
AGCGCCCAGACGTGCTGCGGCCA. For gli3 in situ hybridization we iso-
lated a sequence of 933 bp by PCR using the following primers: forward ATCAT 
TAATAAAGAAGGAGATCCA, reverse ATAGGTCTCTGGGTAGGAAAAG. 
For hoxd13 in situ hybridization we isolated a sequence of 735 bp by PCR using 
the following primers: forward GGCCGAGGTTAGTTTTTATAACCGCA, 
reverse AAAGGAAGACTTCCAGAAGTGCGAGCTCT. For fgf8 in situ hybrid-
ization we isolated a sequence of 1,148 bp by PCR using the following primers:  

forward TTCACGTGCCTCACCTCCACTACCTCAGCA, reverse ATATAAAT 
TGTTCTTCTAAAAGTCCACTGG. For fgf9 in situ hybridization we isolated  
a sequence of 972 bp by PCR using the following primers: forward ATTAAACCCG 
CTTTGATTTCTTG, reverse GTAGAGATTAGATG AGTATGTGTTA. Fgf10 
and fgf17 sequences were isolated by screening an EST library of 6-day axolotl  
tail blastema cDNA. For ptc1 and shh in situ hybridization, we used sequences  
previously described33.
In situ hybridization probe synthesis. The probes were synthesized using lin-
earized plasmids containing genes of interest, SP6 or T7 polymerase (produced 
in-house), and DIG-labelled nucleotide mixture (Roche). Synthesis was performed 
for 2–5 h at 37 °C. RNA was purified from the RNA synthesis mix using RNeasy 
MinElute Cleanup Kit (Qiagen) and a small amount of purified RNA was run on a 
1% agarose gel to assess its quality. Concentration was measured on NanoDrop and 
adjusted to 100 ng μl−1 with hybridization buffer (50% formamide, 10% dextran, 
5× SSC, 0.1% Tween, 1 mg ml−1 yeast RNA, 100 mg ml−1 heparin, 1× Denhardt’s 
solution, 0.1% CHAPS detergent and 5 mM EDTA).
In situ hybridization. Slides were deparaffinized by washing 3 times in 100% xylol 
and 3 times in 100% ethanol for 10 min each step, dried for 15 min and placed 
overnight at 70 °C in hybridization buffer containing probes at the following con-
centrations: fgf8 500 ng μl−1, fgf9 300 ng μl−1, fgf10 300 ng μl−1, fgf17 300 ng μl−1, 
gli3 500 ng μl−1, grem1 500 ng μl−1, hand2 200 ng μl−1, shh 200 ng μl−1. On the next 
day, slides were washed in salt solutions at 70 °C as follows: 30 min in 5 × SSC, 
40 min in 2 × SSC twice, 20 min in 0.2 × SSC. To reduce background signal com-
ing from nonspecific probe binding, slides were washed in Tris–sodium–EDTA 
(TNE) solution for 2 × 10 min, treated with 20 μg ml−1 RNase A (Sigma) in TNE 
for 15 min, and washed in TNE twice, for 2 min and 10 min. After RNase treatment, 
slides were washed for 2 × 5 min and 1 × 10 min in maleic acid buffer (MAB) and 
blocked for 1 h with blocking buffer (1% blocking reagent (Roche) dissolved in 
MAB). Then slides were incubated with anti-DIG-AP antibody (Roche) diluted 
1:5,000 in blocking buffer for 1–2 h at room temperature or overnight at 4 °C. 
Slides were washed at room temperature in MAB for 2 min, 5 min and 3 × 10 min, 
followed by 2 × 10 min washes in AP buffer. Slides were developed in BM Purple 
solution (Roche) or preferentially a substrate working solution containing NBT/
BCIP (Roche) and 5% polyvinyl alcohol (Sigma) at 37 °C in the dark until the 
signal became clearly visible. The reaction was stopped by washing in 1 × PBS 
several times.

In the case of the fgf9 in situ hybridization signal in untreated 12-day ABs 
(Extended Data Fig. 4f), the signal was localized to the base of the blastema but 
was not considerably stronger than the background signal that is typically seen in 
muscle and nerve for limb in situ hybridization samples. Combined with observed 
reduction in counts of fgf9 after 8 days in Nanostring data (Fig. 1d), we cannot 
conclusively say whether this basal fgf9 signal represents bona fide expression or 
background signal.
Imaging and figure assembly. Images of antibody-stained samples were acquired 
on a Zeiss Axioobserver Z.1 using AxioVision 4.8.1.0 software (Zeiss). Images of 
in situ-stained samples were acquired on an Olympus BX61VS110 system using 
Olympus VS-ASW software.

Images were processed with Fiji or Photoshop software. When adjusted, contrast 
and brightness were adjusted uniformly across the image.
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Extended Data Figure 1 | SAG-induced accessory limbs contain 
muscles, axons, and primarily lower arm and hand elements.  
a, Immunostaining for myosin heavy chain (MHC) reveals muscle fibres in 
the accessory limb (AL). b, Immunostaining for β3-tubulin reveals axons 
in the accessory limb. c, Immunostaining for MEIS, an upper arm identity 
marker, reveals that the accessory limb contains primarily lower arm and 
hand elements, as evidenced by the absence of MEIS in the accessory limb. 

Expression of MEIS is seen in the host upper arm on which the accessory 
limb was induced. MEIS staining is also observed in the epidermis, 
however epidermis does not play a role in positional identity. d, Overlay of 
anti-MHC (green), anti-β3-tubulin (white), anti-MEIS (red) and Hoechst 
(marks nuclei, blue) staining. Number of accessory limbs analysed, n = 5. 
Scale bar, 1 mm.
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Extended Data Figure 2 | HH signalling is sufficient for accessory 
limb outgrowth from ABs and is necessary for outgrowth from ABs 
complemented with posterior skin. a, Treatment of ABs with lower 
concentrations of SAG still results in accessory limb outgrowth, but  
with a decreased number of digits. Data from a single experiment.  
b, SAG (40 nM) also induces accessory limb outgrowth from ABs in large 
animals (13–14 cm snout to tail tip), indicating that this effect is not  
size-dependent. Data from a single experiment. c, Blocking HH signalling 

with cyclopamine (8 μM) in ABs complemented with posterior skin blocks 
regeneration. Data from a single experiment. d, Percentage of accessory 
limb outgrowths from ABs treated with different concentrations of SAG. 
See Supplementary Table 1 for details. Short blue horizontal lines represent 
average percentages for each condition. The dotted line is for visual 
aid and intersects the y axis at 0%. Numbers in upper right corners of 
photomicrographs indicate the number of accessory limb outgrowths out 
of the total number of ABs. dpw, days post-wounding. Scale bars, 2 mm.
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Extended Data Figure 3 | SAG treatment does not make the 
determination state of accessory limbs more posterior. a, SAG-induced 
accessory limbs (SAG-AL) regenerate at most a spike after amputation, 
indicating a lack of functional positional discontinuity. SAG-ALs were 
amputated and imaged at 14 and 21 days post-amputation. No further 
growth of the spike was observed 21 days post-amputation. Red or 
black lines, amputation plane. No SAG-ALs regenerated a patterned 
accessory limb after amputation (n = 0 of 5). Experimental data from 
a single experiment. Alcian blue/alizarin red staining: cartilage is blue, 
ossifications are red. b–d, Testing determination state of SAG-ALs by skin 
transplantation to ABs or PBs. b, Schema illustrating the experimental 
setup and potential outcomes. Accessory limbs were generated by SAG 
treatment of ABs from transgenic animals constitutively expressing GFP.  

The SAG-ALs were divided into a medial and lateral side, with skin  
from one side transplanted to an anterior host site and skin from the 
opposite side transplanted to a posterior host site. Two possible outcomes 
were expected, depending on whether SAG posteriorized cells during 
initial accessory limb outgrowth. c, A host AB with a skin transplant  
from a SAG-AL shows no accessory limb outgrowth, indicating no 
determination of posterior identity during SAG-AL outgrowth (n = 0 of 22).  
d, A host PB with a skin transplant from the same SAG-AL as in c results 
in new accessory limb outgrowth, revealing the anterior identity of the 
transplanted skin (n = 15 of 21). Data from a single experiment. See 
Supplementary Table 2 for details. DF, dark field images. GFP panels show 
the transplanted skin. dpt, days post transplantation of skin. Scale bars, 2 mm.
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Extended Data Figure 4 | Gene expression analysis of ABs with and 
without SAG. a, ABs express blastema markers prrx1, msx1, msx2, and twist1, 
and anterior marker gli3. The y axis indicates the number of normalized 
counts obtained by Nanostring nCounter technology. Each data point is the 
mean normalized count number from biological replicates (n = 3 or 4;  
for individual n values and complete data set, see Supplementary Table 7a; 
data from one experiment). Error bars represent s.d. For data points where 
s.d. was small, no error bars are shown. b, gli3 is expressed at 8 and 12 
days in SAG-treated or untreated ABs. c–h, Expression of FGF–SHH loop 
components in SAG-treated versus untreated ABs. c, d, f, In ABs, fgf8, fgf9, 
and grem1 maintenance, but not induction, requires SAG treatment.  
c, d, fgf8 and grem1 are upregulated in ABs in the presence or absence of SAG 
at 8 days, but are downregulated at 12 days unless SAG is present. f, fgf9 is 
expressed at the tip of the bumps at 8 days and maintains this expression at 

the tip in 12-day SAG-treated samples. In untreated 12-day samples there is 
no more fgf9 expression at the tip, although there seems to be expression at 
the base of the bump. This could represent a secondary source of fgf9 that 
is not part of the FGF–SHH circuitry or it could be an unspecific signal; see 
Methods. g, fgf10 was expressed in all conditions. h, Unlike other fgf genes, 
fgf17 expression required SAG at all time points. fgf17 was not expressed in 
untreated samples at either 8 or 12 days, but was expressed at both time points 
when treated with SAG. e, SAG is not sufficient to upregulate shh in ABs.  
Shh is not expressed in ABs at 8 or 12 days in the presence or absence of SAG. 
For detailed information on the number of samples analysed and results, see 
Supplementary Table 3. Inserts show magnification of positive cells. Images 
of 12-day SAG-treated blastemas in panels f–h show different sections from 
the same limb that were hybridized separately for each of the indicated genes. 
Scale bars: all 8-day images, 100 μm; all 12-day images, 200 μm.
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Extended Data Figure 5 | FGF signalling is required for SAG-induced 
accessory limb outgrowth from ABs, and is sufficient to induce single-
digit accessory limb outgrowth from ABs. a, FGF signalling is required 
for SAG-induced accessory limb outgrowth. ABs were treated with 15 nM 
SAG or water starting on the day of wounding. At 10 days post-wounding, 
concomitant treatment with DMSO or 15 μM PD173074 (inhibitor of 
FGFR1 and FGFR3) was initiated. Treatment was terminated at 22 days 
post-wounding. Images of ABs were taken at 10, 15 and 30 days post-
wounding. ABs treated with water and DMSO fail to develop accessory 
limbs (n = 1 of 16). ABs treated with SAG and DMSO form accessory 
limbs (n = 14 of 14). ABs treated with SAG and PD173074 grow until 

initiation of PD173074 treatment, after which growth halts and ABs fail to 
develop accessory limbs (n = 0 of 16), eventually regressing. This indicates 
that FGF signalling acts downstream of SAG and is required for accessory 
limb outgrowth. Dashed yellow lines demarcate ABs. The experimental 
data come from two experiments. dpw, days post-wounding. Scale bars, 
1 mm. b, Ectopic baculovirus-induced expression of FGF8 in ABs results 
in single digit accessory limb outgrowths. Percentage of substantial 
outgrowths from ABs transduced with fgf8 or mCherry (negative control). 
See Supplementary Table 4 for details. Short blue horizontal lines represent 
average percentage for each condition. The dotted line is for visual aid and 
intersects the y axis at of 0%.
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Extended Data Figure 6 | FGF8, but not HH signalling, is sufficient 
to drive accessory limb outgrowth from PBs. a–c, f, HH signalling is 
not sufficient to drive accessory limb outgrowth from PBs (for details 
see Supplementary Table 1). a, SAG is sufficient to drive accessory 
limb outgrowth from ABs (n = 23 of 32) but not PBs (n = 1 of 32) on 
the contralateral limb of the same animal. Data from one experiment. 
The images are the same as in Fig. 2a. b, Untreated PBs also produce no 
accessory limb outgrowth (n = 1 of 37; data from two experiments).  
c, Positive control: PBs complemented with anterior skin transplants from 
animals that constitutively express GFP grew into accessory limbs without 
SAG treatment (n = 10 of 19, data from two experiments). f, Percentage 
of accessory limb outgrowths from PBs without treatment (H2O), treated 

with SAG, or complemented with anterior skin. d, e, g, FGF8 is sufficient 
to drive accessory limb outgrowth from PBs (data from three experiments; 
for details see Supplementary Table 5). d, PBs expressing baculovirus-
induced FGF8 grow into accessory limbs (n = 27 of 50). The images are the 
same as in Fig. 2b. e, Negative control: PBs expressing baculovirus-induced 
mCherry do not grow into accessory limbs (n = 3 of 49). g, Percentage 
of accessory limb outgrowths from PBs transduced with fgf8 or mCherry 
(negative control). Short blue horizontal lines in all graphs represent 
average percentage for each condition. Dotted lines are for visual aid and 
intersect the y axes at 0%. Dashed yellow lines demarcate blastemas.  
DF, dark field images; dpw, days post-wounding. Scale bars, 2 mm.
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Extended Data Figure 7 | PBs do not express fgf8 or fgf17 even though 
intact HH signalling is present, but do express grem1, fgf10 and fgf9.  
a, g, PBs do not express fgf8 and fgf17 even upon SAG treatment. Fgf8  
and fgf17 are not expressed in PBs at 8 or 12 days in the presence or 
absence of SAG, but are expressed in positive control PBs containing an 
anterior skin transplant. b–d, f, Early induction of grem1, shh, ptc1 (a HH 
signalling target) and fgf10 in posterior wounds is independent of SAG, 
and SAG is not sufficient for maintenance of grem1 and shh expression.  
b, c, Grem1 and shh are present in PBs at 8 days and are downregulated 
by 12 days independent of SAG treatment. This observation differs 
slightly from the Nanostring nCounter data (Fig. 2d) where grem1 is 
downregulated at 15 days. The discrepancy is probably due to the variation 
in regeneration timelines across different experiments. Grem1 and shh are 

present in control PBs containing an anterior skin transplant at both 8 and 
12 days. d, Ptc1 is expressed at 8 days in PBs that were untreated or treated 
with SAG or complemented with an anterior skin graft. f, Fgf10 is present 
in all conditions at 8 and 12 days. e, Fgf9 is expressed in a few cells at the 
tip of 8-day untreated PBs, but is absent from 12-day untreated PBs and 8- 
or 12-day SAG-treated PBs. Fgf9 is present in control PBs complemented 
with anterior skin grafts. Detailed information on the number of samples 
analysed and results can be found in Supplementary Table 3. Inserts show 
magnification of positive cells. Images of 12-day PBs complemented with 
anterior skin (e–g) show different sections from the same limb that were 
hybridized separately for each of the indicated genes. Scale bars: all 8-day 
samples, 100 μm; all 12-day samples, 200 μm.
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Extended Data Figure 8 | Schematic illustration of the expression 
pattern of fgf8, fgf9, fgf10, fgf17, grem1 and shh in ABs and PBs 
treated with SAG or untreated and PBs complemented with anterior 
skin transplant. ABs upregulate fgf8, fgf9, fgf10 and grem1 but not 
shh in the absence of SAG at 8 days post-wounding, indicating that 
initial upregulation of fgf8, fgf9 and fgf10 (yellow) and grem1 (blue) is 
independent of SAG. ABs downregulate expression of fgf8 and grem1 by 
12 days, and eventually regress. ABs treated with SAG maintain fgf8 and 
grem1 expression at 12 days, indicating that HH signalling is necessary for 

their maintenance. SAG-treated ABs also express fgf17. ABs treated with 
SAG eventually develop accessory limbs (ALs). Untreated PBs upregulate 
fgf9, fgf10, grem1 and shh (red) but not fgf8 nor fgf17. SAG-treated 
PBs also do not upregulate fgf8 or fgf17 and do not produce accessory 
limb outgrowths, indicating that SHH signalling is not sufficient for 
accessory limb outgrowth from PBs. PBs complemented with an anterior 
skin transplant express fgf8, fgf9, fgf10, fgf17, grem1 and shh and form 
accessory limbs.
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Extended Data Figure 9 | Expression patterns of gli3, hand2, fgf8, 
fgf9, fgf10, fgf17, grem1, shh and hoxd13 in normal limb regeneration. 
a, Expression of Gli3, hand2, fgf8 and grem1 was analysed on adjacent 
sections of a 10-day blastema. Sections are arranged from the distal tip of 
the blastema (top, plane A) to the proximal base of the blastema (bottom, 
plane E). Gli3 is expressed throughout the blastema, with stronger 
expression in the anterior half that lacks hand2 expression and weaker 
expression in the hand2-expressing zone. Fgf8 is expressed in the anterior 

half that lacks hand2 expression. Grem1 is expressed more proximally than 
the other genes (starting from plane B). It is primarily expressed in the 
anterior half of the blastema, but is also expressed in the posterior half, 
particularly in the proximal part (planes D and E). b, Unlike fgf8; fgf9, 
fgf10 and fgf17 are not excluded from the hand2-expressing, posterior half 
of a blastema (11 days). c, Shh is expressed in a small posterior domain in 
the blastema (12 days). The planes are sections of the same blastema along 
the proximo-distal axis. Scale bars, 200 μm.

© 2016 Macmillan Publishers Limited. All rights reserved



LETTERRESEARCH

Extended Data Figure 10 | HH signalling is required for FGF8-induced 
accessory limb outgrowth from PBs. a, Schematic outline of the 
experiment. Each replicate experiment consisted of transducing limbs with 
fgf8 or mCherry (negative control), followed by injury with nerve deviation 
at 10 or 14 days after transduction. Treatment of FGF8-expressing animals 
with 8 μM cyclopamine or an equivalent amount of ethanol (cyclopamine 
solvent) was started at 6 days post-wounding. Additionally a group of  
non-transduced PBs were complemented with anterior skin and treated 
with 8 μM cyclopamine (as controls for blocking HH signalling) or ethanol. 
b, Examples of typical outcomes in each condition. Images from the 
condition PB+FGF8+cyclopamine are the same as in Fig. 2c. Scale bars, 

2 mm. dpw, days post-wounding. c, Percentage of substantial outgrowths 
in each condition. Data from four experiments. For detailed description 
of the number of limbs in each condition and the way they were scored 
see Supplementary Table 6. The dotted line is for visual aid and intersects 
the y axis at 0%. d, The effect of cyclopamine is specific to HH signalling. 
Limbs were amputated and treatment was started 6 days post-amputation 
with 8 μM cyclopamine alone or in combination with 600 nM SAG. 
Treatment with cyclopamine blocked regeneration, which was rescued by 
co-treatment with SAG. Numbers indicate regenerated limbs out of total 
amputated limbs. Data from two experiments. dpa, days post-amputation.
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