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Expression of Sonic Hedgehog (Shh) in the posterior mesenchyme
of the developing limb bud regulates patterning and growth of the
developing limb by activation of the Hedgehog (Hh) signaling path-
way. Through the analysis of Shh and Hh signaling target genes, it
has been shown that activation in the limb bud mesoderm is
required for normal limb development to occur. In contrast, it has
been stated that Hh signaling in the limb bud ectoderm cannot
occur because components of the Hh signaling pathway and Hh
target genes have not been found in this tissue. However, recent
array-based data identified both the components necessary to acti-
vate the Hh signaling pathway and targets of this pathway in the
limb bud ectoderm. Using immunohistochemistry and various me-
thods of detection for targets of Hh signaling, we found that SHH
protein and targets of Hh signaling are present in the limb bud
ectoderm including the apex of the bud. To directly test whether
ectodermal Hh signaling was required for normal limb patterning,
we removed Smo, an essential component of theHh signaling path-
way, from the apical ectodermal ridge (AER). Loss of functional Hh
signaling in the AER resulted in disruption of the normal digit pat-
tern and formation of additional postaxial cartilaginous condensa-
tions. These data indicate that contrary to previous accounts, the
Hh signaling pathway is present and required in the developing
limb AER for normal autopod development.

limb patterning | polydactyly | Shh signaling

Within the developing limb bud, exposure to SHH controls the
number and identity of digits produced. Proper digit pattern-

ing requires both the establishment of a concentration-dependent
gradient of SHH (1) and a time-dependent gradient of exposure to
SHH (2, 3). The ability of SHH to pattern the forming digits is cou-
pled to the ability of SHH to control cell proliferation (4, 5). A full
complement of digits requires tight control over the concentration
and timing of Shh expression. Although SHH is capable of limiting
its own expression (6), the molecular mechanism responsible for
sensing the amount of SHH from the zone of polarizing activity
(ZPA) of the vertebrate limb bud remains unknown.
Through both short-range and long-range signaling (7),

secretion of SHH protein from Shh-producing cells activates a
cellular signal transduction pathway. Binding of SHH protein to
the transmembrane protein PTCH1 activates the Hh signaling
pathway (8). Once SHH binds to PTCH1, inhibition of another
transmembrane bound protein, SMO, is relieved (9). Through a
complex of proteins, SMO blocks proteolytic cleavage of mem-
bers of the Ci/Gli family of transcription factors (10). Uncleaved
GLI transcription factors directly activate transcription of
hedgehog target genes, such as Gli1 and Ptch1 (11, 12).
Within the limb, SHH is involved in a network of positive gene

interactions known as the Shh/Grem1/Fgf feedback loop. SHH is
capable of up-regulating Fgf4 expression in the apical ectodermal
ridge (AER) (13). Conversely, changes in FGF4 can up-regulate
Shh expression (14). The Bmp antagonist, Grem1, is an inter-
mediate for the interactions between Shh and Fgf4 (15, 16). Reg-

ulation of the Shh/Grem1/Fgf feedback loop is essential for proper
patterning of the limb and robust regulation of the genes involved
in the loop are mediated by regulation of Grem1 and Bmp4 (17).
Spatial disruption of the positive interactions of the Shh/Grem1/
Fgf feedback loop has been shown to terminate feedback loop gene
expression (18, 19). In addition to mutual positive interactions
within the Shh/Grem1/Fgf feedback loop, the Etv4/5 genes, which
are targets of Fgf signaling, are required for proper spatial
restriction of Shh in the limb bud mesenchyme (20, 21).
Although coordinated regulation of limb development by

interactions between the ZPA and AER have been documented
(22), the role Hh signaling may play within the limb bud ecto-
derm is unknown. Previous reports have stated that components
required for Hh signaling are not found in the ectoderm of the
vertebrate limb bud (23, 24). Recently, treatment of limb buds
with the teratogen acetazolamide has uncovered a potential role
for Hh signaling in the limb ectoderm. In utero exposure to
acetazolamide resulted in limbs with ectrodactyly, phenotypically
similar to limbs mutant for Shh. However, Shh expression in
treated limbs was not substantially different from control limbs,
suggesting that loss of digits in these animals resulted from
defects in the ability of the cells to respond to SHH (25). A series
of grafting experiments suggested that the limb bud ectoderm
and not the mesoderm was defective in Hh signaling after ace-
tazolamide treatment (25). Microarray experiments in which
components of the Hh signaling pathway, but not Shh, were
identified in the limb bud ectoderm provided further evidence
that the Hh signaling pathway may be present in the limb bud
ectoderm (26).
In this report, we demonstrate that SHH protein is present

and the Hh signaling pathway is required within the limb bud
ectoderm for normal autopod patterning to occur. Removal of
Smo, an essential component of Hh signal transduction, resulted
in the disruption of normal digit patterning and formation of
additional cartilaginous condensations. Through analysis of mice
that lacked Hh signal transduction in the AER and over-
expression experiments using the chick model system, we show
that the length of the AER is regulated by the Hh signaling
pathway. Additionally, Hh signaling within the AER is necessary
to refine the expression of genes involved in the Shh/Grem1/Fgf
feedback loop. These results uncover a unique role for Hh signal
transduction within the vertebrate limb ectoderm and provide
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further insight into the molecular mechanism responsible for
coordinating interactions between the ZPA and AER.

Results
SHH Protein and Components of the Hedgehog Signaling Pathway Are
Present in the AER. The secreted protein SHH is produced in
mesenchymal cells of the limb bud ZPA (27). Once produced,
SHH can spread many cell diameters from its source (7). For the
Hh signaling pathway to be active in the ectoderm of the devel-
oping limb, SHH protein should be present in this tissue. To
investigate SHH protein localization in the limb bud ectoderm,
immunohistochemistry using an antibody raised against SHH was
performed. In the posterior of an embryonic day (E)10.5 limb bud,
SHH immunostaining was observed in both the posterior meso-
derm and the posterior ectoderm, including the AER (Fig. 1 A and
B) (28). SHH immunostaining was not present in the anterior
mesoderm or ectoderm (Fig. 1C).
The two additional Hh homologs present in vertebrates, Dhh

and Ihh, are not expressed concomitant with Shh in the limb bud
(29). To confirm that the staining observed was specific for SHH
protein, a section from a limb bud that lacked SHH (ShhΔ/Δ) was
analyzed in a manner identical to the wild-type limb buds and
was found to lack immunostaining in both the mesoderm and the
ectoderm (Fig. 1D). Sections through different regions of the
embryo and limb bud confirmed immunoreactivity of SHH in the
AER and the specificity of the immunostaining to regions of the
embryo known to express SHH (Fig. S1).
If Hh signaling is active within a given tissue, transcriptional

targets of this pathway should be present. Active Hh signaling
transcriptionally activates expression of Gli1 (30). Using a
tamoxifen-inducible Gli1-CreERT2 allele (2) in combination with
the cre-inducible R26R allele (31), we fate mapped cells that
activate the Gli1 promoter in the mouse limb. Administration of
tamoxifen at E9.5 resulted in detection of β-galactosidase activity
in the ectoderm of the autopod and zeugopod in embryos at
E12.5 (Fig. S1; ref. 32). To confirm that Hh signaling is present in
the limb bud ectoderm, we analyzed another Hh pathway target
gene, Ptch1 (33). Mice with a LacZ cassette inserted downstream
of the endogenous Ptch1 promoter produce β-galactosidase
activity in cells that have activated transcription from the Ptch1
locus (34). In limbs containing the Ptch1:LacZ allele, β-gal-
actosidase activity was detected at E11.5 in the posterior limb bud
ectoderm, including the posterior AER (Fig. 1 E and F). Further
analysis revealed that β-galactosidase activity initially appeared
punctate in the posterior of the limb, including the ectoderm at
E10.0 with robust expression in the ectoderm observed beginning
at E10.5 and continuing through E12.5 (Fig. S2). Sectioned limbs
contained β-galactosidase activity in both the posterior mesoderm
and ectoderm (Fig. 1G). Examination of sections revealed
detectable β-galactosidase activity in the posterior AER, the
posterior dorsal and ventral ectoderm, and the ectoderm of the
posterior margin (ectoderm from the posterior AER to the flank;
Fig. 1G and Fig. S2). These data indicate that SHH is present and
capable of activating the Hh signaling cascade within the limb
bud ectoderm.

Hedgehog Signaling in the AER Is Required for Formation of a Normal
Autopod. Although Hh signal transduction was found in several
regions of the ectoderm, because of the importance of the AER in
limb development, we chose to focus specifically on activation of
the Hh signaling pathway in the AER. SMO, a transmembrane
protein required for active Hh signaling (35), was detected in the
limb bud ectoderm at E11.5 (Fig. S3). The Msx2-Cre allele
expresses cre recombinase in the AER but not in the limb meso-
derm (Fig. S4) (36). To determine whether Hh signaling in the
AER played a functional role in limb patterning, we removed Smo
from the AER by usingMsx2-Cre and a conditional allele for Smo
(see Methods for details). Loss of Hh signaling in the ectoderm of

embryos in which Smo was removed from the AERwas confirmed
by performing Ptch1 in situ hybridizations using BM purple as a
substrate (Methods). Whole-mount RNA in situ hybridizations to
detect Ptch1 at E11.5 revealed expression in the posterior AER of
control limbs but not in the AER of Msx2-Cre;Smoflox/flox limbs at
the same somite stage (ss) (Fig. 2 A–D). Sectioned tissue revealed
that in Msx2-Cre;Smoflox/flox limbs at E10.5 (Fig. S5) and E11.5
(Fig. 2 E and F) Ptch1 mRNA was absent from the AER and
ventral ectoderm. Ptch1 was still expressed in the dorsal ectoderm
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Fig. 1. SHH and components of the hedgehog signaling pathway are present
in the limb bud ectoderm. SHH immunohistochemistry on sections from E10.5
forelimbs (A–D). (A) At lowmagnification, SHH is detected in a graded fashion
specifically in the posterior of the limb. The boxes inA are enlarged in B and C.
At high magnification, SHH was visible in the posterior limb bud ectoderm
including the AER (B), but not the anterior limb bud ectoderm (C). In B and C,
the arrows highlight the AER, and the white dashed lines separate the meso-
derm from the ectoderm. Limb bud tissue from a ShhΔ/Δ limb, which was
mounted on the same slide as the tissue shown in A–C, had no detectable SHH
(D). (E–G) β-galactosidase activity in limbs containing the Ptch1:LacZ allele. (E)
Whole-mount hindlimbs at E11.5 showed active Hh signaling in the posterior
limb mesoderm and ectoderm including the AER. The box in E is enlarged in F.
Sectioned hindlimbs confirmed the presence of β-galactosidase activity in the
posterior ectoderm (G; arrowhead denotes staining in the ectoderm). The
plane of section of G is illustrated by a black line in F.
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in addition to the ectoderm proximal to the AER. In situ hybrid-
ization with Ptch1 riboprobe indicated that embryos that had
the genotype Msx2-Cre;Smoflox/flox have lost Hh signaling from
the AER.
To determine whether Hh signaling within the AER played a

functional role in the establishment of a proper limb pattern,Msx2-
Cre;Smoflox/flox and wild-type skeletons were examined. Skeletal
analysis revealed that the stylopodal and zeugopodal elements of

both Msx2-Cre;Smoflox/flox and control limbs were normal (Fig. S5).
However, the autopods of the hindlimbs and forelimbs ofMsx2-Cre;
Smoflox/flox animals exhibited extra cartilaginous condensations (Fig.
2G–J), which were highly penetrant (Table S1). Extra cartilaginous
condensations were investigated using both Sox9 expression and
brightfieldmicroscopy, andwere found to be formedbetweenE13.5
andE16.5 (Fig. S6). These data indicate thatHh signalingwithin the
AER is necessary for the formation of a properly patterned auto-
pod.Msx2-Cre;Smoflox/floxmice die at birth, which limited our ability
to perform a detailed analysis of the extra condensations.

AER Length Is Controlled by Hh Signaling Within the AER. Signals
from the ZPAhave been postulated to control the length and shape
of the AER (37, 38). Fgf8 is expressed throughout the entire AER
and can be used tomeasure the length of this structure (Fig. S7) (39,
40). To investigate whether Hh signaling within the limb bud ecto-
derm regulated the length of the AER, Fgf8 expression was exam-
ined and compared in Msx2-Cre;Smoflox/flox and control limbs
(Fig. S7). The Straighten plug-in for NIH ImageJ was used to con-
vert the curved AER into a straight-line, which was then measured
(Methods). Somite matched Msx2-Cre;Smoflox/flox forelimbs (50ss;
n=9)andhindlimbs (50ss;n=10), and control forelimbs (50ss;n=
4) and hindlimbs (50ss; n= 7) were collected and analyzed for Fgf8
expression (for examples, see Fig. S7). Stained AERs were then
straightened and measured. AERs in which Hh signaling was
removed were found to be on average 700 microns (forelimbs) and
260 microns (hindlimbs) longer than normal limbs at the same
somite stage (Fig. 3A). The means were compared using a t test
(Welch’s, unpaired), which revealed the increase in AER length in
the Msx2-Cre;Smoflox/flox limbs to be statistically significant (fore-
limbs, P= 0.03 and hindlimbs, P < 0.0001).
Our experiments using the mouse model system indicated that

loss of Hh signaling from the AER resulted in an increase in AER
length.Using the chickmodel system, we investigated the effects of
elevated amounts of Hh protein on AER length. A SHH-soaked
bead placed just anterior to the normal ZPA was used to expand
the domain of SHH protein (Fig. 3B). After 24 h of treatment with
a SHH-soaked bead, the domain of Ptch1 expression was expan-
ded in the posterior AER (Fig. S8). Limbs treated for 24 h with a
SHH-soaked bead also showed a decrease in AER length when
compared with the untreated contralateral limb buds or PBS-
treated limb buds as measured by Fgf8 expression (three of four
treated limbs; Fig. 3C–F) and Fgf4 expression (Fig. S9). Consistent
with published reports (6), placement of a SHH-soaked bead in the
posterior limb bud mesenchyme resulted in an increase in cell
death in both the AER and the mesoderm of the limb bud (Fig.
S10) but did not cause defects in the patterning of limb skeletal
elements, indicating that the limb bud recovers from transient
exposure to elevated levels of SHH.

Hedgehog Signaling in the AER Regulates the Shh/Grem1/Fgf
Feedback Loop. The expression of the genes involved in the
Shh/Grem1/Fgf feedback loop is dynamic and dependent on the
timing and levels of other components in the regulatory network
(16–19). To investigate the effect of removal of Hh signaling
from the AER on the components of the Shh/Grem1/Fgf feed-
back loop, double RNA in situ hybridizations for Shh and Fgf4 or
Fgf8 were performed on normal and Msx2-Cre;Smoflox/flox

embryos. Fgf4 expression was elevated in Msx2-Cre;Smoflox/flox

limbs compared with wild-type limbs (Fig. 4 A and B). Addi-
tionally, expression of Fgf8, which interacts with Fgf4 (41), was
prolonged in Msx2-Cre;Smoflox/flox limbs (Fig. 4 C and D).
Consistent with a link between Fgfs and the expression of Shh

(41, 42), loss of Hh signaling in the AER resulted in increased
expression of Shh in the underlying mesenchyme for longer
amounts of time than in somite-matched control limbs (Fig. 4 A
and B and Fig. S7). Additionally, analysis of Msx2-Cre;Smoflox/flox

limbs forGrem1 expression revealed that the domain of expression
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was more broad when compared with somite matched control
limbs (Fig. 4 E and F). These data indicate that proper regulation
of the Shh/Grem1/Fgf feedback loop requires activation of the Hh
signaling pathway in the limb bud AER.

Discussion
Within the vertebrate limb mesoderm, several different roles for
SHH have been reported. SHH acts through a concentration
gradient (1) and a temporal gradient (3) to establish both digit
identity and number. Additionally, through regulation of genes
that promote the G1-S transition, SHH affects limb patterning by
controlling growth (4, 5). In this study, we present evidence that
Hh signaling is present in the AER and is required within the
AER for correct patterning of the vertebrate autopod.
Activation of the Hh signaling pathway was detected in several

domains within the posterior ectoderm of the developing limb.
Because Shh expression in the limb bud ectoderm has not been
detected by RNA in situ hybridization (27) or microarrays (26),
Hh signals to the ectoderm through a paracrine mechanism.
Targets of the Hh signaling pathway were found in the AER,

the dorsal and ventral ectoderm, and the ectoderm of the pos-
terior margin (ectoderm between the AER and the flank). After
removal of Hh signaling from the AER, Hh signaling remained
in ectodermal cells juxtaposed to the posterior AER. The lack of
a stronger phenotype upon removal of Hh signaling from the
AER may be due to the presence of Hh-responding cells in the
posterior margin. Active hedgehog signaling in this region of the
limb bud may be able to compensate for a loss of Hh signaling in
the AER by specifying the posterior limit of the AER. Removal
of Hh signaling from both the AER and the posterior margin has
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the potential to result in a more significant expansion of the
AER and an increase in the severity of polydactyly.
Upon removal of Hh signaling from the AER, we observed

changes in gene expression of components of the Shh/Grem1/Fgf
feedback loop. Removal of Hh signaling from the AER
increased the length of the AER, resulting in an increase in the
number of cells capable of expressing Fgf4 and Fgf8. Previous
experiments have shown that Fgf4 expressed from the AER can
regulate Shh expression in the ZPA (41, 43), suggesting that the
increase in Shh expression we observed is a result of an increase
in the amount of FGF4 produced in the AER.
Previously,Grem1 expression has been shown to be regulated by

theHh signaling pathway in the limb budmesenchyme (12, 44).Our
data suggests that increased Fgf4 from the AER indirectly increases
expression of Grem1 through activation of Shh in limb buds that
have Hh signaling removed from the AER. During normal limb
development,Grem1 is required for Fgf8 expression from the AER
(15, 45). Theobserved increase inGrem1expressionupon loss ofHh
signaling from the AER may explain the perdurance of Fgf8 ex-
pression in the limb bud AER.
Although perdurance of components of the Shh/Grem1/Fgf

feedback loop was observed in limbs lacking Hh signaling within
the AER, formation of extra cartilaginous condensations did not
occur until after expression of genes known to be involved in the
Shh/Grem1/Fgf feedback loop had terminated. The extra carti-
laginous condensations could be a result of an increase in mes-
odermal cell number caused by early changes in gene expression.
The amount of SHH produced in the limb bud has been shown

to control the number of Shh-expressing cells in the ZPA through
cell death (6). Consistent with the observations of Sanz-Ezquerro
and Tickle (6), our experiments increasing SHH in the posterior of
the chick limb induced cell death. In addition to an increase in cell
death, we identified a reduction in AER length detected by Fgf4
and Fgf8 expression after elevating SHH protein levels in the limb
bud mesenchyme. Our experiments, in which we either genetically
removed Hh signaling from the AER or ectopically elevated SHH
protein in the limb mesenchyme, indicate that Hh signaling in the
AER refines the length of the AER resulting in potential changes
in the number of cells expressing Fgf4 and Fgf8.
We propose that changes to the AER in response to the Hh

signaling pathway during normal limbdevelopment refine the initial
levels of SHH produced by the ZPA through changes induced by
Fgf expression. During normal limb development, the initial levels
of SHH produced by the ZPA are likely to vary between embryos
and possibly even within the limbs buds of a given embryo. To
ensure normal patterning, the pool of Shh-expressing cells has to be
refined to produce an exact and reproducible amount of SHH in
every limb bud.We propose that during normal development, if the
original pool of cells in theZPAproduces toomuch SHH, there is a
corresponding increase in Hh signaling in the AER, resulting in a
decrease in AER length. SHH-producing cells are then removed
from theZPA (6). If too little SHH is produced, Hh signaling in the
AER decreases, resulting in an increase in AER length and a cor-
responding increase in SHH production in the ZPA (see model in
Fig. 5). In our model, the ability of the AER to directly respond to
SHH facilitates the production of a reproducible concentration of
SHH in every limb bud within a given species. In normal limbs, the
proposed changes in the length of the AER and SHH produced
from the ZPA are most likely very subtle because large alterations
in either SHH protein or AER length would result in defects in
autopod patterning.
Regulation of Shh expression in the mesoderm of appendages

including fins has been identified as a potential source of mor-
phological change over the course of evolution (46). We propose
that the response to Hh signaling within the ectoderm could also
function as a source of evolutionary change. Because Hh signaling
in the ectoderm is required for patterning the autopod, it is pos-

sible that by changing the ability of limb bud ectodermal cells to
respond to SHH, digit number could be altered during evolution.

Methods
Mouse Alleles and Breeding. The ShhΔ, Gli1-CreERT2, R26R, Ptch1:LacZ, Msx2-
Cre, and Smoflox alleles were maintained and genotyped as described (2, 31,
34, 35, 42, 47). Genotyping was performed on DNA isolated from tail or yolk
sack tissue. Embryos harvested at E12.5 or earlier were staged by counting
somites. For experiments involving embryos lacking Smo in the AER, control
embryos lacked the Msx2-Cre allele and were either heterozygous or
homozygous for the Smoflox allele. Both genetic combinations were phe-
notypically indistinguishable from normal mice. Alleles were maintained on
mixed backgrounds, and animals were handled in accordance with the
University of Florida Institutional Animal Care and Use Committee.

Fate Mapping, β-Galactosidase Detection, and Immunohistochemistry. Tamox-
ifen was administered in corn oil (Sigma; C-8267) at a final concentration of
20 mg/mL by oral gavage as described (2). For whole-mount detection of
β-galactosidase activity, embryos were harvested and fixed overnight in 0.2%
formaldehyde.Afterfixation, β-galactosidase activitywas detected as described
(3). For β-galactosidase detection on sections, embryos were fixed and cry-
oprotected with 30% sucrose in PBS. After embedding in O.C.T. compound
(Sakura; 4583), cryoprotected embryos were sectioned at 12 microns. Slide-
mounted tissue was washed two times with PBS before being incubated over-
night at 37 °C in staining solution [1 mg/mL X-Gal, 5 mM K3Fe(CN)6 and 5 mM
K4Fe(CN)6 in concentrated rinse buffer (0.1 M NaH2PO4 at pH 7.4, 2 mMMgCl2,
0.2% Igepal, 0.1% sodium deoxycholate)]. Stained tissue was rinsed three times
with PBS, dehydrated, and mounted with Permount (Fisher SP15-500). SHH
immunohistochemistry was performed as described (28).
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Fig. 5. Model of stochastic control of AER length by hedgehog signal trans-
duction within the AER. During normal development, a population of cells
within the ZPA expresses Shh. Response to Hh signaling within the ectoderm
limits or expands the length of the AER. If levels of SHH protein in the AER are
elevated (B), theAER is shortenedbecauseof elevatedHh signaling in this tissue.
Shortening of the AER results in a corresponding decrease in mesenchymal Shh
expression. If levels of SHH protein are decreased or absent from the AER (C),
decreased Hh signaling occurs in the AER and the AER expands in length. As a
result of a longerAER, there is a corresponding increase in Shh expression in the
underlyingmesenchyme. This bufferingmechanismensures that the amount of
SHH produced from the ZPA is appropriate and results in a reproducible digit
pattern (A). In themodel, only theposterior of the limbbud is diagramed.Green
in themesenchyme shows the level of Shh expression in the ZPA,whereas red in
the AER denotes Hh signaling. Dark blue denotes the posterior AER where we
identified targets of Hh signaling. Themore anterior AER is shown as light blue.
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Whole-Mount RNA in Situ Hybridization and AER Measurement. Embryos har-
vested for in situhybridizationwere incubatedovernight in4%formaldehydeat
4 °C. Section and whole-mount RNA in situ hybridizations were performed
according to a standard protocol (48)with the exception that BMPurple (Roche;
1442074) was used in place of NBT and BCIP to develop Ptch1 in situs. Smo
riboprobe (used in Fig. S3) synthesis was performed on a plasmid constructed by
RT-PCR using the following primers: forward, 5′-ttcccagggttgaagacag, reverse,
5′-cacgttgtagcgcaaag. AER lengthwas calculated by importing pictures intoNIH
ImageJ (49). A calibration plate was measured at the samemagnification to set
the scale. The “Straighten” plug-in was used to turn the curved AERs into
measurable straight lines (50). The mean AER length of Msx2-Cre;Smoflox/flox

forelimbs (50ss; n = 9) and hindlimbs (50ss; n = 10), and control forelimbs (50ss; n
= 4) and hindlimbs (50ss; n = 7) was collected, and a t test (Welch’s; unpaired)
was used to test the significance (α = 0.05).

Bead Implantation and LysoTracker Analysis. Affi-gel beads (Bio Rad, 153–
7302) were soaked in hrSHH (1 mg/mL in PBS; R&D Systems; 1845-SH) or PBS
for at least one hour. Chicks were staged according to the staging guide by
Hamburger and Hamilton (51). Eggs were fenestrated with laminectomy

forceps. At HH stage 20, the amnionic raphe was separated and a bead was
transferred to the egg by using watchmakers forceps. Next, a microdissection
needle was used to create a small hole in the mesenchyme proximal to the
AER in a region just anterior to the ZPA. The bead was inserted into the space
created by the microdissecting needle, and the embryos were placed at 37 °C
overnight. Embryos were harvested after 24 h of incubation and fixed in 4%
formaldehyde at 4 °C overnight before further analysis. Lysotracker (Molec-
ular Probes; L-7528), an acidophilic dye that accumulates in the lysosmes of
apoptotic cells and phagocytic cells engulfing apoptotic cells (52), was used as
previously described (53).
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