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Summary

The regeneration of digit tips in mammals, including These data identify a signaling pathway essential for digit
humans and rodents, represents a model for organ regeneration, in which Msx1 functions to regulate BMP4
regeneration in higher vertebrates. We had previously production. We also provide evidence that endogenous
characterized digit tip regeneration during fetal and Bmp4 expression is regulated by the combined activity of
neonatal stages of digit formation in the mouse and found Msx1 and Msx2 in the forming digit tip; however, we
that regenerative capability correlated with the expression discovered a compensatoryvisx2 response that involves an
domain of the Msx1 gene. Using the stage 11 (E14.5) digit, expansion into the wild-type Msx1 domain. Thus, although
we now show that digit tip regeneration occurs in organ both Msx1 and Msx2 function to regulate Bmp4 expression
culture and that Msx1, but not Msx2, mutant mice display in the digit tip, the data are not consistent with a model
a regeneration defect. Associated with this phenotype, we in which Msx1 and Msx2 serve completely redundant
find that Bmp4 expression is downregulated in theMisx1 ~ functions in the regeneration response. These studies
mutant digit and that mutant digit regeneration can be provide the first functional analysis of mammalian fetal
rescued in a dose-dependent manner by treatment with digit regeneration and identify a new function forMsx1and
exogenous BMP4. Studies with the BMP-binding protein BMP4 as regulators of the regenerative response.

noggin show that wild-type digit regeneration is inhibited

without inhibiting the expression of Msx1, Msx2 or Bmp4. Key words:Msx1, BMP4, Regeneration, Digit, Mouse

Introduction epimorphic regeneration can occur (see Muller et al., 1999). In

The amphibian limb has been the prototypical organ for thgumgns, regenerative poter)t|al is (estrlcted to the distal tip of
study of epimorphic regeneration both in adults and durind?€ finger in a region associated with the nail organ (Douglas,
development. These studies indicate a number of requiremer8/2; lllingworth, 1974). Experimental studies using rodent
for successful limb regeneration, including: (1) a woundModels demonstrate that regenerative capacity is level specific
healing response with the formation of an apical epithelial capnd. Similarly, is associated with the proximal extent of the nail
(AEC); (2) a cellular contribution, via the de-differentiation forming organ (Borgens, 1982; Zhao and Neufeld, 1995). A
of mature tissues and/or stem cells, to form the blastem&pl€ for the nail organ in the regeneration response is supported
mesenchyme; (3) a proliferative response regulated by multipley experiments showing that excluding the nail organ from
tissue interactions, including a neurotrophic effect, an AEGhe amputation wound results in no regenerative response;
effect and a positional effect; and (4) morphogenesis and r8owever, nail organ grafts result in ectopic bone formation
differentiation to restore the limb pattern (reviewed by Stocum@nd do not induce regeneration (Zhao and Neufeld, 1995;
1995; Tsonis, 1996). In general, the regeneration response dfi9hammad et al., 1999). These experimental results, together
be separated into those events that are injury related and crudtédth clinical studies in humans, provide evidence that the nail
for blastema formation, and those that represent a ‘ré@rgan plays some role in the stimulation of adult digit tip
development’ response whereby regeneration recapitulatéggeneration. Genes specifically expressed in, or associated
limb development (see Bryant et al., 2002). It is clear that theith, the nail organ are candidates for regulating this
complexity of the regeneration response lends itself to multipleegenerative response. In previous studies, we demonstrated
avenues whereby regeneration can be inhibited, and inde#tht the homeobox-containing gendtsx1 and Msx2 are
numerous requirements for limb regeneration have beegxpressed in association with the nail organ of neonatal digits,
identified in this way. In parallel, there is a growing databasand at the apex of developing digits in the nail-forming region
of genes that are likely to play key roles, based on theiReginelli et al., 1995). Furthermore, mapping the regenerative
regulated expression during regeneration, yet in most casesahility of embryonic and fetal digit tips demonstrated that
functional understanding of how these genes act remainggenerative capacity correlated with amputation within the
largely unexplored (see Gardiner et al., 2002). Msx1, but not theMsx2 expression domain in developing
The regeneration of amputated distal digit/finger tips hasligits. These studies suggest a role for MSX genes in the digit
been reported in various mammals, including humans aneggeneration response.
rodents, and represents a mammalian system where successfuh all tetrapod vertebrateb]sxlandMsx2are co-expressed
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in the apical mesenchyme during limb formation. In animalgOdelberg et al., 2000). In addition, an extracellular activity
that regenerate their appendages, MSX genes are upregulatemtived from newt blastema extract possesses a similar de-
during the regeneration response and downregulated differentiation activity, thus suggesting that an intercellular
association with re-differentiation (Crews et al., 1995; Simorsignal, presumably acting through MSX1, is involved in de-
et al.,, 1995; Yokoyama et al., 2001). In the regeneratindifferentiation during the early stages of limb regeneration
urodele limbMsx2is rapidly induced in the healing epidermis (McGann et al., 2001).

and subjacent tissues following amputation or simple The availability of mice carrying targeted deletions of the
wounding, whereablsx1expression is restricted to blastemal Msx1 and Msx2 genes, and the established regenerative
cells (Koshiba et al., 1998; Carlson et al., 1998). During fetalesponse of fetal digit tips, allowed us to carry out a functional
digit tip regeneration in the mouse, bd#tsxl andMsx2are  analysis of the MSX genes in regeneration. In this study, we
expressed in the regenerating digit mesenchyme, wherehave established a fetal digit tip regeneration model in cultured
neither is expressed following proximal amputations that faiexplanted autopods of E14.5 digits. Using this model, we
to regenerate (Reginelli et al., 1995). Beyond these descriptiviscovered thalisx], but notMsx2 mutant digits displayed a
studies, the role that MSX genes play in regeneration of fistegeneration defect. Gene expression studies demonstrated that
fins, amphibian limbs or mammalian digits is largelythe Msx2 expression domain was expanded into khex1
unexplored. However, the roles of MSX genes during limbdomain in theMsx1mutant digit, thus showing thisxland
development and in cultured cells have been extensivelyisx2 are not functioning in a redundant manner in digit
studied. Expression of MSX genes in the apical mesenchynmregeneration. By contrast, tBenp4expression domain, which

of the limb bud is dependent on signaling from the apicatoincides with that oMsx1lin wild-type digits, was apically
ectodermal ridge (AER), and also on interactions withrestricted in theMsx1lmutant digit, andBmpd4transcripts were
neighboring mesenchymal cells (Davidson et al., 1991; Ros ebt detected in theMsx¥Msx2 double-mutant digit tip.

al., 1992; Wang and Sassoon, 1995). A number of factofsxogenous application of BMP4 was found to rescud/el
crucial for limb formation have been shown to regulate MSXmutant-digit regeneration defect in a dose-dependent manner,
gene expression, including members of the FGF (Watanabe aadd exogenous noggin application inhibited the regeneration
Ide, 1993; Fallon et al., 1994; Wang and Sassoon, 1995; Vogedsponse in wild-type digits. These studies provide functional
et al.,, 1995), BMP (Wang and Sassoon, 1995; Ganan et atvidence linking Msx1 function and BMP signaling to the
1996; Marazzi et al., 1997; Hofmann et al., 1996; Pizette ancontrol of digit tip regeneration in the mammalian fetus.
Niswander, 1999; Pizette et al., 2001) and B@Eanan et al.,
1996) signaling families, and retinoic acid (Yokouchi et al., .
1991; Wang and Sassoon, 1995). One functidvisxflin early Materials and methods

limb development is to mediate a BMP signaling pathway thal/sx mutant mice

leads to the induction of the AER (Pizette et al., 2001)Mice carrying a targeted deletion of tiMsx1 gene (Satokata and
Nevertheless, mice carrying a targeted deletion ofMsgl  Maas, 1994) or thdsx2gene (Satokata et al., 2000) were kindly
gene form normal limbs, thus indicating that AER formationProvided by Dr Richard Maas. Homozygouisx1 or Msx2 mutant
can occur in the absenceM$x1function (Satokata and Maas, €MPryos were obtained by heterozygote maiiigxYMsx2double-
1994). BecausblsxlandMsx2are co-expressed in the apical mutant embryos were obtained by double heterozygotes mating. At

h it . ible that th functi E14.5,Msx1and Msx2 mutants cannot be distinguished from wild-
mesenchyme it rémains possibie that these genes func '%e mice, so each experiment was carried out blind and tissues were

redundantly during limb formation. collected for subsequent PCR genotyping as described (Satokata and

MSX gene function is implicated in the control of cellular Maas, 1994; Satokata et al., 2000)lsxYMsx2 double-mutant
differentiation during embryogenesis (see Bendall and Abat&mbryos are morphologically distinct at E14.5 and their genotype was
Shen, 2000). The expression pattern of MSX genes during limkerified by PCR. The limb buds of double mutants appear to be
development is consistent with a role in the control of celblevelopmentally delayed; the morphology of E14.5 hindlimb (stage
proliferation and/or cell differentiatiorisx1 and Msx2 are ~ 11) is similar to the E13.5 wild-type hindlimb (stage 10). Limb stages
expressed in the apical mesenchyme in association wiflf€ described by Wanek et al. (Wanek et al., 1989).

undifferentiated proliferating cells, whereas proximal tissuels_)igit amputation

chljere dMSXW?ﬁneSd ?re nog_f?xprets_ssd a;:e asiomated WEQr in vivo studies, stage 11 fetal digit tips were amputated at E14.5
reduced gro and tissue airerentiation. Force expressmﬁging exo utero surgical techniques as described (Reginelli et al.,
implicates Msx1 in the inhibition of myogenesis (Song et 1995: Ngo-Muller and Muneoka, 2000a). Briefly, timed-pregnant
al., 1992; Woloshin et al., 1995), and there is evidence thafice were anesthetized with sodium pentobarbital (§@) body

this inhibitory activity can be generally extended to theweight), fentany (1.§ig/animal) and droperidol (8@g/animal). The
differentiation of a number of mesenchymal (e.g. adiposeasbdomen was opened with a mid-ventral incision and fetuses were
cartilage and bone) and epithelial (e.g. mammary) cell typesxposed by incision of anti-placental uterine wall. Access to the
(Hu et al., 2001). A similar conclusion can be drawn from thdindlimb was through an incision in the extraembryonic membranes
results of loss-of-function studies that indicate that ¢kl  @nd the hindlimb was teased out with a blunt probe. The three central
and Msx2mutants display defects in the formation of certainhindlimb digits, digits 2, 3, and 4, were amputated at either a distal
skeletal elements and ectodermally derived organs (Satokdi?(el’ approximately 7fum from the digit tip (see Fig. 1H), or a

; I ) oximal level through the presumptive terminal interphalangeal joint.
and Maas, 1994; Satokata et al., 2000). An intriguing discove he uterus with fetuses attached was positioned within the abdominal

that is potentially relevant to limb regeneration is thegayity and the abdominal wall of female mouse was closed. Operated
demonstration that regulatétsx1expression in differentiated fetuses were allowed to develop for 2 to 4 days exo utero (Muneoka
C2C12 myotubes induces a de-differentiation responset al., 1986) after which the hindlimbs were collected for analysis of
resulting in the establishment of multi-potent progenitor cellshe digits.
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Fig. 1. Fetal digit tip formation. (A) An Alcian Blue stained stage 11 digit (E14.5), showing the chondrogenic structure of théhdigina

of amputation. tp, terminal phalanx. (B-F, K-L) In situ hybridization of sagittal sections of neonatal digits. Left sideiofaggcis dorsal; top
is distal. (H-J) In situ hybridization of frontal sections of the E14.5 digits. The top of each image is didsix{Banscripts are localized to
the loose connective tissue subjacent to the nail organ (n) and surrounding the dorsal region of the terminal phalarigit. tt@) Ri5x2
transcripts are localized in the nail bed and nail matrix of the P7 digiBr{ipitranscripts are expressed in dorsal loose connective tissue cells
beneath the nail bed in the P2 digit. (&) is expressed at the distal tip of terminal phalanx in the newborn digilof€)13is expressed in the
nail bed and nail matrix of the newborn digit. (G) Whole-mount in situ hybridizatiMsglin the stage 11 autopod. (Nsxlis expressed in
the apical mesenchymal cells surrounding the forming terminal phalanx. The line indicates the amputation level thagdivdsatian
response. Digit amputation at a level proximal to this line does not elicit a regeneration respblssiglexpressed in the apical epidermis
and in mesenchymal cells subjacent to the epidermiBnipylis expressed in apical mesenchymal cells in a domain similar to thisixaf

(K) Ihhis expressed in digit tip cells, initiating endochondral ossification of the terminal phalanx (arrow). (L) The nail orggriHmeck8&ris
expressed in the distal epidermis associated with presumptive nail tissue (arrow).

Organ culture were stained with Alcian Blue/Alizarin Red S according to methods
For organ culture, stage 11 hindlimbs were collected from E14.gescribed by McLeod (McLeod, 1980). For BrdU incorporation
fetuses and transferred to a dish containing lactated Ringer’s solutiopfudies, BrdU was added to the culture 1 hour prior to tissue fixation
where digits were amputated as described above. Hindlimbs wef@llowing a protocol recommended by the manufacturer (Roche).
trimmed proximally at the level of the ankle and were cultured inParaffin-sectioned tissue samples were incubated with anti-BrdU and

Dulbecco’s Modified Eagle Medium supplemented with 10% fetadifferentiated with anti-mouse Ig-alkaline phosphatase. Incorporated
bovine serum on filters (Millipore, 0.4im pore size, 13 mm BrdU was detected using NBT and X-phosphate as substrates for

diameter) supported by a metal grid (Zhang et26100). Hindlimbs ~ alkaline phosphatase.

with amputated digits were cultured either with or without added

growth factors for 2 or 3 days with daily changes of the medium

Growth factors used in these studies included recombinant humﬁesUItS

BMP2 and BMP4 (kindly provided by Genetics Institute), and nogginFormation of the fetal digit tip

(R&D). BMP2 activity was tested independently, based on th : : :
induction ofNodal during left-right axis formation following BMP2 in a previous stu<_jy we established a correlation betwge_n the
bead implantation into the chick embryo (Schlange et al., 2002). expression domams dfisx1and Msx2and _th'e Ievel-_spec_;lflc
regenerative capacity of mature mouse digits (Reginelli et al.,
1995). In situ hybridization studies of neonatal digits indicates
For in situ hybridization, digoxigenin-labeled riboprobes thath§>;]1 (ljsbexpresser(]j n _||o§s§ Codnnﬁctlve tllsslueh tTat IS |
complementary tdVisx1 (Ngo-Muller and Muneoka, 2000blsx2 sandwiche etwe‘?”t e nall bed and the terminal p alangea
(Ngo-Muller and Muneoka, 2000bBmp4 (Jones et al., 1991), Skeletal element (Fig. 1B). We observed tiak2expression
Hoxc13 (Godwin and Capecchi, 1998) aticth (St-Jacques et al., IS restricted to the cells of the nail bed (Fig. 1C), so that, in the
1999) were used in whole-mount or paraffin-sectioned preparation®ature digit, Msx1andMsx2are both expressed in a similar
as described (Schaller and Muneoka, 2001; Omi et al., 2002). Feta#gion of the digit tip but their expression domains are non-
digit tissues were fixed by immersion in 4% paraformaldehyde andverlapping. Our earlier studies showed that various stages of
post-natal digits were fixed by injection of fixative into the digitsfetal digit tip development have the capacity to regenerate in a
followed by immersion in 4% paraformaldehyde. For tissueeye|-specific manner (Reginelli et al., 1995). We have since
processed in parallel, all aspects of the in situ hybridization staining,,sed on the regeneration of the stage 11 digit tip because at
protocol were carried out in synchrony and imaged identically. Fofis 146 the digit tip has initiated differentiation, and it retains

Msx1/Msx2 double-mutant tissue that is negative f@&mp4 the ability t d id fi Overt
expression, we used the expressionBaip2in limb tissues as a 1€ abllity 10 UNCGErgo a rapid regeneration response. LOver

In situ hybridization

positive control for tissue viability. differentiation of the digit tip is initiated by this stage as the
condensing terminal phalangeal element is apparent in whole-
Histology and cell proliferation mount Alcian Blue stained digits (Fig. 1A). At this stalgisx1

For differentiating skeletal analysis in the developing digits, tissueandMsx2are expressed in distinct domains that overlap in the
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distal mesenchymeMsx1 is expressed in all mesenchymal completed in a 4 day period so that at birth (E18.5) the digit
cells at the digit tip and forms a domain that is complementarijp has a relatively normal appearance, albeit somewhat shorter
to the central chondrofying terminal phalangeal element (Ngdsy comparison to non-amputated control digits (compare the
Muller and Muneoka, 2000b) (Fig. 1G,Hlsx2is expressed regenerated central digits with the non-amputated peripheral
in the apical ectoderm and in distal mesenchymal celldigit in Fig. 2A). Gene expression studies of the 4-day-
subjacent to the ectoderm (Fig. 1l), thus the regioMsX1l regenerated digit tip corroborate anatomical observations and
andMsx2co-expression is restricted to the apical mesenchyméndicate that the regenerate is nornhéxlis expressed in the
During the maturation of the digit, tldsx1lexpression domain dorsal mesenchyme between the nail organ and the terminal
becomes restricted to the dorsal loose connective tissue that l@salanx (Fig. 2B).Msx2 is downregulated in the dorsal
between the terminal phalanx and the nail organ. During thahesenchyme, but is expressed in the epidermis associated with
same timeframeMsx2 expression is downregulated in the the nail organ (Fig. 2C)Bmp4is weakly expressed in the
distal mesenchyme and the ectodermal domain shifts to tlrsal mesenchyme (Fig. 2D). The differentiation markbhs,
dorsally located nail organ. and Hoxc13 are expressed in the terminal phalanx and the
In addition toMsxlandMsx2expressionBmpdis expressed forming nailbed, respectively (Fig. 2E,F). Analysis of the
in the stage 11 distal digit mesenchyme in a pattern similar t@generating digit tip 2 days post-amputation shows that the
that ofMsx1(Fig. 1J). At this stage, the onset of endochondratesponse involves the reformation of a digit blastema distal to,
differentiation of the terminal phalanx is indicated by theand surrounding, a central cartilaginous element. Within this
expression ofhh at the distal tip of the digit (Fig. 1K), and the digit blastema marker genes are expressed largely in a manner
initiation of nail organ formation is indicated by the expressiorsimilar to those of the developing digit tip (Fig. 2H-L). Thus,
of Hoxcl3on the dorsal surface of the digit (Fig. 1L). In Msx1, Msx2and Bmp4are all expressed in the regenerating
neonatal digits (E18.5 and postnatal), the anatomy of théigit blastema mesenchymiglsx2andHoxcl3are expressed
terminal digit region is complete. In the dorsal mesenchyme the apical epidermis, anithh is expressed in the central
separating the nail organ and the terminal phaldfsxlis  cartilaginous element. However, one difference is thathe2
expressed prominently, both at birth (not shown) andxpression domain in the distal mesenchyme is expanded so as
postnatally (Fig. 1B), whereaBmp4is expressed weakly at to coincide with that oMsx1(Fig. 2I). Amputation of the digit
birth (data not shown) but is expressed strongly postnatallyp at a more proximal level does not result in a regenerative
(Fig. 1D). Msx2 expression is downregulated in the dorsalresponse, and distal digit marker gen&sxl, Msx2 and
mesenchyme and its expression in the epidermis is restrict®inpg are not expressed at the site of amputation injury
to the nail bed (Fig. 1C)Hoxcl3 expression remains (Reginelli et al., 1995) (Fig. 2G).
associated with the forming nail and is prominent in the o
neonatal nail bed (Fig. 1F). The formation of the terminalPigit regeneration in vitro
phalanx itself is characterized by the distal expressidhiof We used techniques for organ culture to determine whether the

(Fig. 1E). regeneration of stage 11 digits can occur in vitro. Stage 11
o o autopods were isolated from E14.5 fetuses, and the tips of 2-3
Digit regeneration in vivo central digits were amputated and cultured for up to 4 days.

In vivo amputation of the stage 11 digit tip of E14.5 fetusedfter 2 days of culture a clear regeneration response is evident
results in a wound healing response that is followed by thbased on the reformation of the digit blastema, and after 3-4
regeneration of the digit tip blastema and the eventualays of culture the digit blastema elongates distally (Fig. 3A).

formation of an anatomically complete digit. This process iBased on external anatomy, the in vitro regeneration response

Msx1 HoxC13

Fig. 2. Digit regeneration in vivo. (A) E17.5 autopod (stage 13), ventral view. The central 3 digits, digits 2, 3 and 4, were aan@iitdtdd

and analyzed 3 days later. Note the regenerated digit tips (asterisk) are shorter than a non-amputated control didietid)(gBelH-L) In

situ hybridization of regenerated digit tips 4 days (B-F) and 2 days (H-L) after amputation. (B-D,H-L) Frontal sectiorssalvittwaird the

top of the image. (E-F) Sagittal sections with distal toward the top and dorsal to the left of the image. Sections in&qfretgion oMsx1

in the mesenchyme surrounding terminal phalanxBx2in the apical epidermis (C), low levelsBimp4in the apical mesenchyme (Diph

in the forming terminal phalanx (E), aktbxc13in the nail organ (F). (G) Proximally amputated digits fail to mount a regeneration response
and are negative for the expressioofp4 (H-L) In situ hybridization of 2 day regenerates showing expressibisxf(H), Msx2(l), Bmp4
(J),1hh (K) andHoxc13(L). The expression patterns of these marker genes in regenerating digits are largely similar to those of developing
digits with the exception dflsx2 which displays an expanded mesenchymal domain.
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Bmp4 HoxC13

Fig. 3. Msx1mutant digits display a regeneration defect. (A) Stage 11 wild-type digit tips regenerate in 3-day organ culture. Nate the dist
outgrowth (asterisk) associated with the regeneration response. (B-F,H-L,N-R) The expression patterns of marker genesutiudes da
(B-F) or 2-day cultures (H-L,N-R) of amputated wild-type (B-F,H-LMsx1mutant digits (N-R). (B-D,H-J,N-P) Frontal sections with distal
toward the top of the image. (E-F,K-L,Q-R) Sagittal sections with distal toward the top and dorsal to the left of the )rivesyeLigB

expressed in the regenerating mesenchymal cells of wild-type digit blastemislsx@3 expressed in the basal layer of the apical epidermis
and is weakly expressed in the distal digit mesenchyme of wild-type regenera@si@3} expressed in the distal mesenchyme of
regenerating wild-type digits. (H)h is expressed in the differentiating terminal phalanx of regenerating wild-type digitsoXE13

expression in the apical epidermis is associated with the forming nail in regenerating wild-type digits. (G) Digit amailgatoglitit a
regeneration response (asterisk) figisx 1 mutant digits after 3 days of culture. (H-L) Regenerating wild-type digits cultured for 2 days show
the reformation of the digit blastenidsx1(H) andBmp4(J) are expressed distal mesenchymal cellsMsx2(l) is expressed in the distal
mesenchyme and apical epiderntiih (K) is expressed in the differentiating terminal phalathoxc13(L) expression is associated with the
distal epidermis associated with the presumptive nail organM@{l mutant digits amputated in vivo and analyzed 3 days post-amputation
fail to mount a regeneration response. Asterisks indicate non-regenerating digit tips. (N-R) Non-regétexatimgiant digits fail to express
regeneration marker genes 2 days after amputation. (N) Expression of non-fulMgrhabnscripts is detected in the distal mesenchyme.
Msx2(0), Bmp4(P), Ihh (Q) andHoxc13(R) are not expressed in the mutant digit following amputation.

is comparable to the in vivo response. The cultured autopodssponse in more than 90% of cultured wild-type digits (Table
appear morphologically different than in vivo limbs, primarily 1), and we found perfect correlation between a regeneration
because the re-fusion of digits, which occurs late in limlresponse and the expressiorvidfx1, Msx2and Bmp4
development (Maconnachie, 1979), does not occur in cultured o _

autopods. In addition to the anatomical response, wé&/sx1 mutant digits display a regeneration defect
characterized the expression of genes associated with digie used the regeneration of cultured digits as a screen to test
regeneration in vivo. In 4-day-cultured regenerates, wéhe hypothesis that MSX genes play a role in the regeneration
observed robust expressiondéxlandBmpdin mesenchymal response. E14.8sx1 and Msx2 mutants were generated by
cells surrounding the terminal phalanx, avidx2 expression heterozygote cross, and all resulting fetuses were collected and
restricted largely to the apical epidermis (Fig. 3B-D).tested for digit tip regeneration. To eliminate bias, anatomical
Expression ofhh in 4-day-cultured regenerates is associatedcoring for a regeneration response was carried out without
with skeletogenesis of the terminal phalanx (Fig. 3E), wheredehowledge of genotype. Thus, in each experiment the
Hoxc13expression is associated with the apical epidermis, angtgenerative ability of wild-type, heterozygote and mutant
is spatially more variable than in in vivo regenerates (Fig. 3Fdigits was tested. Our studies show thdsx2 mutants

In 2-day-cultured regenerates, an apical blastema aEgenerate in a manner that is indistinguishable from wild-type
mesenchymal cells is present avidx1lis expressed strongly or Msx2"-digits, thus demonstrating thislisx2function is not
throughout the regenerating digit tip (Fig. 3H)Isx2 is  required for the regeneration response (Table 1). However,
expressed strongly in the basal layer of the apical epidermiggeneration studies wittMsx1 mutant digits indicate a
and is expressed weakly in the most distal mesenchyme (Figegeneration defective phenotype, in which mutant digits
31). Like Msx1, Bmp4is expressed in the distal mesenchymeregenerated at a frequency (28%) that was much lower than
(Fig. 3J). We also investigated the expression of théheir heterozygote and wild-type counterparts (Table 1, Fig.
differentiation marker gendbih andHoxc13 associated with 3G). This finding was verified in vivo, wheMsx1 mutant

the terminal phalanx and the forming nailbed, respectivelgigits were found to regenerate at a similarly low frequency
(Fig. 3K,L). Overall, we observed an anatomical regeneratio(87%; Table 1, Fig. 3M). An analysis of gene expression in in
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Table 1. Regeneration response of fetal digit tips

Genotype Experiment Total amputated Regenerates % Regeneration
Wild type andMisx 1+~ Organ culture 77 70 90.9
Msx 1/~ Organ culture 36 10 27.8
Msx2~ Organ culture 21 17 81.0
Wild type andMisx2~ Organ culture 50 43 86.0
Wild type andMisx 1+~ exo utero (in vivo) 33 28 88.9
Msx 1/~ exo utero (in vivo) 8 3 37.5
Msx 1/~ BMP4 (200 ng/ml) 15 11 73.0
Msx 1/~ BMP4 (1000 ng/ml) 21 18 86.0
Msx 1/~ BMP2 (200 ng/ml) 18 5 27.8
Msx 1/~ Noggin (200 ng/ml) 23 2 8.7
Wild type andMisx 1+~ Noggin (200 ng/ml) 82 15 18.3

vivo and in vitro mutant digits revealed that expression of nonvisibly reduced in thdsx1mutant (Fig. 4D,E). Analyzing for
functional Msx1 transcripts was detected at the amputatiorchanges in spatial expressionBrfip4indicated that th&mp4
wound of 2-day regenerates (Fig. 3N), wher&#sx2 and  expression domain changed from being coincident with the
Bmp4transcripts were not detected (Fig. 30,P). We were alsbisxlexpression domain to being coincident with the wild-type
unable to detect expression of eitligln or Hoxc13in 2-day  Msx2expression domain iMsx1mutant digits (Fig. 4F). We
non-regenerating/lsx1 mutant digits (Fig. 3Q,R). In the few next analyzedBmp4 expression in the tip oMsxl1Msx2
Msx1 mutant digits that did regenerate, we found expressiodouble-mutant digits and found no detectable transcripts by in
of Msx2andBmp4associated with the regeneration responsesitu hybridization (data not shown). These data are consistent
and we were unable to distinguish this mutant regenerationith the conclusion thaBmp4is regulated by botMsx1and
response from regenerating wild-type digits (data not shownMsx2 and raises the possibility that BMP4 may be a limiting
o o factor inMsx1mutant digit regeneration.
Msx2 compensation in  Msx1 mutant digits To test this hypothesis, we carried out rescue experiments
The variability of the Msx1 mutant digit regeneration with exogenous BMP4. Amputated hindlimb digits obtained
phenotype suggests the existence of a redundant activity tHabm Msx1~ crosses were cultured in medium containing
might replace Msx1 function in the regenerative response. Arecombinant human BMP4 at two different concentrations, 200
obvious candidate in the forming digit is Msx2 because: (1) iteg/ml and 1000 ng/ml. Treatment at the lower BMP4
expression is associated with digit regeneration, (2) Msx1 antbncentration resulted in a partial rescue of the regeneration
Msx2 display similar biochemical characteristics (Bendall andesponse (73%, Table 1), whereas treatment at the higher
Abate-Shen, 2000), and (3) thdsx2 expression domain concentration enhanced the regeneration response to a level
overlaps withMsx1in the distal digit mesenchyme. To explore comparable to that seen in wild-type controls (86%, Table 1).
this possibility, we carried out an analysis compafiigx?2  In parallel studies, application of BMP2 (200 ng/ml) had no
expression in wild-type an#/isx1 mutant digits. In initial effect onMsx1 mutant digit regeneration (27.8%, Table 1),
studies, we processed wild-type avidx1 mutant digits side indicating that the rescue effect is specific to BMP4. The
by side for whole-mount in situ hybridization fdvisx2
expression, and discovered thHdsx2 expression is visibly

enhanced in th®lsx1mutant digit as compared with wild-type A \ B
(Fig. 4A,B), thus suggesting thdtlsx2 expression was :
compensating for the absence Mx1l When the spatial Msx2 y
pattern ofMsx2expression was analyzed in thlsx1 mutant

digit, we discovered that the mesenchyrivix2 expression Wt‘

domain was expanded to encompass the wild-tifsx1 E F
expression domain (Fig. 4C). These observations suggest tt ﬂ g N ;:.‘: .
Msx1 functions to restrict th&sx2expression domain during P ‘g.l,
digit formation, although this inhibition must involve Bmp4 _

additional activities, as both genes are co-expressed in tl Wt MsxI- Msxl
distal mesenchyme. These data are consistent with i

redundancy in Msx1 and Msx2 function during digit Fig. 4.Expression patterns dMsx2andBmp4in Msx1mutant digits.
development; however, because ktex1mutant digit displays (A,B) Msx2whole-mount in situ hybridization of stage 11 wild-type

a regeneration defect, the evidence suggestsMBai and  (A) andMsx1mutant (B) digits that were processed and imaged in

Msx2 are functioning in a partially redundant way in parallel, showing an upr_egulation MSXZexpre_ss_ion in t_thxl
regeneration mutant. (C) Frontal section of &fisx1mutant digit showing the

expansion of thélsx2expression domain (compare with Fig. 11I).

: (D,E) Bmp4whole-mount in situ hybridization of stage 11 wild-type
BMP4 rescues the MSXl mutant regeneratlon Qefect (D) andMsx1mutant (E) digits that were processed and imaged in
To explore the defective regeneration respondésiximutant  rajiel. Bmpaexpression is downregulated in fiex1mutant digit.
digits, we analyzed the expression Brhp4 By processing (F) Frontal section of aMsx1mutant digit showing compression of
Msx1 mutant and wild-type digits for whole-mount in situ theBmp4expression domain to the apical mesenchyme (compare
hybridization in parallel, we found th&mp4expression was with Fig. 1J).
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BMP4 rescue of the Msx1 regeneration defect is associate B C MsxI“ D Wt
with a striking upregulation dfisx2 expression in the apical A “\ — Aemear 2
epidermis (Fig. 5A), and dBmp4expression in the induced p’: £ . _"f*jz /' ﬁ\
digit blastemal mesenchyme (Fig. 5BHoxcl3 is also [y fr) 28 Wi

expressed in the dorsal epidermis in the BMP4-induce - M. & Msxl* ¥ Bupd. . NoGGIN,
rege_nerate (Fig. 5C), anldih is expressed in the forming Fig. 6. Cell proliferation and digit regeneration. BrdU incorporation
terminal skeletal element (da’ga no.t shown). In summary, the‘wgs studiegin 2-day regeneraﬂing gigits. (A-D) Frontal segtions with
results show that BMP4 fur_lctlor!s_ in a dose-dependent MaNMyistal toward the top of the image. (A) BrdU incorporation identifies
downstream ofMsx1, and identifies BMP4 as an essentiala population of proliferating cells at the apex of a regenerating wild-
regulator of the regeneration response. type blastema. (B) The absence of a regeneration resposain

As an alternative approach to investigate the role of BMPmutant digits is associated with very little BrdU incorporation.
in digit tip regeneration, we treated cultures of amputated wild(C) BrdU-labeled cells are shown in the regenerating blastema of
type and mutant digits with the BMP-binding protein noggin.Msx1mutant digits treated with BMP4. (D) Noggin treatment
As Bmp2is not expressed during later stages of mouse diginhibits cell proliferation in amputated wild-type digits.
formation (M.H., unpublished), and as exogenous BMP2 doe
not rescue theMsxl mutant regeneration defect, noggin wound site (Fig. 5D-F). This data suggests kgt2andBmp4
treatment is likely to act as a specific inhibitor of BMP4 in ourare functionally downstream dfsx1, and that BMP4 signaling
digit regeneration studies. The influence of noggin (200 ng/mis not a prerequisite for the maintenance of eith@tlor Msx2
on regeneration was tested in wild-type digits, and/gx1  expression. In summary, these data provide additional support
heterozygote ant/isx1 mutant digits resulting fronMsxI~  for the conclusion that BMP4 signaling is essential for the fetal
crosses. Overall, noggin treatment caused a reduction dfgit tip regeneration response.
regeneration frequency in all three groulsx1 mutant digit ) ) ) _
regeneration was reduced to 8.7% (Table 1), a 3-fold reductidpell proliferation correlates with the regeneration
compared with the 27.8% regeneration observed withod€sSponse
noggin treatment. This finding provides support for theln tetrapod vertebrates, epimorphic regeneration of adult and
conclusion that reduced levels of BMP4, as indicated by in sitdeveloping limb tissues is associated with a localized growth
hybridization analyses, is responsible for the low leveresponse at the site of injury. To analyze cell proliferation
regeneration response Msx1mutant digits. This observation during the fetal digit tip regeneration response, we carried out
also implicates Bmp4 as the downstream target geneBrdU incorporation studies of amputated wild-type &fekl
responsible for the partial redundancy displayed/isxland  mutant digits after treatments to modulate the regeneration
Msx2in digit regenerationMsx2or Bmp4transcripts were not response. After 2 days in culture, ectodermal wound closure is
detected by in situ hybridization in noggin-inhibitdtisxl ~ complete and a morphological response is evident. In wild-type
mutant digits (data not shown). Noggin treatmentMsixl  digits, we found localized incorporation of BrdU associated
heterozygote and wild-type digits reduced the regeneratiowith outgrowth of the regenerating digit blastema (Fig. 6A).
frequency 5-fold, from 90.9% to 18.3% (Table 1). Unlike theBy contrast, we observed little BrdU incorporation at the injury
Msx1 mutant digits, noggin-inhibited amputated wild-type site in Msx1 mutant digits that fail to mount a regeneration
digits do expresdvisxl, Msx2 and Bmp4 transcripts at the response (Fig. 6B). BMP4-treatetMsxl mutant digits
displayed BrdU-labeled cells associated with the rescued
regeneration response (Fig. 6C), providing evidence that
BMP4 induces a proliferative response in regenerating digit
blastema cells. Consistent with this conclusion, BrdU
incorporation was reduced in noggin-treated wild-type digits
in which regeneration is inhibited (Fig. 6D), which indicates
that BMP signaling is required for proliferation. These studies
provide evidence that fetal digit tip regeneration is an
epimorphic response associated with an apical growth zone,
and suggests a role fdfsxland BMP4 in the control of cell
proliferation following amputation injury.

Fig. 5. Effect of BMP4 and noggin on digit regeneration. Discussion

(A-C) Exogenous treatment with BMP4 rescueshisa1 Amputation of the murine fetal digit tip results in an
rggeneration defect. (A,B) Frontal section i.ﬂ situ hybriqizat_ion with epimorphic regenerative response that restores the forming
distal toward the top of the image. (C) Sagittal section in situ digit blastema, which subsequently undergoes differentiation

hybridization with distal to the top and dorsal to the left of the imagetO form a normal digit tip. This regenerative response occurs
BMP4-induced mutant digit regeneration displays normal expressiorb S A .

oth in vivo and in vitro, and we have used this model to
of Msx2(A), Bmp4(B) andHoxc13(C). (D-F) Exogenous treatment provide functional evidence that both MSX1 and BMP4 are

with the BMP-binding protein noggin inhibits regeneration in wild- . . .
type digits. (D-F) Frontal section in situ hybridization with distal ~ fequired for successful regeneration. Regeneration rescue

toward the top of the image. Despite the absence of a regeneration €xperiments show that regeneration-defectiexl mutant
response, stump tissues maintain expressidsal (D), Msx2(E) digits are induced to regenerate by the exogenous application
andBmp4(F). of BMP4, and that this response is dose-dependent. Gene
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expression studies suggest that regeneration may be regulagegbressed, and a sub-distal domain, in which dgx1 is
by both MSX1 and MSX2, via their combined involvementexpressed. Digit formation occurs normallyMisx1andMsx2
in controlling Bmp4 expression during digit development. mutant mice, indicating that individual MSX gene function
Experiments on wild-type digits showing that regeneration iss not essential during outgrowth (Satokata and Maas 1994;
inhibited by application of the BMP-binding protein noggin Satokata et al., 2000). The co-expressioMsklandMsx2in
confirm a role for BMP signaling in the control digit apical mesenchymal cells raises the possibility that these two
regeneration. These studies provide both loss- and gain-afenes function redundantly during digit development. The
function evidence that MSX1 and BMP signaling are require@xpansion of th&sx2expression domain iMsx1mutant digit
for the successful regeneration of the fetal mouse digit tip. tips suggests a compensatory responde$x?in the absence
o of Msx1, and is consistent with a redundancy hypothesis. This
Regeneration in vitro response also suggests tMgx1 plays an inhibitory role in
The capacity of embryonic/fetal tissues to undergo enhanceédsx2 expression within the sub-distal cells where dvligx1
regenerative repair identify developing tissues as relativelis expressed in wild-type digits. However, if MSX1 inhibits
simple models for investigating regenerative responses (sd&sx2 expression, its activity must be repressed in the distal
Muller et al., 1999). The regenerating mammalian digit tip izone where both genes are co-expred3bd.is also expressed
no exception to this rule. In mice, mature digit tip regeneratioin the distal digit mesenchyme (Robledo et al., 2002) (M.H.,
is level-specific, associated with the nail organ, and proceedmpublished), and has been shown to compete with and/or
very slowly, requiring weeks to months to complete. Fetal digitepress the activity of MSX genes (see Bendall and Abate-
tip regeneration is also level-specific and associated with thghen, 2000), thus it represents a candidate for modulating
nail anlagen, but is completed within a 4 day period. BecauddSX activity in the digit tip.
the regeneration response occurs so rapidly in fetal digits, we Our studies indicate that MSX1 functions in a regeneration-
have been able culture this regenerating structure in vitr@pecific manner. In the absence of MSX1, digit formation is
where the regeneration environment can be manipulated. Thermal yet digit regeneration is defective, thus MSX1 function
fact that a regeneration response can be elicited in explanted necessary for regeneration but not for development. In
limb tissue indicates that components that are likely to plagddition,Msx2compensation in th®sx1mutant suggests an
crucial roles in mature digit regeneration, such as functionahcomplete or partial redundancy of function that is restricted
innervation, vascularization and the availability of circulatingto digit regeneration. Studies on cultured cells indicate that one
hormones, are not required for fetal regeneration. Thus, trectivity of MSX1 involves the control of cell differentiation
simplicity of the regeneration response provides a means {see Hu et al., 2001). Based on amphibian limb regeneration
experimentally dissect underlying regulatory mechanisms thatudies, a significant regeneration-specific event is the de-
might otherwise be inaccessible in the mature digit. differentiation of cells at the wound site to form the blastema.
Regeneration studies on the mature mammalian digit ti€ellular de-differentiation has been best documented for
have focused almost exclusively on the role of the nail orgamultinucleated amphibian myotubes that are induced to form
and the distal growth of the terminal phalanx (see Zhao anddividual cells in vitro and, after grafting, in vivo (Lo et al.,
Neufeld, 1995). This association is derived from both clinicall993). Studies using differentiated C2C12 myotubes and
studies in humans and experimental studies on rodentegulated Msx1 expression provide evidence that MSX1
(Douglas, 1972; lllingworth, 1974; Borgens, 1982). Byinduces de-differentiation in vitro, and that subsequent
studying both developing and mature digits, we found thasuppression dfisxlexpression can lead to transdifferentiation
regenerative potential is associated with the expression domam multiple cell types, including cartilage, bone, adipose
of Msx1 (Reginelli et al., 1995), but thédlsx1expression in and muscle (Odelberg et al., 2000). Although these de-
mature digits is restricted to loose connective tissue fibroblastifferentiation studies are specific to muscle tissue, forced
subjacent to the nail, and is not found in the nail organ itseliMsx1 expression studies demonstrate that multiple
The demonstration thaMsxl mutant digits display a mesenchymal and epithelial cell types are inhibited from
regeneration defect indicates tivgxl-expressing cells play a differentiation in culture, and that differentiation of mammary
crucial role in the response. These findings suggest that digipithelial tissue is impaired in vivo (Hu et al., 2001). Thus, the
tip regeneration may not be dependent on the nail organ, bavailable evidence suggests that MSX1 functions in multiple
rather on the connective tissue cells underlying the nail organell types to control differentiation and, in the context of
Because this population of cells is closely associated with thregeneration, de-differentiation. As regenerative potential is
nail organ it would be difficult to distinguish between a nailrestricted to domains d¥1sx1 expression in the mature and
organ effect and the influence of the underlying connectivéetal digit tip, we hypothesize that MSX1 functions to maintain
tissues. The importance of this cell population in mature digia population of undifferentiated mesenchymal cells that can
regeneration is also supported by histological observationzarticipate in a regeneration response. One significant
noting a streaming of fibroblastic cells toward the regeneratindifference between amphibian limb regeneration and
digit tip (Revardel and Chebouki, 1987; Muller et al., 1999)regeneration of the mammalian digit tip is thitsxl
and by the observation that a regeneration response itself neegression is induced in response to amputation in amphibian

not include the nail plate (Reginelli et al., 1995). limbs, whereas, in mammals, regenerative potential is linked
o . ] to regions wherd/sx1expression is maintained in the mature
MSX genes in digit formation and regeneration digit.

The expression patterns of the MSX genes at the digit apex ) ) )
represent a simple nested relationship that partitions the dig#MP signaling and regeneration
apex into a distal domain, in which both MSX genes ardMP signaling is crucial for fetal digit regeneration. A number
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of lines of evidence support this conclusion. First, BMP4Borgens, R. B.(1982). Mice regrow the tips of their foreto&ience217,
rescues theMsxl mutant regeneration defect in a dose- 747-750.

dependent manner. Secompdexpression s downreguiated BUCL L 0, BeVeIon 0 A Heenen, & Bt B
in theMsx1mutant digit, which is consistent with the idea that o ' - i '

residual regenerative capability is associated with this reduc@;na?mm; “6\1?, s.'éi'ﬁé‘f’??‘iﬁ‘ﬁfzéiréfnﬁ 131,57M 002). Vertebrate limb
level of BMP availability. Third, noggin-treatéddsx1 mutant regeneration and the origin of limb stem celi¢. J. Dev. Biol46, 887-896.
digits display a more severe phenotype associated with ti&pdevila, J. and Johnson, R. L{1998). Endogenous and ectopic expression
absence Omep4 expression. Fourth, noggin treatment of of noggin suggests a conserved mechanism for regulation of BMP function

- .. . . . during limb and somite patterninBev. Biol.197, 205-217.
wild-type digits results in a more than 5-fold reduction 'nCarlson, M. R., Bryant, S. V. and Gardiner, D. M.(1998). Expression of

regenerative capabilityNoggin is not expressed within the  msx-2 during development, regeneration, and wound healing in axolotl
forming digit tip, but is expressed in chondrofying skeletal limbs.J. Exp. Zoal282, 715-723.
elements at proximal digit levels that lack regenerativé?fgwsv L-,AGZte(Slygng?-,EBrown,_R-, JO'(ijot, '?_-,_tFolefy,thC-, Beagkels, J.P.and
H . H .Gann, A. A. . EXpression and activity o en X- ene In
pOte.ntlaI (Brunet et al., 1998; Cap_dewlfi and ‘]Ohns.on' 1998'relation to limb regenerartjioﬁ!roc. R. Soc. Lon{i. B. Biol. S2b9, 1%1-171.
Me””P Et_ al., 199_8)' Other BMP signaling antagonlsts,_ SUCBavidson, D. R., Crawley, A., Hill, R. E. and Tickle, C(1991). Position-
asfollistatin, gremlin(Cktsf1bl- Mouse Genome Informatics)  dependent expression of two related homeobox genes in developing
andchordin, are also expressed in developing limbs (D’Souza vertebrate limbsNature352, 429-431.
and Patel, 1999; Merino et al., 1999; Zhang et al., 2002). TH%iﬁgl?S’ B. -S(lfﬁj)' nion?egezgve n;ana%fgnggtz 0; S;leuillotine amputation of
H H H H H H e Tinger In chilarenAust. Orthop. scan 3 - .

Sv)fg]re(;zll?r}o?;qgtﬂt:]pIseungthSSI%r?aaglTgeam:gmgsgsf ":l)sr(s)gﬁ:qa‘{;ag’S_ouzaZ D. an_d Patel, K.(1999). Involvement of long- and short-range

= . signalling during early tendon developmefhat. Embryol200, 367-375.
digit amputations to regenerate may be a consequence @fion, J. F, Lopez, A., Ros, M. A., Savage, M. P., Olwin, B. B. and
regulated BMP activity associated with skeletal differentiation. Simandl, B. K. (1994). FGF-2: apical ectodermal ridge growth signal for

The sole function of MSX1 in digit regeneration lies in the _chick limb developmentScience264, 102-107.
regulation ofBmp4expression. BMP4 rescue bisximutant S99 o gfie 2 Prert Rt B B 0% L B g the
dIgItS |nd|.cate$ that MSX1 function is no_t requ'red downstream position of the digits and the areas of interdigital cell death in the developing
of BMP signaling. Successful regeneration of a low percentagechick limb autopodDevelopment 22, 2349-2357.
of Msx1mutant digits correlates with a reduced leveBofp4  Gardiner, D. M., Endo, T. and Bryant, S. V.(2002). The molecular basis of
expression and provides definitive evidence that successfuIgfg\l?hé?(i)finlgm&gegggeraﬂo“3 integrating the old with the Saain. Cell.
digit regeneration can occur in the absence of MSX1 functio ; P oI : .
During digit formation, we have identifiedBmp4 as rbOec)](\?g?,']a/?h;;Gaenndescgg\?ghi’lgb.R'(1998)' HoxC13 mutant mice lack
functionally downstream of botllsxlandMsx2 The shift of = Helvering, L. M., Sharp, R. L., Ou, X. and Geiser, A. G(2000). Regulation
the Bmp4 expression domain to coincide with the wild-type of the promoters for the human bone morphogenetic protein 2 and 4 genes.
Msx2expression domain is consistent with the hypothesis thato(f?‘rf]';?]?%lzﬁlfsé Baling, R. and Karsenty, G.(1996). Analysis of
Bmp4_|s regma‘ted by bOFMSX:L and M_SX2 in the _dIStal dlglt limb pa’tterhing i’n BMP-?-dg%icient mic®ev. G)é’net19, 43-50. g
domain, but by onlysx1in the sub-distal domain. However, , . Lee, H., Price, S. M., Shen, M. M. and Abate-Shen, (001).Msx
the compensatory response bfsx2 in the Msx1 mutant homeobox genes inhibit differentiation through upregulation of cyclin D1.
complicates this interpretation and indicates the presence of arbevelopment28 2373-2384. _ _ o
Msx2dependentBmp4 regulatory component that is co- ""2%322‘Jcpe“é'{atr(lsgﬂf)é ggg%%% fingers and amputated finger tips in
gxpr(_assed In t.he distal dlglt compa}rtr_nent. It Is interesting th%‘i}nes, C. M, Lyons, K. l\% 'and Hogan, B. L(1991). Involvement of Bone
in vitro studies of the transcriptional regulatéunx2 Morphogenetic Protein-4 (BMP-4) and Vgr-1 in morphogenesis and
(previously known a<Cbfal) indicate that it is regulated by  neurogenesis in the moud@evelopment 11, 531-542.
MSX2 (Shirakabe et al,, 2001) and that it regulasa$p4 Koshiba, K Kuroiwa, A., Ye_imamoto, H._, Tamura, K. an(_j Ide_, H.(1998).
(Helvering et al., 2000), and that we find it co-expressed with Exg;esséc(’)glz'g"zs"?%%”?a” regenerating and developing limbs of axolotl.
Bmp4in the developlng Cﬂglt tip (M'H", UDDUbIIShEd)' Thus’ o,. D. pC Allen, F. and .Brockes, J. P.(1993). Reversal of muscle
Runx2represents a candidate for mediating the regulation of gfferentiation during urodele limb regenerati@oc. Natl. Acad. Sci. USA
Bmp4 expression by MSX genes. Unravelling the details 90, 7230-7234.
underlying the regulation of BMP4 signaling in the digit tip Maconnachie, E.(1979). A study of digit fusion in the mouse embryo.

should provide key insights into the control of fetal digit EMPryol. Exp. Morphol49, 259-276. . -
regeneration. Marazzi, G., Wang, Y. and Sassoon, (1997). Msx2 is a transcriptional

regulator in the BMP4-mediated programmed cell death pattivesy.Biol.
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