
frst comput~ng a (= PN,I?,, where? 1s permeab- 
ty) for Internal (I) and external (o) concentrations 
[Na] = 20 mM, [Na], = 145 mM, [K], = 0 mM, and 
[K], = 140 mM from u = {[145/exp(E,,,F/RT)] - 

20]/140 (where F 1s the Faraday, R 1s the gas con- 
stant, and T s the absolute temperature). Other 
P,IP,, values, when [XI, = 145 mM, [Na] = 20 
mM, [ K ]  = 140 mM, and [Na], = [K], = [XI, = 0 
mM, were computed from P,IPN, - {[exp(Er,,Fl 
RT)](20 + 140a)]l145 In order of slze ( F I ~ .  3C), X was 
cesum methylam~ne, trs(hydroxymethyl)-amn- 
omethane, tetraethylammon~um, and N-methyl-D- 
glucam~ne. The Internal solut~on also conta~ned 10 
mM EGTA and 5 mM Hepes. External solut~ons also 
contaned 10 mM glucose and normal or o w  concen- 
tratons of dvaent catons: pH was maintaned at 7 3 
with HCI, h~stidine or Hepes as requ~red, and the 
osrnoarity of a solut~ons was 295 to 315. 

14 R. J. Evans, J. Physiol (London) 487, 193P (1995). 
15. S. E. Hlckman J. El-Khoury, S. Greenberg, I. 

Schieren, S. C. Silverstein, Blood 84, 2452 (1 994). 
16. J. S. Wiley, J. R. Chen, M. B Snook, G. P Jameson, 

Br. J. Pharmacol. 11 2, 946 (1 994). T. H. Ste~nberg, 
A. S Newman, J A Swanson, S. C. Slversten J. 
Biol Chem. 262, 8884 (1 987). 

17 The induct~on and knetics of ths sustaned current 
were the same for Inward current at -70 mV and for 
outward current at 50 mV (n = 3). Indeed, ~t did not 
requlre any current to flow durng thefrst, condition- 
Ing agonst appl~catons: when BATP was applied 4 
to 12 times n normal d~valent solut~on w h e  the re- 
versal potentla was held (0 mV In NaCl or -90 mV in 
NMDG), the sustained current was still evoked by the 
subsequent appcat~on of BATP when the low dl- 
vaent soluton was introduced and the hodng po- 
tental was set to -70 mV (n = 3; A. Surprenant et 
a/. data not shown). 

18 YO-PRO-1 (10 pM; Molecular Probes, Eugene, OR) 
was added to the superiusion fluid during electro- 
phys~olog~cal record~ngs 3 to 6 m n  before switch~ng 

Requirement for BMP Signaling in lnterdigi tal 
Apoptosis and Scale Formation 

Hongyan Zou and Lee Niswander* 

Interdigital cell death leads to regression of soft tissue between embryonic digits in many 
vertebrates. Although the signals that regulate interdigital apoptosis are not known, 
BMPs-signaling molecules of the transforming growth factor-p superfamily-are ex- 
pressed interdigitally. A dominant negative type I BMP receptor (dnBMPR-IB) was used 
here to block BMP signaling. Expression of dnBMPR in chicken embryonic hind limbs 
greatly reduced interdigital apoptosis and resulted in webbed feet. In addition, scales were 
transformed into feathers. The similarity of the webbing to webbed duck feet led to studies 
that indicate that BMPs are not expressed in the duck interdigit. These results indicate 
BMP signaling actively mediates cell death in the embryonic limb. 

Programmed cell death (PCD) or apoptosis 
is an  important aspect of embryonic develop- 
ment. Significant progress has been lnade in 
Jef~ning the ~ntracellular pathways of PCD 
[rewewed it1 (I)];  less well understood, how- 
ever, are the extracellular events that trigger 
the process. Apoptosis can result from chang- 
es in the extracellular environment, such as 
alterations in cell adhesio11 or withdrawal of 
growth factors (2).  Rather paradoxically, the 
presence of a growth factor, bone morphoge- 
netic protein 4 (BMP4), has been suggested 
to mediate apoptosis of neural crest cells in 
the developing hindbrain of chicke~ls (3).  

In  the developing chick limb, apoptosis 
occurs in the  interdigital region, as demon- 
strated by vital dye uptake, nuclear frag- 
mentation, DNA laddering, and TUNEL 
staining ( 4 ,  5). Recent studies indicate that 
interdigital apoptosis can be inhibited by 
peptide inhibitors of the  protease family of 
intracellular CED-3-interleukin-I@ con- 
verting enzyme (6) .  Possible extracellular 
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signals of interdigital apoptosis itlclude 
BMP2, BMP4, and BMP7, all of which are 
expressed in the  interdigital tissue before 
and during regression in the developing 
mouse and chlck limb bud (7-1 1 ). 

W e  chose to look at the role of BMPs in 
limb development. One  approach to study 
BMP filnct~on is to block BMP signaling at 
the level of the receptor. Two types of trans- 
membrane serine-threonine kinase receptors 
are involved in signaling by BMP and other 
transforming growth factor-p (TGF-P) fami- 
ly members. Upon ligand binding, type I1 
BMP receptor (BMPR-11) associates with type 
I BMPR (BMPR-I), and this interaction is 
essential for signal transduction (12, 13). By 
analogy with activatio11 by TGF-P (14), it is 
thought that ligand-induced receptor associ- 
ation leads to phosphorylation of BMPR-I by 
BMPR-I1 and initiation of signal t r a~ l sduc t io~~  
by BMPR-I. Two type I BMPRs have been 
identified, BMPR-IA (ALK3) and BMPR-IB 
(ALK6). In in vitro binding assays, BMPR-IB 
(used in the studies reported here) specifically 
binds BMP2 and BMP4 and binds BMP7 with 
lower affinity. BMPR-IB does not bind 
TGF-P or activi11 (15). 

A single amino acid substitutio~~ withln 
"To whom correspondence should be addressed the adenosine triphosphate binding site 
E-mall: L-n~swander@sk~.mskcc org (K231R, where Lys231 is changed to Arg) was 

to low divalent solut~on and washed out upon 
switch~ng back to normal d~valent solut~on, after 
which the fluorescent lamp was turned on and cells 
were examlned w~th a fuoresce~n isothocyanate f l-  
ter For cell counts, 500 cells per cover sl~p were 
counted in each case. 
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~nade  to generate a dominant negative mu- 
tant form of mouse BMPR-IB (dnRMPR). 
The  dnRMPR is inactive in an in vitro kinase 
assay and defective in signal t ransduct io~~ (1 6, 
17). Moreover, excess mutant BMPR can 
compete with endogenous type I receptor for 
type I1 receptors and therefore can act as a 
dom11~a11t negative mutat~on.  W e  chose to 
generate the single amino acid ~ l l ~ ~ t a t i o l l  rath- 
er than an 111tracellular deletion of the kinase 
domain for several reasons. (i)  T h e  K-to-R 
conservative substitution should not alter the 
overall co11forlnatio11 of the receptor. (ii) Cel- 
lular trafflck~ng of the K231R receptor should 
not be disrupted, as often happens for intra- 
cellular deletion mutations. (iil) Point muta- 
tions should not alter the stro11g interaction 
between the intracellular domains of the type 
I and I1 BMP receptors (12). 

T h e  mutant receptor construct was 
cloned into at1 avian repl~catlon-competent 
retroviral vector (RCAS)  (18) and used to 
produce high-titer viral stock (19).  T h e  
virus was microitljected Into the reglon of 
the right presumptive hind limbs of chick 
elnbryos a t  stages 13 to 15 or into the right 
hind limb buds of chick embryos a t  stages 
18 to 20; the embryos were then allowed to 
develop for a total of 10, 15, or 18 days. 
Similar phenotypes were observed after ill- 
fection at the  different stages. 

Infection with ~IIBMPR produced three 
major phenotypes: soft tissue syndactyly (web- 
bing), transformation of scales to feathers, and 
truncation of the digits (Fig. 1).  In essentially 
100% of the infected limbs (n > 70), the 
i~lterdigital tissue did not regress properly and 
thus the digits were joined by extensive web- 
bing. Embryos examined as late as days 15 and 
18 showed persistence of webbing (20). We  
never observed fusion of the digits or ectopic 
cartilage nodules in the infected foot plates. 
Extensive webbing was observed in limbs in 
which the digits were not truncated (Fig. 1, A 
and B) (20), thus indicating that the absence 
of cell death is not due to an inhibition of 

or cartilage differe~ltiation (21). Con- 
trol infections with RCAS encoding alkaline 
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Fig. 1. lnfection with dnBMPR-IB of 
the embryonic chick leg causes web- 
bing and digit truncation. Right hind 
limb buds were infected at the desig- 
nated stage (29), and the embryos 
were fixed on embryonic day 10, 
stained with Alcian Blue to reveal the 
cartilage, and photographed before (A 
and C) and after (B and D) the tissue 
was cleared. The predominhtly infect- 
ed leg is on the right, and the contralat- 
era1 leg from the &me embryo is on the 
left. lnfection was at stage 14 in (A) and 
(B) and at stage 19 in (C) and (D). In (C), 
all digits were severely truncated such 
that only the proximal phalanges were 
formed, whereas in (A) only the most 
distal phalange of digit 3 was missing. 
With the use of a picospritzer and mi- 
cromanipulator, -3 PI total of viral 
stock was delivered to multiple sites 
within the presumptive right hind limb 
field (caudal to the umbilical vein) of 

which encodes alkaline phosphatase, confirmed the extent of infection. 

white leghom embryos from stages 13 to 15 (SPAFAS flock 76 and 77) or the right hind limb bud from stages 
18 to 20. lnfection at stages 13 to 15 resulted in extensive infection of the right leg by stages 21 to 24,36 to 48 
hours after injection, as analyzed by in situ hybridization with the mouse BMPR-IB complementary DNA, which 
does not detect chick BMPR-related sequences (20). The left leg was also often infected because of the 
injection protocol and subsequent viral spread, but the extent of infection was variable. lnfection at stages 19 
and 20 results in an infection that is predominantly limited to the targeted limb. Control infections with RCAS, 

phosphatase, wild-type BMPR-IB, or dn- 
BMPR-IA (single amino acid substitution) 
did not affect regression of the interdigital 
tissue (20) (n > 30 for each control). Inter- 
digital tissue is normally removed by apoptotic 
cell death. The persistence of interdigital cells 
in the infected limb correlates with a reduc- 
tion in apoptosis as analyzed by TUNEL stain- 
ing, which labels apoptotic cells. As shown in 
Fig. 2, apoptosis is greatly reduced in dn- 

BMPR-infected limbs (average, <14% and 
33% TUNEL-positive cells in dnBMPR and 
contralateral limb, respectively). BMP is nor- 
mally expressed in the interdigital region. 
This, coupled with the ability of dnBMPR to 
cause a reduction in apoptosis and produce 
soft tissue syndactyly, indicates that BMP sig- 
naling is required for developmentally pro- 
grammed cell death in the interdigital region. 

Embryo 

Fig. 2. Apoptosis is reduced in dnBMPR-IB-in- 
fected limbs (black bars) compared to that in con- 
tralateral limbs (white bars). Total number of cells 
counted in sections (dnBMPR-infected limb: con- 
tralateral limb) are as follows: embryo 685, 
3085 : 1841 ; embryo 771, 1269:2068; embryo 
773,688 : 1681 ; and embryo 774,1672: 747. Note 
that many sections through the interdigital region 
of dnBMPR-infected limbs had little or no TUNEL- 
positive cells. Data were collected from sections 
displaying the largest number of TUNEL-positive 
cells for both infected and contralateral limbs. 

The dnBMPR-induced webbed chick 
foot is reminiscent of a webbed duck foot, 
which undergoes relatively little interdigital 
cell death compared to that in the chick (4). 
Therefore, we performed RNA in situ hy- 
bridization to determine whether BMP is 
expressed in the interdigital region of a duck 
limb bud. In both chick and duck, BMP2, 
BMP4, and BMP7 are expressed in similar 
tissue-for example, the apical ectodermal 
ridge, the anterior and posterior mesen- 
chyme (overlapping regions of PCD), the 
tail bud, and facial processes [Fig. 3, A, B, E, 
and F (20)l. However, BMP was not detect- 
ed in the interdieital reeion of the duck limb " " 
bud (n > 5 for each probe), whereas it was 
readily detected in the chick limb [Fig. 3, C, 
D, and G (20)l. The in situ hybridizations of 
duck were overexposed to reveal a weak 
interdigital signal, but none was detected (up 
to four times as long as required for detection 
of RNA in the duck apical ridge and in the 
chick interdigital region). Because PCD be- 
tween digits 2 and 3, and 3 and 4, in the 
duck foot occurs in mesenchyme directly 
underlying the apical ridge, the apoptotic 
signal may be sent by the ridge, not from 
within the interdigital mesenchyme. 

Expression of BMP in the ridge and an- 
terior mesenchyme, as well as the apparent 
lack of interdigital mesenchyme expression, 
corresponds with the restricted regions of 
apoptosis observed in the duck leg. Thus, 
BMP signaling may mediate PCD in both 
the chick and duck leg. These data indicate 
that in at least one case (duck), the relative 
lack of interdigital apoptosis correlates with 
the lack of interdigital BMP expression, 

Fig. 3. BMP was not ex- 
pressed in duck interdigital 
tissue. Shorm are whole- 
mwnt RNA in situ hybridiza- 
tions with digoxygenin-la- 
beled probe for cMdc BMP4 
(A through D) and BMP7 (E 
thrcugh Q). &UP RNA was 
detected (purple stain) in the 
apical ectcdetmal ridge of 

- - chick lfAl and [Dl and duck 

h b s  at stage 28 or 
right side of panels], 

1 [(B) an2 01 embryos at stag- 1 es25and22,respectively,as 
weH as in tail bud, anterior and 
posterior limb mesenchyme, 
and facial processes (not 
shown). In contrast, W 4  
was not detected in the inter- 
digital region of duck hind 

stage 3132  I(C) and @It rewectivdys 
whereas it was detected in chick hind 

lmbs (left). The dark mlor detected along the phalanges is a 
resultofcosgulatedMood. Similarly, BMP7RNAwasnot 
detected in duck legs from stages 27 to 31 [(G), stage 30: 
duck on right, chickon left]. BMP2 also displayed comparable 
expression in early limb bud stage chick and duck em- 

but lack of interdigital exprmkm in duck legs from stages 28 to 31 (20). RNA in situ h y b r i d i s  were 
pefomwd as desaibed (30) except that the t+Math temperature was €O°C for duck embryos and 
70°C for c h i  embryos. fhe chick BMP probes were prepared as dascrbed (9,31). 
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whereas in species that undergo interdigital 
apoptosis (chick and mouse), BMP is ex- 
pressed interdigitally. 

In 100% of cases examined at embryonic 
days 15 and 18, the large scales (scuta) that 
normally form over the dorsal surface of the 
foot were at least partially replaced by 
feathers. Transformations ranged from 
thickening of the distal edge of the scale to 
short, fat feathers to long, thin feather fil- 
aments (Fig. 4, B through D). As shown 
additionally by high-power magnification 
(Fig. 4D), sections through the thin and fat 
feather filaments (Fig. 4, F and G )  revealed 
the presence of barb ridges characteristic of 

Fig. 4. Transformation of dorsal scales 
to feather filaments. Embwonic feet 
from (A) control, noninfected embryo 
and (B and C) two different embryos 
infected with dnBMPR-IB at stages 15 
and 14, respectively. The embryos in 
(A) and (B) were fixed on embryonic 
day 14.5, and that in (C), on embryonic 
day 18. Note the range of transforma- 
tion from thickening of the distal edge 
of the scale to short, fat feathers to 
long, thin feather filaments. (D) Higher 
magnification of fat feather filaments 
shown in (C). Cross sections through 
both the thin and fat feathers (F and G, 
respectively) revealed barbed ridges 
characteristic of feather filaments, al- 
though the number of ridges is greater 
than in normal filaments (compare to 
that shown in E); magnification in (E) 
through (G) was X200. The interior 
pu!p region was greatly expanded in 
the fat filaments. In (B) is partial web- 
bing, whereas in (C) is shown extensive 
soft-tissue svndactvlv. Similar oheno- 

feathers. However, the number of barb ridg- 
es within both the thin and fat filaments 
was significantly greater than the normal 
number (up to 40 barb ridges; compare Fig. 
4, F and G,  to Fig. 4E). The interior pulp 
region was greatly expanded in the fat fila- 
ments. To  a much lesser extent we observed 
the conversion of scutellae to short feather 
filaments but did not observe conversion of 
reticula (20). Scutellae and reticula are the . , 

smaller scales on the posterior and plantar 
surfaces. res~ectivelv. The conversion of . L 

scales to feathers is similar to that observed 
after retinoic acid treatment (22). Dhouailly 
has suggested (22) that scale formation re- 

types were dbsewedon embionic days 15 and 18 (n > 7 for each time point). 

Fig. 5. Gene expression after 61 I~IJ~PR infection. The right hind limb was infected at the designated stage 
and embryos fixed at stage 32 (MSX1, MSX2, BMP4) or stage 26 (HOXD13) and processed for whole- 
mount RNA in situ hybridization with MSX1, stage 14; MSX2, stage 13; BMP4, stage 15; and HOXD73, 
stage 14. Probes were prepared as described (9,26, 28). In each panel, the predominantly infected limb 
is on the right and the contralateral control on the left. 

quires additional information to override 
the latent ability of foot integument to 
produce feathers. Our study also indicates a 
binary decision between the choice of scale 
or feather, such that high levels of BMP 
signaling may be required for scale forma- 
tion or that scale morphogenesis may be 
specifically mediated through BMPR-IB. 

The third major phenotype observed after 
dnBMPR-IB infection was an alteration in 
the distal outgrowth of the digits. The digits 
were often distally incomplete, ranging from 
loss of all but the most proximal phalanges to 
less severe truncations in which only the most 
distal phalanges were missing [Fig. 1, C and D 
(20)l. Digit truncations, but never interdigital 
webbing, were also observed after infection 
with wild-type BMPR-IB. Therefore, digit 
truncation does not appear to correlate with 
the presence of dominant negative BMPR. 
Instead, overexpression of BMPR-IB (domi- 
nant negative or wild-type) may disrupt the 
balance of available receptors and perturb sig- 
naling through other receptor-ligand combi- 
nations. For example, excess BMPR-IB may 
titrate the type I1 receptor, which mediates 
signaling through a different ligand-type I 
receptor complex. Thus, the formation of dis- 
tal phalanges may require specific ligand-re- 
ceptor interactions. Studies of other BMP- 
related genes (BMP5 and GDF5) have indi- 
cated that specific ligands control the devel- 
opment of different cartilage elements (23). 

Several other phenotypes were observed. 
Examination of webbed feet from embryonic 
days 15 and 18 revealed that the distal-most 
structure, the claw, was often not formed, but 
that the ventral toe pads were similar in in- 
fected and noninfected feet. The tail was se- 
verely truncated in -10% of the embryos 
infected at stages 13 to 15, most likely because 
of the spread of the dnBMPR retrovirus into 
the developing tail bud (20). Skeletal exami- 
nation revealed that a number of sacral ver- 
tebrae were missing, although the pelvis ap- 
peared normal. This may indicate that BMP 
signaling is necessary for normal development 
of the tail bud mesenchyme or subsequent 
differentiation of the vertebrae. It is interest- 
ing to note that mouse embryos homozygous 
for a targeted mutation of BMP4 are deficient 
in mesoderm production and display trunca- 
tion of the posterior body axis (24). The 
manner in which the responding cell per- 
ceives the BMP signal most likely depends on 
multiple factors, such as cell history and other 
stimuli that it receives. In the mouse limb 
bud, BMPR-IB is expressed in differentiating 
chondrocytes (25). However, histological 
analysis of dnBMPR-infected limbs from em- 
bryonic days 10, 15, and 18 indicates that 
cartilage and bone differentiation and tendon 
formation occur normally. 

We analyzed the expression of a number 
of genes that are normally detected in the 
chick interdigital tissue: MSXI, MSX2, 
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BMP2, BMP4, anil BMP7 ( 9 ,  10, 26). In 
dnBMPR-infected limbs, all RNAs are de- 
tected a t  relatively normal levels in the 
webbed interdigital tissue except MSX2, 
which is a t  lower levels compared to  that in 
the wild-type lilnhs (Fig. 5)  (20). In all 
cases, the  expression pattern was altered 
such that these RNAs were detected in soft 
tissue distal to the  truncated digits as well as 
in the  interdigital tissue. In addition, BMP4 
R N A  was noticeably absent in ~ n e s e n c h ~ l n e  
surrounding the phalanges of infected lilnbs 
at later developlnental stages. There is evi- 
dence to illdicate that BMP4 regulates its 
own expression (8 ,  27).  Perhaps the  lack of 
phalangeal expression is related to the  re- 
duction in BMP signaling caused by the  
dnBMPR. HOXD13, which may be in- 
volved in groa.th and patternillg of the 
phalanges, was expressed silnilarly in infect- 
ed and noninfected lilnhs at stage 26 and 
stage 32 of lilnh development, as was 
HOXDl  1 (Fig. 5)  (20,  28). 

Here, we used a dominant negative BMP 
receptor to block BMP signaling in the devel- 
oping limb. Infection with dnBMPR-IB con- 
sistently res~llted in a reduction in apoptosis 
that led to soft tissue syndactyly. Moreover, 
scales were converted into feathers, and distal 
iieveloplnellt of the digits was affected, lead- 
ing :o loss of the distal phalanges. It cvas not 
possible to determine whether the dolninallt 
negative BMPR i~lhibited apoptosis by hlock- 
ing the action of a single BMP ligand or 
whether different BMP ligands acted in corn- 
bination. However, BMP4 is an  attractive 
candidate for lnediating cell death in the 
limb. Expression of BMP4 correlates closely 
with regions of PCD in the limb: the anterior 
and posterior llecrotic zone and the interiligi- 
tal region. Moreover, BMP4 has recently been 
implicated in apoptosis of neural crest cells in 
the hindbrain in chickens (3). Taken togeth- 
er, this evidence suggests that BMP4 may play 
an  important role in lnediating apoptosis in 
different tissues at different tilnes durillg em- 
hryogenesis. Moreover, our results indicate 
that a f~lnctional type I BMP receptor is re- 
quired for BMP-mediated apoptosis. T h e  in- 
terdigital region provides a Inoilel in vivo 
system to potentially link an extracellular ap- 
optotic signal and translne~nbrane receptor 
kinase to the downstream intracellular cell 
death machinery. 

Note added in proof: Subsequent exper- 
iments in  our laboratory using chicken 
dnBMPR-IB (K231R) result in similar 
phenotypes as illfectioll with the  lnouse 
dnBMPR-IB. 
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Role of Gene Interactions in Hybrid Speciation: 
Evidence from Ancient and Experimental Hybrids 

Loren H. Rieseberg,* Barry Sinervo, C. Randal Linder, 
Mark C. Ungerer, Dulce M. Arias 

The origin of a new diploid species by means of hybridization requires the successfuI merger 
of differentiated parental species' genomes. To study this process, the genomic compo- 
sition of three experimentally synthesized hybrid lineages was compared with that of an 
ancient hybrid species. The genomic composition of the synthesized and ancient hybrids 
was concordant (r, = 0.68, P < 0.0001), indicating that selection to a large extent governs 
hybrid species formation. Further, nonrandom rates of introgression and significant asso- 
ciations among unlinked markers in each of the three synthesized hybrid lineages imply that 
interactions between coadapted parental species' genes constrain the genomic compo- 
sition of hybrid species. 

Rei luced  hybrid fertility or viability ap- 
pears to result from unfavorable interac- 
tions hetween parental species' genolnes 
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(1 ). '4s a result, species' genolnes are tor- 

sidered to  he coadapted and thereby resis- 
tant  to  the  introgressioll of alien genes 
(1 ). However, the  successf~~l  origin of new 
diploid species by means of hybridization 
ralses the  possibility that  interactions be- 
tcveen parental species' genes are not  uni- 
versally unfavorable ( 2 ) .  Little is kllocvn 
about the strength and fitness consequences 
of gene interactions in hybrids or their role 
in hybrld speciation (3). Here we colnpare 
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