
The Cytolytic P,, Receptor for Extracellular ATP the applications were "pate" T h e  in- 
crease in peak current (1.5- to 8-fold) was 

Identified as a P2x Receptor (P2X7) associated with little change in the half- 
rnaxirnal concentration (EC,,) (1 1 ) ;  val- 

A. Surprenant,* F. Rassendren, E. Kawashima, ues for ECSo for BzAT? and AT!? were 7 + 
R. A. North, G. Buell 2 p,M and 115 2 9 p,M in norlnal solution 

(12 = 4)  and 3.7 + 0.7 p,M and 85 -t 8 p,M 
in zero magnesium (11 = 71, respectively. 

The P,, receptor is responsible for adenosine triphosphate (ATP)-dependent lysis of C ~ ~ r r e n t s  nit11 the same pharmacological 
macrophages through the formation of membrane pores permeable to large molecules. profile were also recorded from J774 cells 
Other ATP-gated channels, the P,, receptors, are permeable only to small cations. Here, (Figs. 1 C  and 2, C and D). Antagonists had 
an ATP receptor, the P2X, receptor, was cloned from rat brain and exhibited both these similar effects on J774 cells and HEK cells 
properties. This protein is homologous to other P,, receptors but has a unique carboxyl- expressing the P2Xi receptor: currents 
terminal domain that was required for the lytic actions of ATP. Thus, the P2X, (or P,,) evoked by 30 pbI BsATP were relatively 
receptor is a bifunctional molecule that could function in both fast synaptic transmission insensitive to the purinoceptor antagonist 
and the ATP-mediated lysis of antigen-presenting cells. suramin (15 to 38% inhibition with a con- 

centration of 300 pbf, n = 5) and moder- 
ately sensitive to the PLX antagonist pyri- 
doxalpho~phate-6-azo~11e11~~1-2',4'-dis~1lfc~- 

Extracellular ATP can perlneahilize and agonist order of potency was BsATP >> nic acid (half-maximal inhibition, 45 f 8 
lyse macrophages and related cells and may ATP > 2MeSATP > ATP-y-S >> ADP pM in four HEK cells and 60 f 9 p M  in 
therefore have a role in cytolysis in the (Fig. 2, A and D) [where B1 is 2' and 3 ' - ( 0 ) -  three J774 cells). Oxidized ATP (12) (100 
immune system (1,2) ;  it is a candidate for (4-bensoyl benzoyl) and Me is methyl]; a p -  pbf)  irreversibly blocked currents, provided 
the perforin- and Fas-independent cytolytic methylene ATP, py-methylene ATP, UTP, cells were preincuhated for 1 to 2 hours (n = 

activity of T lymphocytes (3).  O n  the basis and adenosine Lvere ineffective (concentra- 5); hexalnethylene arniloride, ~ . h i c h  blocks 
of its unusual pharlnacological properties, tion, 300 to 1000 pM) .  The removal of the large pore formation at some P,, recep- 
this action has been ascribed to activation magnesium, calcium, or both from the ex- tors (21, was ineffective (ICO pbf, n = 6) at 
of a receptor (PZz) that has heen considered ternal solution increased the amplitude of blocking current. The P2Xi receptor thus 
distinct from the other two classes of recep- the current (Figs. 1B and 2A) and greatly presents a pharlnacological profile typical of 
tors for extracellular ATP, the Pzx and Pz, prolonged the current, particularly when the receptor previously termed PLZ (1-3). 
receptors. The PZx receptors are ligand-gat- 
ed ion channels, and the PZi receptors are 
G protein-coupled receptors (4). The PLX A 
receptors form a family that is structurally PZK, Ll-----P,- A~CS~~,ND~~QYETM~JTRIPS~N'~GTIK!'ILHM~YFSY-';SF~LMSDPLYQRKEPLISS'JHTK~,YC;~E';TE>?.~TEG ?8 

M C I.,,' YET K Y  G Y  ,; K YQ E SS TK'jTG 

distinct from other ligand-gated channels; P2x, ~ : ~ ~ ~ A ~ G C - - : ~ ~ ~ ~ ~ : ~ ~ O ‘ ~ ~ ~ ~ ~ ~ ~ - ~ - : ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ Q ~ ~ ~ ~ ~ Y ~ ~ ~ ~ - ~ ~ . ~ ~ ~ ~ - ~ Q ~ ~ Y ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~ ~ ~ . ~ - -  80 

six rnemhers (P2X1 to P2X6) that are en- PZXI G7TKLVHGIFDTADYTLPLPGP1SFF-il:TL~iLKSEGQE~KLCFE-'lPSRGKQcHsDQGcIKG~~~~DPQsKGIQTGRcIl-DQKRK 160 

coded by distinct genes are currently known D Y F G S  T Q CPE CHSD CI G D Q GI TG C PY K 
P2x2 - - - -  - ----!~~DYEEYWFPEGGSSSS:SIITRIE'~JTPSQTLGTCPES~~lR'~JYsSTcHSDDDcIAGQL~~1QGNGIRTGHc~;lYHGDsK 156 

15. 6). , ,  , 

Here, we isolated a P2X receptor corn- 
plernentary DNA (cDNA) (P2Xi) that en- 
codes a 595-arni~lo acid protein (Fig. 1A) 
(7). The first 395 amino acids were 35 to 
4096 identical to those of the other six PZX 
receptors, which are thought to have short 
intracellular NH,- and COOH-termini, 
two transmelllhrane domains, and a large 
extracellular loop (8). The COOH-termi- 
nal domain of the P2Xi receptor was much 
longer than that found in the other recep- 
tors hut contained no fi~rther hydrophobic 
region that might span the rnernhrane and 
showed no sequence hornology with known 
proteins. The mRNA for the P2Xi receptor 
was strongly expressed in J774 and P815 
macrophages, in microglia, brain, spinal 
cord, lung, and spleen hut was ahsent fro111 
thymus or the granulocytic RBL cell line (9).  

Brief applicatioln (0.5 to 2 s) of ATP 
evoked inward currents in HEK 293 cells 
into which the P2Xi receptor was transient- 
ly or stably transfected (Fig. 1 B) (1 0). The 
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PZX.. TCEIFAi~:CPAEEGKEAFRPALLRShEP1FPiLIKI\NIDFPGHrlTTILPGI---SCTFHKT~WPQCPIFRLGDIFPE:GENF 242 
TCE AICFEG L A NFT LIKN I F NI CTF P CPIFRLG I GEblF 

PZX, TCE'~Shi.:CP'~EW-TSDb!RFLG'iJ.1'~PLiFTILIKNSIY'lPKFKFSKGLiIASQKSDYLKHCTFDQDSDPYCFIFRLGFI~JEKhGELiF 240 

PZXi TEYA~JQGGIMGIEIYIDCI1LDS'/'SRRCPFKYSFRRLDDKYTL!ESLFPGYNFRYX<YYKENGMEK-RTLIKAFG7RFDIL7FGTGG 326 
TE A GG G I !,. C LD C PKYSFRRLD KY S X Y Y K  NG RTLIKA G R D '; G G 

P2X, TELAYKGG\'IGVIIbririS1CDLDLSESECNPKYSFRRLDPKYDPAS--SGYLiFRFiXYYKINGTTTTRTLIKAYGIRID'~I"JRGQAG 323 

PZX-. L C C R R K P G Q C I T T S E L F S K I Y L S R E h L Q L L L L Y W L L A L I R K E F  581 

P2X. FKTQGQYSGFKYPY 5 5 5  

Fig. 1. (A) Predcted ami- B P2X7 c J774 D P2X7AC 
no acld sequence of the ATp BxATP 
P2X, receptor, allgned 

BzATP BzATP 

wlth that of the P2X, re- 
ceptor (22). The middle 
line shows common ami- 
no aclds, lines over the I I 10 s 
top sequence indlcate 

u 

probable membrane-spannng domains, and the square ndcates the position of truncation, (6) ATP- 
Induced currents in P2X7 expressng HEK 293 cells are enhanced and prolonged by removal of magne- 
sum. Currents were in response to 1 -s applications of ATP (300 pM, left) and BzATP (rlght); the smaller 
of the two responses is In normal soluton and the larger is in zero magnesium solution, (C) BzATP- 
induced currents in J774 cells; solutions with low concentratons of divalent catons also increased both 
amplitude and duration of the current. (D) BzATP-~nduced currents in HEK cells expressng P2X,AC: note 
that the low dlvalent solution increased the amplitude but not the duraton of the currents. Current 
amplitude (mean i SEM) to BzATP In normal solution from HEK cells transently transfected wlth P2X7 or 
P2X,lC was 636 ? 11  8 pA and 590 5 95 pA (n = 18), respectively. All recordings were from a hodng  
potential of -70 mV; BzATP concentration was 30 p M  in (B) through (D). 
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Fig. 2. Pharmacolog~cal propertes of P2X, receptors, J774 macrophage cells, and P2X,AC receptors. (A) 
Concentration-response curves for ATP (open symbols) and BzATP (closed symbols) in normal (squares) 
and low divaent (crces) external solution; results are plotted as the percent maxmum response to BzATP 
in normal solution. (B) Concentraton-response curves for ATP and ATP analogs (as Indicated) in low 
dvalent souton obtaned from cells expressng the P2X7 receptor. (C and D) Similar experiments on J774 
cells; low divaent solutions also Increased both amplitude and duration of the current (E and F) Similar 
experlments on HEK cells expressing P2X,AC: all results were from a holdlng potential of -70 mV. 

Fig. 3. At P2X, receptors. ATP 
activates currents that show se- 
lectlvity for small cations (A 
through C) and also induces a 
sustained nonselect~ve conduc- 
tance [(D) through (G)] In (A), su- 
perimposed currents are shown 
in response to 1 -s applicaton of 
BzATP at the holding potentials 
Indicated (I 0-mV Increments), 
normal external solution and nter- Mean geometric diameter (A) 
na solution contained cesium-as- " 

BzATP (in low divalents) E 
partate In (B) were similar exper- 600 

iments on HEK cells expressing 
the P2X7AC receptor. Currents 
were evoked by BzATP at the - 
holding potentials ~ndcated z 10L 

(5-mV ~ncrements) n low external . ----- 
dlvalent solut~on contalnlng 145 
mM NaC (tog) or 145 mM NMDG 1 4th I 

r----- 5th l1 
'0 4 8 12 

---I 

fbottom). In '(c), oermeabilitv ra- 10 s Applications of BzATP (n) 
fios (P,;P,,) for some mon'ova- 
lent organic cations are plotted F G Current 

with ther mean geometric diame- 
ter (12): data were derived from 
reversal potentials determined as 
shown in (A), (B), and (G). Filled 
symbols are for P2X7 receptors P min 

(8) and J774 cells (A) in normal -2 

solutons and for P2X,AC (+) and Normal 

P2X, (V) receptors In low dvalent dlvalents 
-3 

solutions. Open circles are for P2X7 receptors In low divaent solutions. (D through G)  Repeated applications of 
BzATP induced a sustained nonseectve conductance, In (D), currents were recorded from HEK cells express- 
n g  P2X7 receptor In response to four 1 -s appicatlons of BzATP, with an interval of 12 m n  between applcations 
in low dvaent solution throughout. In (E) is a summary from experments as lustrated in (D); ponts are mean 
2 SEM (n = 6) exponent~al fits to the offset of the response, with a single exponential for P2X,LC (+) and P2X, 
(8) and a double exponential for P2X7 (a). Filled symbols indicate normal concentrat~ons of divaent catlons; 
open symbols, low concentrations. In (F), maintained inward current was evoked by BzATP for 4 s. Ths 
applicaton followed four prior applcatons (not shown); low divaent concentraton was used throughout. The 
bar indicates the time durng which the superfusing solution was changed from 145 mM NaCl to 145 mM 
NMDG (st~ll in low concentrat~ons of dvaent cations). The arrow indicates the restoration of normal external 
solution. Breaks (1 to 5) indcate t~mes of conductance measurement. In (G), current-voltage plots were 
obtaned by ramp voltage commands at tmes 1 to 5 in (F). Note the very large conductance increase and the 
lack of effect of NMDG on the reversal potentla [compare with (B]]. 

The BiATP-induced currents reversed 
polarity at -2  2 C.3 nlV (n =4); ilnlike 
currents at other PZx receptors (5, 6 ) ,  they 
showed no rectification hetween -90 and 
50 mV (Fig. 3 A )  The  relative permeabili- 
ties of monovalent organic cations in the 
presence of external divalent cations were 
the same for P2Xi receptors expressed in 
HEK cells and native J774 cells (13) and 
were not significantly different from those 
found previo~~sly for P2X, receptors (14) 
(Fig. 3C);  the large cation N-methyl-D- 
gl~lca~nine (NMDG) was not significantly 

(Fig. 3C).  Reduction of the con- 
centration of magnesium or calci~lnl in- 
creased the current (Figs. 1B and 2A) hut 
did not change the current-voltage relation, 
which was approxilnately linear (n  = 5) .  

The PLL receptor has been characterized 
pri~narily by ion flux and dye uptake st~ldies 
in macrophage-derived cell lines such as 
J774, partic~llarly with the use of BiATP as 
the agonist and low extracell~~lar divalent 
ion concentrations (1,  2 ,  15, 16). We found 
a difference in the action of BzATP when 
the single brief applications were repeated in 
low concentratio~ls of divalent cations (1 to 
3 s d~lration a,ith 30 pM BzATP at intervals 
of 2 to 15 min) (Figs. 3, D and E, and 4A). 
The currents declined much Inore slowly 
after each application, leading to sustained 
currents (Fig. 3, D and F) that reversed only 
very slowly (up to 20 min) when the agonist 
applications were stopped (1 7). However, 
the currents reversed withln 1 to 3 lnin if the 
normal dlvalent cation concentration was 
restored (Figs. 3F and 4A).  The conductance 
increase d~lring the sustained current evoked 
hy repeated applicatiol~s of ATP (300 phi) 
or BiATP in a solution with a low concen- 
tration o f  divalent cations was almost non- 
selective alnong cations, with the cells he- 
corning very permeable even to NMDG (Fig. 
3, C, F, and G).  The large lnolecular size 
(629 daltons) propidiuln dye YO-PRO-1 
(15, 16) c o ~ ~ l d  be seen to enter the cell 
during these recordings (Fig. 4A) (18). In 
separate experiments, we found that > 85% 
of stably transfected cells took up YO-PRO-1 
during inc~lhation with BzATP for 3 to 5 
rnin in a so l~~t ion  with a low concentration 
of divalent cations (Fig. 4, D and E) (1 8). 

In norlnal or reduced concentrations of 
divalent cations, repeated applications of 
ATP or BiATP did not induce such sus- 
tained currents in cells expressing other PZX 
receptors (19) (Figs. 3E and 4C) and did 
not cause uptake of YO-PRO-1 hy HEK 
cells expressing the P2X2 receptor (Fig. 4, D 
through F). Vile tested the hypothesis that 
the ~ ~ n i q ~ ~ e  COOH-terminal dolnain con- 
ferred these properties hy repeating the ex- 
periments o n  HEK cells expressing the 
P2Xi receptor truncated to 418 amino acids 
(PZX,AC, Fig. 1A). Agonist and antagonist 
actions at this P2XiAC receptor were not 
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Fig. 4. Activation of P2X7 receptors, but 
not of P2X7AC receptors, induces a non- 
selective conductance and cytolysis. 
Shown are currents in HEK cells express- 
ing P2X7 (A), P2X7AC (B), or P2X2 (C) 
receptors during repeated applications (1 
s each) of BzATP at 100-s intervals. Dur- 
ing the time indicated, the external solu- 
tion was changed from the normal solu- 
tion to the low divalent solution. The con- 
centration of BzATP was 30 pM in (A) and 
300 pM in (B) and (C). YO-PRO-1 could 
be seen to enter the cell in low divalent 
solutions during recordings such as that 
shown in (A) (n = 8) but not during exper- 
iments as in (B) and (C) (n = 7). (D) Pho- 
tomicrographs of HEK cells stably ex- 
pressing P2X7 (left) or P2X2 (right) recep- 
tors after a 5-min incubation with YO- 
PRO-1 (10 pM) and BzATP (30 and 300 
pM, respectively) in low divalent solution. 
(E) Summary of results from HEK cells 
stably expressing P2X7 or P2X2 recep- 
tors. (F) Summary of results from cells 
transiently expressing P2X7, P2X7AC, 
P2X2, or no receptors (Untrans.). BzATP 
concentration was 30 pM for experi- 
ments with the P2X7 receptor and 300 
pM for all others (n = 6 throughout). 

different from those at wild-type receptors, 
and reduction of divalent cations increased 
the amplitude of the response at P2X7AC 
receptors as at wild-type P2X7 receptors 
(Figs. 1D and 2, E and F). However, in cells 
expressing the P2X7AC receptor, solutions 
with low concentrations of divalent cations 
did not alter the kinetics of the response, 
the sustained current was not induced by 
repeated applications (Figs. ID; 3, B, C, and 
E; and 4B), and no uptake of YO-PRO-1 
was induced by BzATP (Fig. 4, E and F). 

Thus, the expression of a single protein, 
the P2X7 receptor, endows cells with two 
distinct responses to ATP and its analog 
BzATP. The first, a transient current 
through channels permeable to small cat- 
ions and similar to responses at other Pzx 
receptors, is evoked by widely separated 
brief agonist applications. The second, a 
sustained current through a nonselective 
pore, leading to cell death, is evoked by 
repeated agonist applications, particularly 
in low concentrations of divalent cations. 
The second response requires the COOH- 
terminal domain. It is likely that these 
properties reside entirely in the expressed 
protein, such that distinct conformations 
result in a channel permeable to small cat- 
ions or in a pore permeable to very large 
ions, leading to cytolysis. Alternatively, an 
interaction of the unique COOH-terminus 
with other proteins intrinsic to HEK 293 
cells might confer the cytolytic properties of 
the P2X7 receptor (2). Any such protein 
must be ubiquitous because we obtained 

F 
m ImE Stable expresston 5or Translent expression - 

aualitativelv similar results from Chinese 
hamster ovary cells and nonmammalian 
Spodopteria frugiperda (Sf9) cells transiently 
expressing P2X7 receptors (20). 

Pz receptors for extracellular ATP now 
fall into the same two classes seen for other 
hormones and transmitters; these are the G 
protein-coupled receptors with seven 
transmembrane domains (PZY) and the re- 
ceptors with integral ion channels (Pzx) (4, 
8). Here, we have identified the Pzz recep- 
tor as a member of the P family. The dual 

2X/ function of the P2X7 receptor, whereby it 
can operate both as an ion channel selec- 
tive for small cations and in the induction 
of cell lysis, has an overall analogy with 
ionotropic glutamate receptors. These also 
function predominantly as ligand-gated ion 
channels involved in synaptic transmission, 
but for a subset of receptors, repeated or 
prolonged activation is neurotoxic because 
of excessive calcium influx (21 ). The in- . , 

duction of a lytic pore independent of cal- 
cium entry provides a novel mechanism 
through which transmitters can kill cells. 
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physiological recordings 3 to 6 m n  before switching 

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 dlvalent solution and washed out upon 
sw~tching back to normal d~valent solution, after 
whch the fluorescent lamp was turned on and cells 
were examlned wlth a fluorescein lsothocyanate ill- 
ter. For cell counts, 500 cells per cover sl~p were 
counted in each case. 

19. R. J. Evans et a/. , Mol. Pharmacol. 48, 178 (1 995). 
20. A. Surprenant e l  al. , data not shown 
21. D. W. Chol, Neuron 1, 623 (1 988) 
22. Abbreviations for the ammo acid resdues are as 

follows: A, Ala; C. Cys; D, Asp; E, Glu; F, Phe; G, 
Gly: H. His: I, Ile; K, Lys, L Leu, M, Met. N Asn, P. 
Pro; Q, Gln; R, Arg: S. Ser: T, Thr: V, Val; W, Trp: 
and Y, Tyr. 
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Estoppey for cell culture, transfectlons, and generat- 
n g  stable cell lines. 
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made 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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