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Summary. The purpose of this study was to determine 
whether the organizer regions of early avian and am- 
phibian embryos could induce supernumerary (SN) wing 
structures to develop when they were grafted to a slit 
in the anterior side of stage 19-23 chick wing buds. Su- 
pernumerary digits developed in 43% of the wings that 
received anterior grafts of Hensen's node from stage 4-6 
quail or chick embryos; in addition, 16% of the wings 
had rods of SN cartilage, but not recognizable SN digits. 
The grafted quail tissue did not contribute to the SN 
structures. When tissue anterior or lateral to Hensen's 
node or lateral pieces of the area pellucida caudal to 
Hensen's node were grafted to anterior slits, the wings 
usually developed normally. No SN structures developed 
when Hensen's nodes were grafted to posterior slits in 
chick wing buds. Wings developed normally when pieces 
of the dorsal lip of the blastopore from stage 10-11.5 
frog (Zenopus laevis and Rana pipiens) embryos were 
grafted to anterior slits. No SN digits developed when 
other tissues that have limb-inducing activity in adult 
urodele amphibians [chick otic vesicle, frog (Rana pi- 
piens) lung and kidney] or that can act as heteroinduc- 
tors in neural induction (rat kidney, lung, submaxillary 
gland and urinary bladder; mouse liver and submaxill- 
ary gland) were grafted to anterior slits in chick wing 
buds. SN digits also failed to develop following preaxial 
grafts of chick optic vesicles. These results suggest that 
although the anteroposterior polarity of the chick wing 
bud can be influenced by factors other than the ZPA 
(e.g., Hensen's node, retinoids), the wing is not so labile 
that it can respond to a wide variety of inductively-active 
tissues. 
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Introduction 

In 1968, Saunders and Gasseling identified a region of 
tissue on the posterior side of the chick wing bud which, 
when grafted to the anterior side of a host wing bud, 
causes supernumerary (SN) digits to develop. The SN 
digits are arranged in mirror-image symmetry relative 
to the host digits, with the most posterior digit always 
forming adjacent to the grafted tissue (graft 432234, 
where the normal anterior-to-posterior pattern is digits 
234). The region of grafted tissue was thus named the 
zone of polarizing activity (ZPA). Fallon and Crosby 
(1977) demonstrated that the limb buds of other am- 
niotes (rodents, pigs, humans, turtles) have a ZPA that 
will stimulate SN wing digits to develop when it is 
grafted to the anterior side of a host chick wing. 

Tickle et al. (1975) proposed that the ZPA is the 
source of a diffusible morphogen that forms a gradient 
across the anteroposterior axis of the wing bud. The 
morphogen concentration is postulated to be highest on 
the posterior side of the wing and lowest on the anterior 
side. The local morphogen concentration is thought to 
provide positional information to the cells, so that cells 
in the anterior side of the wing, for example, interpret 
the low morphogen concentration to form anterior 
structures. When a ZPA is grafted to the anterior side 
of the wing, the morphogen concentration in this region 
would rise to higher levels and the anterior cells would 
interpret this positional information to form posterior 
structures. Thus cells with anterior positional values can 
be respecified to acquire more posterior positional 
values; in addition, new cells are generated by cell divi- 
sion that is stimulated by the grafted ZPA. 

Saunders (1977) reported that polarizing activity can 
be detected in various embryonic chick tissues other than 
the ZPA if these tissues are implanted directly under 
the apical ectodermal ridge (AER) on the anterior side 
of a host wing bud. He found polarizing activity in flank, 



372 

mesonephros,  tail bud mesoderm, and somites f rom the 
limb region. Saunders and Gasseling (1983) suggested 
that  these non-l imb tissues may  provide "pos te r io r  posi- 
tional in format ion"  for cells of  the host limb bud. 

Hornbruch  and Wolpert  (1986) demonstra ted that  
Hensen's  nodes f rom stage 4-9 chick embryos can induce 
supernumerary digits to develop when grafted directly 
under the A E R  on the anterior side of  host chick wing 
buds. However,  the polarizing activity of  the Hensen's  
node grafts was less than that  of  ZPA grafts: fewer wings 
developed SN digits and SN digit 4's (the most  posterior 
digit) never developed. 

Supernumerary  digits also develop when a small 
bead that  has been soaked in retinoic acid is implanted 
under the A E R  on the anterior side of  a wing bud (Tickle 
et al. 1985). Skeletal development is normal  if the bead 
is grafted to the posterior  side of  the wing. Exogenous 
retinoic acid has also been shown to affect pat tern for- 
mat ion  in the proximodistal  and anteroposter ior  axes 
of  regenerating amphibian limbs (Maden 1982, 1985; 
K i m  and Stocum 1986a, b). In both  amphibians and 
chicks, retinoic acid is postulated to alter the positional 
values of  responding cells. 

More recently, endogenous retinoic acid and retinoic 
acid-binding proteins have been demonstrated in am- 
phibian (Maden 1985) and chick (Thaller and Eichele 
1987; Maden et al. 1988) limb buds. In stage 21 chick 
embryos,  retinoic acid forms a concentrat ion gradient 
across the limb bud, with the high point  in the posterior 
region that  also contains the ZPA. Thaller and Eichele 
(1987) suggest that  the concentrat ion gradient of  endog- 
enous retinoic acid could define cell posit ion and hence 
specify the anteroposterior  pat tern of  the developing 
limb. 

The experiments described here were designed to an- 
swer the following question: Can the organizer regions 
of  early avian and amphibian embryos (Hensen's node 
and the dorsal lip of  the blastopore,  respectively) induce 
SN wing structures to develop when they are grafted 
to the anterior side of  a host chick wing bud? This study 
was in progress when Hornbruch  and Wolpert 's  (1986) 
paper  on the polarizing activity of  chick Hensen's  node 
grafts was published, but  differs f rom that  study in two 
major  respects. First, we used grafts of  Hensen's  nodes 
f rom quail embryos to chick hosts so that  we could de- 
termine whether the graft  itself contributed to the SN 
structures. Second, we determined the specificity of  the 
SN response by testing the polarizing activity of  various 
other tissues, including a) tissues that  induce SN limbs 
to develop when implanted subcutaneously in newt fore- 
limbs [frog lung and kidney (Carlson ~967, 1971); newt 
otic vesicle (Balinsky 1925)] and b) tissues that  act as 
heteroinductors in neural induction in amphibians [rat 
kidney, lung, submaxillary gland, urinary bladder;  
mouse liver and submaxillary gland (Saxen and Toivon- 
en 1962)]. We used chick instead of  newt otic vesicles 
and also tested the ability of  the chick optic cup, which 
can induce a lens to form in overlying ectoderm, to in- 
duce SN digits when it is grafted to the anterior side 
of  a chick wing bud. 

Materials and methods 

Grafting operations 

Stage 19-23 (Hamburger and Hamilton 1951) chicken embryos 
(Gallus domesticus) were used as hosts. The fertilized eggs were 
obtained from Michigan State University Poultry Farm, Lansing, 
MI, USA, and were incubated in a forced-air incubator at 37.5 ~ C. 
On the day before the operation, the eggs were candled and 2 ml 
of albumen was withdrawn from each egg. On the following day, 
a window was cut in the shell above the embryo and one or two 
drops of an antibiotic solution (200 IU penicillin/ml and 0.2 mg 
streptomycin/ml in Hanks' buffered salt solution) were added to 
each egg. The windows were then sealed with tape (Blenderm, 3M 
Co.). 

Before each operation, the membranes overlying the embryo 
were cut with iridectomy scissors. The graft tissue (Hensen's node 
or other tissue) was placed into a slit made in the anterior side 
of the wing bud (approximately at the level of somites 15-16) of 
the host embryo. An additional one or two drops of antibiotic 
solution were added to the egg and the wing was traced with a 
camera lucida to record the position of the graft. The window 
was sealed with tape and the egg was returned to the incubator 
for 6-7 days. 

Graft tissues 

Organizer grafts. Japanese quail (Coturnix coturnix japonica) and 
chicken (Gallus domesticus) embryos of stages 4-6 were used as 
sources of Hensen's node grafts. Hensen's nodes were cut from 
the blastoderms and placed in phosphate-buffered saline (PBS,Gib- 
co). The grafts were used whole or were cut in half (along the 
anteroposterior axis of the primitive streak) if they were large. 

Grafts were also cut from various positions around Hensen's 
node to determine the distribution of the polarizing activity. These 
positions included tissue immediately anterior to Hensen's node 
(notochord), immediately lateral to Hensen's node, and area pellu- 
cida caudal to Hensen's node and lateral to the primitive streak 
(Fig. 1). 

Frog embryos (Rana pipiens and Xenopus laevis) of stages 10- 
11.5 (Shumway 1940; Nieuwkoop and Faber 1956, respectively) 
were used to obtain grafts of the dorsal lip of the blastopore. 
Fertilized Xenopus laevis (Carolina Biological Supply Co., Burl- 
ington, NC, USA) and Rana pipiens (Wisconsin strain, Kons Scien- 
tific Co. Inc., Germantown, WI, USA) eggs were incubated in 
well water at 17-21 ~ C until they were used. They were then placed 
in 20% Steinberg's solution, the jelly coats and vitelline membranes 
were removed, and the dorsal lip of the blastopore was dissected 
out. 

Grafts of limb-inducing tissues. The lungs and kidneys were removed 
from adult male and female Rana pipiens (Wisconsin strain, Kons 
Scientific Co. Inc., Germantown, WI, USA) that had been killed 
by cervical dislocation. The tissues were placed in 0.6% NaC1. 
All regions of the kidney, and bronchi and parenchyma of the 
lungs were used for grafts. 

We used otic vesicles from chicken embryos (Hamburger and 
Hamilton stages 17-19) rather than from newts (Balinsky 1925). 
The grafts were placed in PBS until they were used. 

Grafts ofheteroinductors. Kidney, submaxillary gland, and urinary 
bladder grafts were obtained from 2-2.5 month-old male rats 
(F455). A female rat (F455, 2 months old) was used as a source 
of lung tissue. The rats were killed by cervical dislocation and 
the tissues were dissected out and placed in 0.9% NaC1. The cortex 
of the kidney, all regions of the lung, parenchyma and some duct 
and vascular tissue of the submaxillary gland, and all regions of 
the urinary bladder, with the epithelium, were used. 



Fig. 1. Diagram of stage 5 chick embryo (dorsal view). The regions 
of tissue used for grafts are outlined and labeled: HN=Hensen's 
node; N= developing notochord anterior to Hensen's node; L=  
tissue lateral to Hensen's node; AP = area pellucida caudal to Hen- 
sen's node and lateral to the primitive streak 

Grafts of liver and submaxillary gland were obtained from 
male C57 mice (2.5 and 1.5 months old, respectively) that had 
been killed by cervical dislocation. The tissues were placed in 0.9% 
NaC1 and all regions of the liver and submaxillary gland were 
used for grafts. 

Optic cup grafts. The optic cups (plus lens placode in embryos 
older than stage 13) were dissected from stage 13-17 chicken em- 
bryos. The lens placode was usually left on the optic cup, which 
was then bisected to create two grafts. 
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Preparation of grafts. All graft tissues were trimmed to approxi- 
mately 100 gm 3 and were stained lightly with Nile blue sulfate 
before they were implanted. 

Controls 

Standard grafts of stage 4-6 chick and quail Hensen's nodes [and 
tissue anterior (notochord) and lateral to Hensen's node] were im- 
planted in slits made in the posterior side (in the region of the 
prospective elbow) of wings of stage 19-23 host chick embryos. 
In all other respects the operations were the same as described 
above. 

Histological procedures 

The operated embryos were killed by decapitation 6-7 days after 
the operation and the wings were fixed in alcohol-formaldehyde- 
acetic acid fixative (Carlson et al. 1986). They were stained using 
a combined Feulgen and Victoria blue B procedure (Carlson et al. 
1986). This was particularly useful for analyzing the results of quail 
grafts to chick embryos: the Victoria blue B dye stains the cartilage 
so that the skeletal pattern can be examined and photographed 
in whole mount preparations, and the quail ceils can be identified 
in serial sections on the basis of the large, densely-staining (Feul- 
gen) clumps of heterochromatin in their nuclei (LeDouarin 1973). 
This allowed us to determine the contribution (if any) of the grafted 
quail ceils to the SN structures. 

The whole mount preparations were photographed with a Nik- 
on Macrophot camera and Polaroid Type 55 film. They were then 
embedded in paraffin and 7 gm sagittal sections were cut. The 
sections were mounted on glass slides and counterstained with fast 
green. 

Results 

Organizer grafts 

Supe rnumera ry  digits developed in 43% (26/61) of  the 
wings in which chick or quai l  Hensen ' s  nodes  were 
grafted to anter ior  slits (Fig. 2a -c ,  Table 1). Supernu-  

Table 1. The formation of supernumerary structures after grafts of chick or quail Hensen's nodes, or 
the dorsal lip of the blastopore from frog embryos, into anterior slits in chick wing buds 

Tissue grafted Normal SN digits a SN rods "Other Other 
to anterior slit wings or nodules non-SN" b anomaly c 

Hensen's node 20 23 9 4 8 
(stage 4-6 quail embryos) (35%) (42%) (16%) (7%) 
n=56 

Hensen's node 1 3 1 - - 
(stage 4-6 chick embryos) (20%) (60%) (20%) 
n=5 

Dorsal lip of blastopore 28 - - 2 4 
(stage 10-11.5 Xenopus laevis (93%) (7%) 
or Rana pipiens) 
n=30 

" 50% (18/36) of the wings with SN digits, rods; or nodules had SN structures proximal to the graft, 
usually in addition to SN structures that developed distal to the graft 
b "Other non-SN" refers to wings with slight abnormalities (e.g., reduction of the radius), but no SN 
structures 
c Other anomaly refers to wings with grossly abnormal skeletal patterns (e.g., bent humerus, missing 
radius or ulna). These wings were not included in the calculations of the percentage of SN structures 
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Fig. 2 a-d. Examples of chick wings 
with supernumerary (SN) structures 
that were induced by preaxial grafts 
of Hensen's nodes from stage 4q5 
chick or quail embryos. Wings in 
this and subsequent figures were 
stained by combined Feulgen- 
Victoria blue B technique (Scale bar, 
1 mm). a Supernumerary digits 
(arrows). Proximal SN digit has only 
a slip of cartilage; distal SN digit 
was identified by morphological 
criteria as a digit 2. Graft from 
stage 4 quail embryo; host was stage 
21 chick embryo, b Supernumerary 
digits (black arrow and arrowhead). 
Proximal SN digit (arrowhead) was 
identified by morphological criteria 
as a digit 3; distal SN digit (arrow) 
was identified as a digit 2. 
Unidentifiable rod of SN cartilage is 
marked by white arrow. Radius of 
limb is short; normal digit 4 is 
hidden behind digit 3. Graft from 
stage 4 quail embryo ; host was stage 
20 + chick embryo, e Supernumerary 
digit 2 (arrow) and rod of SN 
cartilage (duplicated radius?) with 
faintly stained hypomorphic digit on 
its distal end (arrowhead). Base of 
normal radius and rod are fused. 
Graft from stage 4 chick embryo; 
host was stage 22 chick embryo, d 
Unidentifiable SN structures (arrow 
and arrowhead). Distal SN structure 
(arrow) is attached to middle of 
radius. Proximal SN structure 
(arrowhead) has a faint slip of 
cartilage. Normal digit 4 is partially 
hidden behind digit 3. Graft from 
stage 4 quail embryo; host was stage 
21 chick embryo 

m e r a r y  rods  o f  car t i lage ,  bu t  no t  r ecognizab le  digi ts ,  
deve loped  in 16% (10/61) o f  the  wings  (Fig.  2d ,  Table  1), 
while  mos t  o f  the  r ema in ing  wings  were  no rma l .  F o u r  
wings  were  classif ied as " o t h e r  n o n - S N "  because  al- 
t h o u g h  they  d id  no t  have  any  S N  s t ructures ,  they  h a d  
m i n o r  abnorma l i t i e s ,  such as a sho r t  r ad ius  o r  the  p rox i -  
ma l  end  o f  the  r ad ius  was  missing.  E igh t  wings  were  
n o t  inc luded  in the  ca lcu la t ions  because  they  h a d  gross ly  
a b n o r m a l  skele ta l  p a t t e r n s  such as a ben t  humerus  or  
miss ing  rad ius  or  u lna .  

In  c o n t r a s t  to the  resul ts  wi th  av ian  Hensen ' s  node  
graf ts ,  no  s u p e r n u m e r a r y  digi ts ,  rods  o r  nodules  o f  car t i -  
lage deve loped  in wings  tha t  h a d  received graf ts  o f  am-  
p h i b i a n  " o r g a n i z e r s " .  The  m a j o r i t y  o f  the  o p e r a t e d  
wings  were  n o r m a l  (Table 1). 

The  abi l i ty  o f  the  g ra f t ed  qua i l  or  ch ick  t issue to 
induce  the f o r m a t i o n  o f  SN digi ts  (or  S N  rods  o r  nodules  
o f  car t i lage)  was  res t r ic ted  to the  Hensen ' s  node  reg ion  
at  s tages 4 - 6 :  no  S N  s t ruc tures  deve loped  fo l lowing  
graf ts  o f  t issue an te r io r ,  la tera l ,  o r  c auda l  to  Hensen ' s  

Table 2. Responses of chick wing buds to anterior grafts of tissue 
surrounding Hensen's node from stage 4-6 quail embryos (see 
Fig. 1) 

Tissue grafted Normal SN digits, "Other Other 
to anterior slit wings rods, or non-SN" b anomaly c 

nodules 

Lateral to Hensen's 25 - 4 
node (86%) (14%) 
n=29 
Anterior to Hensen's 7 - 1 
node (notochord) (88%) (12%) 
n~-8 
Lateral pieces 22 -- 1 
of area pellucida (96%) (4%) 
(caudal to 
Hensen's node) 
n=23 

b,~ see footnotes to Table 1 
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Fig. 2 

node to the anterior side of host wing buds (Table 2). 
In each case, the majority of the wings had normal skele- 
tal patterns and a few were classified as "other non-SN" 
or were grossly abnormal. 

The patterns of SN digits that developed in wings 
with grafts of quail or chick Hensen's nodes were varied 
(Fig. 2, Table 3). The most common pattern was 2234 
and SN digit 4's never developed. In many of the wings 
one or more SN digits could not be identified: 30% 
of the wings had a ?2234 pattern and in 17% of the 
wings the pattern was ?234, where ? represents an un- 
identifiable digit. A small number of wings had the pat- 
terns 3234, ?32234, ?334, ??2234. 

Of the wings that developed with SN digits or SN 
rods or nodules of cartilage, 50% (18/36) had SN struc- 
tures proximal to the graft, usually in addition to SN 
structures that developed distal to the graft (Fig. 3, Ta- 
ble 1). These proximal supernumerary structures were 
cartilage rods in 56% (10/18) of the cases and digits 
or other recognizable wing structures (radius or ulna) 
in the remaining cases (8/18). 

Grafts of other tissues 

No SN digits developed in wings in which limb-inducing 
tissues had been grafted to an anterior slit (Table 4). 
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Table 3. The patterns of supernumerary digits that developed after grafts of chick or quail Hensen's 
nodes to anterior slits in chick wing buds 

Tissue grafted Digital pattern 
to anterior slit 

2234 ?2234 a ?234 a 3234 ?32234 a ?334" ??2234 a 

Quail Hensen's node 6 7 4 3 1 1 1 
n=23 (26%) (31%) (18%) (13%) (4%) (4%) (4%) 

Chick Hensen's node 2 - 1 . . . .  
n=3 (67%) . (33%) 

? represents an unidentifiable digit 

Fig. 3. Rod of supernumerary cartilage (arrow) 
proximal to graft (graft outlined by dashed 
line). An unidentifiable supernumerary digit 
developed distal to graft (arrowhead). Hensen's 
node from stage 5 quail embryo was grafted 
into anterior slit in wing of stage 21 chick 
embryo. (Scale bar, 1 ram) 

The majority of  wings with grafts of  frog kidney or lung 
developed normally. Normal  wings usually developed 
(85%, 17/20) following grafts of  chick otic vesicles, but 
two wings (10%, 2/20) had SN spurs of cartilage. In 
one case a long spur extended from the shoulder 
(Fig. 4a) and in the other case there was a projection 
of  cartilage from the middle of  the humerus (Fig. 4b). 

No SN digits or rods of cartilage developed in wings 
with grafts of  heteroinductor tissues; however, many of  
these wings developed abnormally (bent humerus, miss- 
ing radius or ulna) and therefore were not  included in 
the calculations (Table 4). There was only one wing with 
a SN structure: a tiny bump of cartilage developed in 
the middle of  the radius of  a wing containing a graft 
of  mouse liver. The majority of  the wings with grafts 
of mouse liver were normal (88 %, 15/17). 

The wings that received grafts of  optic cups devel- 
oped with normal skeletons in 83% (15/18) of  the cases 
(Table 4). 

Controls 

No SN digits or rods or nodules of  cartilage developed 
from grafts of  chick or quail Hensen's nodes to posterior 
slits in host chick wing buds. However, the majority 
of the wings (18/22) had very abnormal skeletal patterns, 

such as missing ulna, metacarpals, or digits; bent radius, 
ulna or digits; or missing ulna and digit 4 and a rod 
(sometimes with digit) at the elbow (Fig. 5). Of the 18 
abnormal wings, 7 had a cartilage rod or nodule in the 
elbow and a missing or reduced ulna. These wings were 
not counted as having supernumeraries because if the 
cartilage structure in the elbow consisted of  chick cells, 
one could not be sure that it was not  part  of  the missing 
ulna, rather than a SN structure. 

Control  grafts of  quail tissue anterior to Hensen's 
node (notochord) caused the wings to develop normally 
in two cases, and four wings were very abnormal (as 
described above). One otherwise normal wing had a tiny 
SN cartilage nodule beside the proximal end of  the ulna, 
next to the graft. This wing was serially sectioned and 
the nodule consisted of chick cells. The results were simi- 
lar following anterior grafts of  tissue lateral to Hensen's 
node: 5 of  the wings were normal, one wing was classi- 
fied as "o the r  non -SN"  and 10 wings were very abnor- 
mal (as described above). 

Serial sections of operated wings 

Twelve wings with quail Hensen's node grafts were ser- 
ially sectioned and examined by light microscopy. In 
ten cases, the SN structures contained only chick (host) 
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Fig. 4 a, b. Whole mount preparations of two wings that received 
preaxial grafts of chick otic vesicles (Scale bar, 1 mm). a Spur 
of supernumerary cartilage (arrow) extends from shoulder. Otic 
vesicle from stage 17 chick embryo was grafted into anterior slit 
in wing of stage 23 chick embryo, b Projection of supernumerary 
cartilage (arrow) from humerus. Otic vesicle from stage 17 chick 
embryo was grafted into anterior slit in wing of stage 22 chick 
embryo 

cells and the grafted tissue did not contribute to the 
supernumeraries (Fig. 6a, b, c). In two cases, however, 
1-2 quail nephric tubules were found within the SN 
structure and could be traced back to their origin within 
the bulk of the graft. With the exception of some quail 
nephric tubules and neural tissue (which resembled neu- 
ral tube), the graft cells remained cohesive and did not 
spread out within the host wing. Within the graft, var- 
ious types of quail tissue were identified on the basis 
of their histological appearance, including loose mesen- 
chyme (9/12 wings), nephric tubules (7/12 wings), and 

Table 4. The formation of SN structures after grafts of inductively- 
active tissues into anterior slits in chick wing buds 

Tissue grafted Normal SN digits, "Other Other 
to anterior slit wings rods, or non-SN"b anomaly ~ 

nodules 

Limb-inducing tissues 

Frog lung 17 
(male and female (77%) 
Rana pipiens) 
n=22 
Frog kidney 7 
(male and female (70%) 
Rana pipiens) 
n=lO 
Chick otic vesicle 17 
(stage 17-19) (85%) 
n=20 

Heteroinductors 

Rat kidney 5 
(cortex) (100%) 
male F455 
n=5 

Mouse liver 15 
male C57 (88%) 
n=17 

Rat submaxillary gland 4 
male F455 n = 5 (80%) 

Rat urinary bladder 4 
male F455 n = 5 (80%) 

Mouse submaxillary gland 4 
male C57 n =4 (100%) 

Rat lung 3 
female F455 (60%) 
n=5  

Other tissue 

Chick optic cup 15 
(stage 13-17) (83%) 
n=18 

5 2 
(23%) 

3 2 
(30%) 

2 1 
(10%) (5%) 

1 1 I 

(6%) (6%) 

- 1 5 

(20%) 

- 1 3 

(20%) 

- - 4 

- 2 7 

(40%) 

- 3 3 

(17~ 

b,c see footnotes to Table 1 
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Fig. 5. Whole mount preparation of wing that 
received postaxial (into posterior slit) graft of 
Hensen's node from stage 5 quail embryo. 
Host was stage 21 chick embryo. Rod at elbow 
(arrow) consists of chick cells. Distal half of 
ulna is reduced; only one hypomorphic digit 
developed. Graft (arrowhead) is seen beside 
proximal end of ulna (Scale bar, 1 ram) 

muscle, dense mesenchyme, and nerve (5/12 wings). 
Quail neural tube was found in all the sectioned wings 
and 92% (11/12) of the wings had quail notochord and 
cartilage within the graft (this cartilage was not counted 
as supernumerary in the whole mount preparations be- 
cause it was clearly part of the graft itself). 

Six of the serially sectioned wings described above 
had SN structures proximal to the graft, in addition 
to the SN digits distal to the graft. In each case the 
proximal SN structure consisted of chick (host) cells 
only. 

Serial sections were made of five control wings in 
which a quail Hensen's node was grafted to a posterior 
slit. Two wings contained a rod sticking out of the elbow 
(Fig. 5) that consisted entirely of chick cells. In the other 
three wings there were chick cartilage nodules in the 
elbow or attached to the distal end of the humerus. In 
all five wings the ulna was partially or completely miss- 
ing and in two wings digit 4 was also missing. The grafts 
all remained cohesive and in four wings they were locat- 
ed in the position normally occupied by the proximal 
end of the ulna; in the remaining wing the graft was 
beside digit 3. These observations suggest that the rods 
and nodules in the elbow region were probably parts 
of the missing ulna that did not develop in their normal 
locations because of interference (mechanical?) by the 
graft. The grafts differentiated into all the tissues de- 
scribed above. 

Serial sections were cut from four wings that had 
received frog organizer grafts to the anterior side. Al- 
though a bulge of soft tissue was found on the anterior 
side of three wings, the cells of the bulge could not be 
distinguished from the surrounding chick cells. One pos- 
sibility is that the grafts had broken down and any ne- 
crotic tissue had been resolved by the time of fixation 
(6-7 days post-operatively). It is unlikely that the grafts 

fell out of the wings because each graft was present when 
the wings were examined 2-4 h after the operation (with 
grafts of quail tissue, this is a good indicator that the 
graft will not fall out subsequently). 

Four wings in which adult frog kidney had been 
grafted into an anterior slit and which subsequently de- 
veloped bent humeri were serially sectioned. In each 
wing the frog nephric tubules were apparent and the 
bend in the humerus was opposite the graft. This sug- 
gests that the graft may have interfered mechanically 
with the normal development of the humerus. 

Discussion 

Our results demonstrate that, like the ZPA, the avian 
Hensen's node can induce supernumerary digits to devel- 
op when it is grafted to an anterior position in a host 
chick wing bud. However, the polarizing activity of Hen- 
sen's node is somewhat attenuated compared to that 
of the ZPA. Approximately 60% of the wings in this 
experiment developed SN digits or rods of cartilage, 
whereas SN digits develop in 80-100% of the wings that 
have ZPA grafts to their anterior margins (Saunders and 
Gasseling 1968). In addition, recognizable supernumer- 
ary digit 4's (the most posterior digit) did not develop 
following grafts of Hensen's nodes; instead, the most 
common digital pattern was 2234. Supernumerary digit 
4's frequently develop after ZPA grafts (Saunders and 
Gasseling 1968). 

These results are similar to those reported by Horn- 
bruch and Wolpert (1986) for experiments in which chick 
Hensen's nodes were grafted directly under the apical 
ectodermal ridge (AER) on the anterior side of host 
chick wings. However, they did not report that any wings 
developed with SN structures far proximal to the graft. 
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Fig. 6a. Whole mount preparation of wing that received preaxial 
(into anterior slit) graft of Hensen's node from stage 4 quail em- 
bryo. Host was stage 20+ chick embryo. Graft is outlined by 
dashed line. Digit-like rod of supernumerary (SN) cartilage proxi- 
mal to graft (arrow); two SN digits distal to graft (arrowheads). 
Wing has three zeugopodial elements; all consist entirely of chick 
cells. Wing was stained by combined Fenlgen-Victoria blue B tech- 
nique. (Scale bar, 1 mm). b Sagittal section (7 Ixm) of the same 
wing as in a. Graft (g) consists of qiaail cells, identified by the 
densely stained nuclear chromatin marker (arrow). The SN struc- 
ture proximal to the graft (SN) consis!s entirely of chick cells (carti- 
lage of SN structure marked by arrowhead). The SN digits distal 
to the graft also consist entirely of/chick cells (not shown). Host 
chick cells (h) at base of micrograph. Small dark cells outside epi- 
thelia are adherent red blood cells. Section was counterstained with 
fast green. (Scale bar, 0.1 ram). Box outlines area seen at higher 
magnification in c. e Higher magnification view of region of grafted 
quail tissue. Note nuclear chromatin marker of quail ceils (arrow- 
heads). Host chick cells at base of micrograph (arrow). (Scale bar, 
0.1 mm) 
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It is likely that the difference in the way we implanted 
the grafts (into a slit in the wing, rather than under 
the AER) is responsible for the difference in our results. 
In most  of  the wings that had SN structures proximal 
to the graft, the graft was implanted at the level of so- 
mites 15-16 and extended quite deeply into the wing. 
The graft might therefore influence the development of  
the proximal region of  the wing. 

In contrast  to the results with avian Hensen's node 
grafts, supernumerary structures did not  develop follow- 
ing grafts of the dorsal lip of the blastopore of  Rana 
pipiens or Xenopus laevis. This result suggests that the 
host chick cells may not be able to respond to a signal 
from amphibian tissue; alternatively, a signal from am- 
phibian tissue might be blocked or degraded in the chick 
wing or at 37 ~ C. 

No supernumerary digits developed following grafts 
of  tissues that can induce SN limbs in adult urodele 
amphibians or that act as heteroinductors in neural in- 
duction. Grafts of  another inductive tissue, the optic 
cup, also failed to induce SN digits in the chick wing. 
However, many of  these wings had abnormal skeletal 
patterns in which the humerus was bent or the radius 
or ulna was missing. It is most likely that the grafted 
heterospecific tissue was not  properly integrated and dis- 
rupted normal development of  the wing through a me- 
chanical or blocking effect, so that normal cellular inter- 
actions and movements were disturbed. This would 
probably also explain the abnormal development of  the 
control wings in which Hensen's node grafts were im- 
planted in posterior slits, in the region of  the developing 
elbow. Such gross abnormalities are less likely to occur 
following preaxial Hensen's node grafts because these 
are made into the region of  the future anterior wing 
web (loose connective tissue), rather than into regions 
of  future joints and long bones; furthermore, the grafted 
avian tissue is readily integrated into the host wing bud. 

In a very small number  of  wings supernumerary 
spurs or nodules of  cartilage developed following grafts 
of  chick otic vesicles (10% of  the cases) and mouse liver 
(6% of  the cases) to anterior slits in chick wings and 
following a graft of  quail notochord to a posterior slit 
(14%, 1/7). It is difficult to explain these results, particu- 
larly when the numbers are so small. 

Tickle et al. (1985) demonstrated that SN digits de- 
velop in chick wings when beads that have been soaked 
in retinoic acid are grafted under the AER at the anterior 
margin of  the wing. However, our  results show that the 
wing bud is not  so labile that it will respond to tissues 
that can induce SN limbs in adult urodele amphibians 
or tissues that act as heteroinductors in neural induction. 
The wing also does not  respond to another inductively- 
active tissue, the chick optic cup. The induction of  SN 
structures in the chick wing therefore differs from neural 
induction in early amphibian embryos, which can be 
triggered by many tissues and other non-specific stimuli 
(for a recent review, see Gurdon  1987). One cannot  as- 
sume, however, that the mechanism of  induction of  SN 
structures is the same for the ZPA, retinoic acid, and 
Hensen's node, or that any of  these phenomena repre- 

sent the mechanism of anteroposterior pattern forma- 
tion in normal limb development. 

Although we do not  know the mechanism by which 
Hensen's node induces SN digits to form when it is 
grafted to the anterior side of  a chick wing bud, the 
serial sections of  operated wings clearly show that the 
graft rarely contributes to the SN structures. Thus the 
graft must provide a signal to which the host cells can 
respond, but we do not  know whether this signal is a 
diffusible molecule(s) or a molecule(s) associated with 
the cell surface or the extracellular matrix. 

The results of  this study and the others described 
above show that polarizing activity is not limited to the 
ZPA in the wing bud. Nevertheless, many of  the classic 
embryonic inductors, when implanted into the anterior 
part  of  the wing bud, do not elicit a polarizing response. 
When those tissues and agents that elicit a positive polar- 
izing response are viewed as a group, there is thus far 
no obvious common factor that links them together. 
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