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I. Introduction

Development of spatial pattern and form is an important, yet poorly

understood phenomenon in embryology. Although genes ultimately con-

trol pattern formation, the study of the genetic aspects alone will not

elucidate the mechanisms by which the developmental pathways of indi-

vidual cells in a multicellular system are determined in a spatially coordi-

nated manner. Morphogenesis of the vertebrate limb is particularly

amenable to biological analysis and has been widely studied both experi-

mentally and theoretically. It is believed that the process of limb develop-

ment in mammals is similar to that in the chick, and thus, understanding

the process in the chick would greatly enhance the understanding of

development in other vertebrate systems. Moreover, the insights gained in

understanding limb development may help in understanding the mecha-

nisms at work in other types of pattern formation in developmental bi-

ology.

Limb development consists of a series of sequential processes. Initially,

the limb site is determined, then polarity is established, and outgrowth

ensues. As the limb elongates, the skeletal pattern appears in a pro xi-

modistal sequence. The stabilization of each element follows after a period

in which cell determination is labile and may be influenced by external

factors. Overt cell differentiation can then be recognized by the synthesis

of cell type-specific molecules. Thus, in order to understand the underly-

ing mechanisms involved in limb development, one must investigate how

the sequential events of a particular process are initiated and stabilized,
and how this, in turn, affects the initiation and time evolution of sub-

sequent processes.

In this chapter we review the experimental and theoretical work on limb

development in the chick wing, concentrating mainly on the musculature

and skeletal pattern. Section 11 gives an overview of the sequence of

events during early limb development and a brief description of limb

outgrowth. In Section III we discuss pattern formation along the different

axes of the limb and the importance of specialized regions in the wing. In
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C. ESTABLISHMENTOFPOLARITY

Limb polarity is determined long before outgrowth is visible. Chaube

(1959) transplanted the presumptive wing bud region in different orienta-

tions onto host embryos and deduced that the AP axis within the wing bud

is determined before stage 8 and that the dorsal-ventral (DV) axis is

determined between stage 11- and stage 11. As with the initiation of the

limb site, it is not known what determines the polarity of the limb. Homeo-

box gene expression may be an important factor (see Section Ill, D), but

this simply begs the question, that is, what causes the polarity in homeo-

box gene expression?

D. LIMBOUTGROWTH

Wingoutgrowth is apparent by stage 17when a limbbud is formed. Prior
to this, the presumptive wingregionis flat. At stage 7 it is roughlycircular,
measuring 0.22 mm along the AP axis and 0.20 mm along the DV axis.
Between stages 7 and 14, AP expansion is considerably greater than DV
expansion. Anterior-posterior expansion is uniform up to stage 16
(Chaube, 1959).At this stage, the wing bud elongates rapidly. It is un-
known how this elongation occurs. It may be due to the greater rate of
mitosis of mesenchymal cells in the presumptive limb region compared to
the cells of the surrounding flanktissue, where the mitotic rate falls (Searls
and Janners, 1971).Alternatively, outgrowth may be due to the difference
in adhesive properties between presumptive limb region cells and those
from the surrounding flank region (Heintzelman et al., 1978).Recently,
Solursh et al. (1990)found that syndecan, a membrane proteoglycan that
links the cell cytoskeleton to interstitial extracellular matrix components,

appears localized in the limb bud during the initial stages of outgrowth.
Thus the cells of the presumptive limb site may be more cohesive than
those of the surrounding flank region, causing them to stick together and
form a cohesive outgrowth.

Recent observations (Geduspan and Solursh, 1990)shown that the me-
sonephros can induce outgrowth and chondrogenesis of a limb bud in
culture. In vivo, limb outgrowth does not occur if the mesonephros is
removed.

The outgrowing developinglimbbud is encased in an ectodermal cover-
ing. The interior of the bud is composed of mesenchymal cells which
eventually differentiate into cartilage, bone, connective tissue, and blood

vessels; and premuscle cells which form the muscle masses. As outgrowth
proceeds, skeletal elements and muscle masses are observed to occur in a
sequential fashion.

-~ ~--~ - --~ ~-- ~
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more, in the above experiment the ZPA may not have been completely
removed (Summerbell, 1979).

Multiple ZPA grafts lead to multiple duplications (Wolpert and Horn-
bruch, 1981;Iten et aL.,1981;Summerbell, 1981).The duplicatingabilityof

the ZPA can be attenuated either by irradiating the ZPA with 'Yradiation
(Smithet aL.,1978)or by decreasing the number of cellsin the graft (Tickle,
1981a);both these procedures lead to incomplete duplication. It appears
that the signal is not transmitted across the entire AP axis ofthe limb, and

that cooperation between the polarizingcells and an intact apical ectoder-
mal ridge (AER) is important for positional signaling(Tickle et aL., 1975).
Furthermore, functional gap junctions are required for polarizing region
cells to communicate with anterior mesenchyme, since blocking antibod-
ies to rat liver gap junctional proteins block polarizing zone induced limb
duplications (AlIen et aL., 1990).It appears that only cells in the progress

zone are capable of responding to the duplicating property of the ZPA
(Summerbell, 1974a).These may be the same cells that express Hox7.1
(Hill et aL., 1989;Robert et aL., 1989).The continued presence of the
grafted ZPA is not necessary for duplication, suggesting that cells are
capable of remembering exposure to ZPA (Smith, 1979).However, in this
case, the cells in the progress zone may, in fact, be responding to the
progeny of ZPA cells.

Wilson and Hinchliffe (1987)removed the posterior half of stage 20-23
wing buds and grafted stage 20-23 ZPA to the posterior surface of the

remaining anterior half. Grafts made proximally to the cut surface did not
result in a significant improvement in development nor did they prevent
extensive cell death. However, if the graft was made distally in contact
with the AER, cell death was inhibited and the anterior mesenchyme
changed its normal fate and formed a fullskeleton in almost half the cases.

The ZPA is not unique in its ability to stimulate the formation of super-
numerary digits. Posterior mesenchyme from amniotes can produce simi-

lar effects (Fallon and Crosby, 1977).Anterior non-ZPA limb tissue and
even nonlimb tissue implants can induce supernumerary digits (Iten and
Murphy, 1980;Saunders and Gasseling, 1983;Hornbruch and Wolpert,
1986; Stocker and Carlson, 1990).Duplication can also be achieved by
treatment with retinoic acid (RA).

2. Retinoic Acid

Several experiments have been performed to try to mimicthe results of

ZPA grafting experiments in the attempt to understand the underlying
mechanisms involved. Tickle et aL.(1982)found that paper impregnated
with RA implanted at the anterior regionof the wingbud gave supernumer-

ary digits. This suggested that RA may be the morphogen to which cells

- - - H- -- - -- -
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B. DORSAL-VENTRALDEVELOPMENT

The DV height increases from 0.3 mm at stage 18to 0.63mm at stage 25,
most of the increase occurring in the muscle masses outside the central

chondrogenic core (Stark and Searls, 1973).At stage 17the bud is roughly
elliptical in cross section and flattened dorsoventrally. As the digits begin
to form, the dorsoventral flattening becomes more pronounced distally,
forming a paddle-shaped limb bud.

Control of Pattern

Stark and Searls (1974) found that the dorsal and ventral ectoderm

appeared to help stabilize the cartilage pattern in the wingand to influence
the development of the humerus. Recently, it has been shown that be-

tween stages 14 and 16 the wing mesoderm transmits information to the
ectoderm which enables the ectoderm to control the DV polarity of
cartilage, musculature, and feather pattern in the limb (Geduspan and
MacCabe, 1986,1987).Stage 14mesoderm can reprogram DV information
in the ectoderm up to stage 18(Geduspan and MacCabe, 1989).

C. PROXIMAL-DISTALDEVELOPMENT

Initially the dorsal region of the limb bud divides more rapidly than the

ventral region, so that the dorsal half produces most of the limb pri-

mordium (Geduspan and Solursh, 1990). By stage 21 the limb bud becomes

asymmetric-the proximal-distal (PD) axis is directed ventrally, the bud

apex is posterior to the midline bisecting the base of the bud, and the

posterior half elongates rapidly (Saunders, 1948).The PD length (somite to

tip of wing) increases linearly with time from stage 18 to 25 (Lewis, 1975).

By stage 25, the PD length has increased from 0.23 mm to 1.74 mm while

the AP length has changed only slightly. The formation of the elbow region

begins to exert its influence by stage 26, causing the wing bud to bend.

Control of PD elongation appears to reside in a specialized ridge region of

the ectoderm at the apex of the limb bud, the AER. The requirement for

the AER for continued elongation is nicely illustrated by the wingless

mutant which initially forms a wing bud that subsequently fails to elongate

due to a defect in the ectoderm (Carrington and Fallon, 1984).

1. Sequence of Events

The skeletal elements are observed to form in a PD and posterior-

anterior sequence. The first detectable sign of differentiation in the mesen-

chyme is the uptake of radioactive labeled sulphate into mucopolysaccha-
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have the same regulative ability as the humerus, that is, regulative ability

does not appear to change along the PD axis. The abnormal wings resulting

from excision of prospective long bone regions also had digit deficiencies.

The normal wings that resulted from these experiments were often smaller

than the contralateral control, although all the skeletal elements were

normally proportioned. The authors suggest that these results can be

explained by assuming that stabilization (lack of regulation) is due to
advanced state of differentiation and to decreased rate of cell division after

stage 22. The delay in development that occurs in wings that have had 50%

of their prospective chondrogenic regions removed at stage 19 or 20 is

10-13 hours, the same as the cell generation time. Rotation of the elbow

region showed mosiac properties by stage 23. Prior to this stage, the

development of the humerus was disrupted, but the radius and ulna formed

normally. Rotation during stage 24 resulted in a reversed "Y" pattern.
These results are consistent with those of Searls and Janners (1969) who

found that hosts implanted with small blocks of mesoderm were able to

regulate up to stage 24.

Summerbell (1977) removed whole slices of tissue from the prospective

elbow region of stage 19-25 wing buds along the PD axis. He found that

prior to stage 22 the limb bud showed some regulation, but there was no

regulation in stage 22 or older wing buds. His statistical analysis suggests

that a significant proportion of the wing may remain in the flank up to stage

24-he cut out a slice bordering the proximal base of the bud and found

that the proportion of presumptive skeleton lying in the flank was signifi-

cantly greater than zero in experiments done on limbs from stages 19to 24

but not significant for stage 25.

Kieny (1977) analyzed PD regulation during stages 18-22 by grafting an

entire limb onto a presumptive wrist or ankle stump, creating excess limb

tissue; and grafting presumptive autopod onto a presumptive stylopod

stump, creating a limb with deficient tissue. In the former experiment,

about 19% of the limbs regulated to give a normal limb. In these cases, the

stylopod and zeugopod of the stump and the stylopod of the graft gave rise

to a single basal element. A surplus of one or two segments occurred in -
43 and 38% of cases, respectively. The latter experiment leads to regula-

tion in most cases. Heterotopic leg/wing, chick/quail, and carbon marking

experiments show that both stump and graft tissues contribute to the

regulated zeugopod. If these experiments are performed once overt differ-

entiation is near (stage 24), regulation is not possible.

These results show that the limb is capable of PD regulation at early

stages and that the proximal part in the limb regulates to a greater extent

than does the distal part.

In contrast to the results ofthe above experiments, Wolpert et al. (1975)

-n n -- - -- - - ---
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the AER depended on the stage at which the AER was removed. From this

he concluded that cartilage elements are laid down sequentially along the

PD axis. Summerbell (1974b) presented a quantitative analysis of the

effects of AER removal at different stages on the PD sequence of skeletal

development. He found that removal of the AER at stage 18gave rise to a
wing which was truncated at the midhumerus level. The level of truncation

progressed down the PD axis as the operation was performed at later

stages; thus stage 19 gave the humerus, stages 19-20 the ulna and radius,

stages 21-24 the wrist, stages 25-26 the metacarpal of digit Ill, stage 27 the

proximal phalanx, and stage 28 the distal element of digit Ill. In the

majority of cases, the terminal bone was significantly shorter than in the

contralateral control element, suggesting that the pattern is laid down

continuously. Qualitatively similar behavior occurs in the developing leg

bud (Rowe and Fallon, 1982).

Summerbell (1976) observed that the length of the progress zone does

not change gradually, rather it does so in jumps corresponding to the

appearance of elements at each PD level, suggesting that the patterning

process is discrete. This contradicts his earlier work (Summerbell, 1974b)

but does support the idea that each element initially consists of an aggrega-
tion of cells which differentiates when a certain size of condensation is

reached.

Zwilling found that thin strips of stage 18-20 limb apical mesoderm with

the AER attached can give rise to whole limbs when grafted to the flank

(Zwilling, 1955, 1956a). Furthermore, the proximal mesoblast could also

form an entire limb if encased in a limb ectodermal jacket. Ectoderm-free
or nonlimb ectoderm-covered mesoblast did not form a limb. He also

showed that grafting an AER to the dorsal side of an intact limb resulted in

two complete limbs. If the grafted AER is placed in the body cavity at the

base of the limb, a supernumerary limb grew into the somatopleure.

Zwilling and Hansborough (1956) observed that the polydactylous mutant

appears to have an AER that is thickened both posteriorly and anteriorly.

They interchanged stage 18-20 ectoderm and mesoderm from polydac-

tylous limbs with those from normal limbs and found that mutant ectoderm

and normal mesoderm gave rise to normal pattern, whereas normal ecto-

derm with mutant mesoderm gave rise to a polydactylous wing, together

with a more extensive AER. These results suggest that the pattern resides

in the mesoderm and that the latter influences ectoderm development.

In the wingless mutant, distal development of the wing ceases at the

same time as the AER disappears. Combining mutant ectoderm with

normal mesoderm did not improve limb development (Zwilling, 1956b)

suggesting that the mutation is in the ectoderm. Furthermore, mutant

mesoderm overlain with normal ectoderm underwent more distal develop-

-- - --
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characterized in limb development. This is particularly true of genes con-
taining the homeobox, a 180-base pair motif encoding a DNA-binding
domain of a multigene family of proteins (Gehring, 1987).In the limb bud,
there is presently only provocative descriptive information about the spa-
tial and temporal patterns of expression of these genes with little informa-

tion about function. Some of these regulatory genes may integrate re-
sponses to organizing influences such as the AER or retinoids. For
example, the XIH box I is expressed in a concentration gradient that runs
opposite to that of RA and its expression mightbe inhibited by RA (Oliver
et al., 1988, 1989). Hox 5.2 is expressed complimentary to XIH box I

(Oliver et al., 1989).Further, members of the Hox 5 complex are ex-
pressed in sequential but overlappingdomains duringlimb development in
a manner which suggests that they mightbe responsive to retinoids derived
from the polarizing zone (Dolle et al., 1989a).Subsequently Hox 5.2 and
5.3 are expressed in cartilage elements (Dolleand Duboule, 1989).Another
homeobox-containing gene, Hox 7.1, is expressed in the distal mesen-
chyme and adjacent AER (Robert et al., 1989;Hill et aI., 1989)and the
polarizing zone (Hill et aI., 1989).While these distributions are provoca-
tive, the actual functions of these gene products in pattern formation
awaits careful analysis.

IV. Differentiation

The molecular mechanisms of cell differentiation in the limb are not fully

understood (for review see Caplan, 1977). The wing musculature is nor-

mally of somitic origin, whereas connective tissues, such as cartilage and

bone, are derived from the somatopleure (Chevallier et aI., 1977; Christ et

al., 1977). Cells that eventually differentiate into cartilage are known as

precartilage cells, those that differentiate into muscle are called premyoge-

nic cells. In vitro studies suggest that chondrogenesis and myogenesis

occur independently of each other, and that their differentiation is regu-

lated by different mechanisms. For example, Swalla and Solursh (1986)

compared myogenic expression in micromass cultures that exhibit very

different chondrogenic capacities and found no significant difference in
myoblast concentration. On the other hand, Sasse et al. (1984) separated

premyogenic cells from stage 20, 21, and 22 limb buds. They found that

these cells differentiated into muscle and that the remaining cell culture

largely differentiated into cartilage. They were unable to change the fate of

either cell type by culturing in medium known to promote the other type of

differentiation. However, they found that removal of myogenic cells in

culture resulted in a dramatic increase of chondrogenesis from the remain-

- - -u-u-u - ---
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central core of the proximal half of the limb begin to increase their rate of

glycosaminoglycan synthesis. These changes occur between stages 22 and

24 and are experimentally reversible. Searls and Janners (1969) found that

blocks of cartilage forming mesenchyme generally conformed with the

host limb pattern ifboth the donor and the host were stage 24 or younger. A

block of cartilage-forming mesenchyme generally did not conform with the

host pattern if the donor was stage 25 or older, regardless of the stage of the

host. Older hosts (stages 25-27) had reduced ability to direct differentia-

tion of stage 24 donors. They concluded that cartilage-forming cells be-

come stabilized between stages 24 and 25 and that this is a gradual process.
Contrary to these results, Wachtler et al. (1981) found that in chick-

quail recombinants, mesenchyme that would normally form connective

tissue could form cartilage if placed in the prechondrogenic core, while

cells from the latter could differentiate into connective tissue if placed in

the appropriate regions, up to stage 20. From stage 20, mesenchyme in the

cartilage regions is determined to give rise only to cartilage, but tissue from

noncartilage-forming regions can form cartilage up to stage 26, at least.

This suggests that stabilization of differentiation begins at an earlier stage

than that implied by the observations mentioned above. The different

results could be due to the greater sensitivity of the quail nucleolar marking

systems as well as to contributions by cell heterogeneity.

B. FACTORSAFFECTINGCHONDROGENESIS

A variety offactors can affect phenotypic expression in cell cultures but
it is not known to what extent these are involved in situ.

1. CellAggregation

In vitro studies suggest that there are two main stages in the onset of
cartilage formation (Thorogood and Hinchliffe, 1975;Ahrens et al., 1977;
Hinchliffe and Johnson, 1980);first, mesenchymal cells form precartilage
aggregates, then the cells in each aggregate differentiate into chondro-
cytes. It is known that the apparent cell density increases prior to conden-
sation (Fell and Canti, 1934)but it is not clear whether this is due to active

cell aggregation or to a change in the ECM that brings the cells together.
Indeed, it is possible that this phenomenon is merely a fixation artifact
reflecting localized differences in the condensation of the ECM (Singley

and Solursh, 1981).Recently, Aulthouse and Solursh (1987)used peanut
agglutinin, which is a marker for precartilage cellular aggregates both in
vivo and in vitro, to show that in both these cases cell aggregationappears

to precede differentiation. Aggregate formation is associated with the
accumulation of new ECM components (Solursh, 1990;Shinomura and

- - -- - - - ---
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fibronectin (Swalla and Solursh, 1984). In both these cases, cytochalasin D

reverses the inhibitory effect. These treatments of single cells might imi-

tate changes that occur in multicellular aggregates.

It is possible, however, for cells in an elongated configuration to differ-

entiate into cartilage. Inoue et al. (1989), for example, found that chick and

rabbit chondrocytes treated with fibroblast growth factor and transforming

growth factor-13 (TGF-I3) produced a large amount of type 11collagen even

though the cells themselves were elongated. Thus, the gross appearance of

the cell is not necessarily crucial for the synthesis of type 11 collagen.

Instead, the fine intracellular architecture of the cytoskeleton may be the

determining factor. Such a hypothesis agrees with the results of Zanetti

and Solursh (1984). They found that agents that disrupt the microtubules

have no apparent effect on the shape or chondrogenic differentiation of

limb bud mesenchymal cells. Thus it appears that the actin cytoskeleton is

involved in controlling the cell shape and that behavior that seems to be

attributable to cell shape may, in fact, be due to the structure of the actin

cytoskeleton.

3. Ectodermal Effects

Both the AER and non-AER ectoderm are very important for cell differ-

entiation both in vivo and in vitro (see Solursh, 1984b, for a review on the

ectoderm). In this section we shall review both the inhibitory and stimula-

tory effects of the ectoderm on chondrogenesis.

That the ectoderm inhibits chondrogenesis is apparent from the obser-

vation that normally, nonchondrogenic limb mesenchyme forms extensive

cartilage in culture (see, e.g., Ahrens et al., 1979; Cottrill et aI., 1987a).

The inhibitory effect of the ectoderm may be due to effects on cell shape as

cells in the periphery are flattened compared to cells in the pre-

chondrogenic core (Solursh et aI., 1981). Ectoderm enhances cell flatten-

ing in vitro (Zanetti and Solursh, 1986; Zanetti et aI., 1990).

Solursh et al. (1984) found that chondrogenesis of mesenchymal cells

cultured in collagen gels could be inhibited by preconditioning the gel with

ectoderm or by placing ectoderm over the cells, a result confirmed by

observations with micromass culture (Gregg et aI., 1989). Cell contact is

not necessary-inhibition occurs even when a filter separates the ecto-

derm from the gel. These results suggest that the ectoderm influences

cartilage differentiation by modifying the collagenous extracellular matrix

through some diffusible substance, and that such a modification is stable.

The ectoderm, however, does not behave in a purely inhibitory manner in

vitro. The form of the ectodermal-mesodermal interaction is stage depen-

dent. Solursh and Reiter (1988) compared the effects of stage 15/16 and

stage 23/24 wing bud ectoderm on wing bud mesenchyme cultured in
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C. MYOGENESIS

Premyogenic cells migrate from the somites into the wing bud between

stages 14 and 18 (Christ et aI., 1977; Chevallier et aI., 1977). Initially,

myoblasts appear to be uniformly spread throughout the wing bud. By

stage 21, they begin to localize in the dorsal and ventral peripheral regions

(Schramm and Solursh, 1990). By stage 23 the distinction between myo-

genic and chondrogenic regions is more pronounced, although some myo-

genic cells are still observed in the core. It is at this stage that the accumu-

lation of laminin is detected in the forming premuscle masses (Solursh and

Jensen, 1988)and that muscle-specific gene transcription is detected in situ

(Swiderski and Solursh, 1990). In the intact limb, the leading myoblasts

remain about 300 /Lm from the distal tip and migrate in a PD direction

(Wachtler et al., 1981). By stage 25, myoblasts account for < 0.05% of the

total distal cells (Archer et al., 1989). By stage 25, the muscle masses can

be detected by the presence of muscle-specific proteins (Sweeny et aI.,

1989).

Factors Affecting Myogenesis

It appears that the patterning of the skeletal muscles is dependent on the

migration of the myogenic cells. Chevailler and Keiny (1982) implanted

premuscle quail cells into the presumptive wing regions of a chick host in

which the somitic mesoderm that would give rise to the musculature had

been destroyed. They found that implanted myogenic cells which had

already gone through the migratory phase in the donor were able to migrate

distally and to respond to the patterning cues of the host presumptive

muscular connective tissue when placed in contact with it. However,

implants of myogenic cells which had not undergone migration to the limb

site in the donor did not differentiate into organized skeletal muscle in the
host.

D. ROLEOF VASCULATURE

It is not known how premuscle cell migration is initiated nor how it is

directed. It has been suggested that the vascular network may provide an

initial cue for migration of myoblasts (Solursh et al., 1987). Presumptive

myogenic cells just migrating from the somite wall first contact vascular

endothelial cells. Additional support for this hypothesis comes from the

observations that myoblasts are capable of responding chemotactically to

platelet-derived growth factor (PDGF) (Venkatasubramanian and Solursh,

1984) and that endothelial cells can produce a PDGF-like protein (Di-

Corleto and Bowen-Pope, 1983).

Caplan and Koutroupas (1973) showed that stage 24 limb mesodermal
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Jensen, 1988). Myoblasts are known to synthesize laminin in vitro

and laminin enhances myoblast adhesion and promotes their prolifera-
tion and migration (Kuhl et al., 1982; Olwin and Hall, 1985; Von der
Mark and Kuhl, 1985; Kuhl et al., 1986; Ocalan et al., 1988; Von

der Mark and Ocalan, 1989). This suggests that laminin may play an
important role in in vivo myogenesis.

F. ROLEOF GROWTHFACTORSIN LIMB PATTERNING

It has become clear that growth factors have dramatic actions on cell

growth and differentiation. Most ofthe available information is concerned

with actions of cell cultures. It is known, however, that fibroblastic growth

factor (FGF) is present in the limb bud (Seed et al., 1988; Munaim et al.,

1988). In high concentrations, FGF has different effects on the growth of

limb bud mesenchyme depending on the origin of the mesenchyme along

the AP limb axis (Aono and Ide, 1988). Transcripts for several members of

the TGF-13 family have been localized in the limb bud and have complex

patterns of expression (Lyons et al., 1989, 1990). In the case of bone

morphogenetic protein-2A (BMP-2A) it appears first in the ventral limb

ectoderm and later in the AER. The effect of TGF-13 on chondrogenesis

varies with the stage of differentiation of the cells (Carrington and Reddi,

1990; Kulyk et al., 1989a), the dose (Joyce et al., 1990), and the presence

of other growth factors (see, e.g., Horton et al., 1989). Other growth

factors are no doubt present as well. The roles of these biologically potent

agents and their receptors are still poorly understood but it is already clear

that they play a central role in pattern formation.

v. Theoretical Models for Limb Development

To date, modeling has largely concentrated on the process of chon-
drogenesis and, in particular, on the generation of spatially heterogeneous
patterns of differentiated cells from an initially spatially homogeneous
population of mesenchymal cells. In this section we shall critique some of
the models proposed for patterning in the limb. We shall outline the
hypotheses behind each model, describe its mathematical formulation,

and compare the predictions of each model with experimental observa-
tions. In Section V, A we describe the gradient modeland in Section V, B,
the progress zone model. Reaction diffusion models and mechanochemi-
cal models are discussed in Sections V, C and D, respectively. In Sections
V, E and F, respectively, we briefly mention the differential adhesion
model and the polar coordinate model. In Section V, G we compare all the
aforementioned models.

~-
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Grafting a donor ZPA to the anterior of the host leads to a morphogen
source on the right hand boundary also, and the steady state morphogen
concentration is given by

So{sinh[y(d)- x)] + sinh(yx)}

sinh(yd))

Zone of polarizing activity transplants result in the widening of the limb
bud (Smith and Wolpert, 1981)so the new AP width, d), is greater than d.
Equation (4) describes a symmetric concentration about the midpoint of
the AP axis and suggests that an AP symmetric skeletal pattern with
duplication should develop.

S(x) (4)

3. Critique of the Model

The preaxial portion of the limb will maintain the AER in the presence of

polarizing activity. Using this as an in vitro assay for polarizing activity,

MacCabe and Parker (1976) showed that there was a gradient in polarizing

activity across the AP axis of the limb with the ZPA as the high point.

Tickle et al. (1975) calculated that the type of gradient proposed by the

above model would have to be set up in approximately 10 hours across a

distance of 500-1000 JLm, which makes diffusion a viable proposition.

Furthermore, Summerbell (1979) placed an impermeable barrier along the

AP axis in stage 16-19 and 21-22 wing buds. He found that if the barrier

divided the AER, skeletal development occurred mainly on one side of the

barrier. These results are consistent with the hypothesis that a diffusible

morphogenic substance is emanating from the ZPA.

An obvious candidate for the morphogen is RA. Tickle et al. (1985)

found that the release of RA by beads implanted in the anterior set up an

exponential AP gradient. They calculated the threshold concentrations

required to specify each digit. Based on these calculations, they showed

that posterior implants gave anterior concentrations high enough to spec-

ify an additional digit 11.However, in this case, the digit pattern is normal.

The authors propose that cells may require an anisotropic retinoid distri-

bution in their immediate environment in order to specify digits. The

concentrations of RA d~tected by Thaller and Eichele (1987) in the limb

were, in general, much higher than those proposed above. The diffusive

properties of RA have been studied and it has been shown that limb tissue

degrades RA (for review see Eichelle, 1989).

Under this hypothesis, removal of cells from the ZPA or treatment with

y radiation would reduce the number of morphogen-producing cells, de-

creasing the value of So and hence of morphogen in the limb. Thus, some

threshold values may not be attained and the digits they define would be

absent. This is in agreement with the experimental observations men-

tioned in Section III,A.

---
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2. Mathematical Formulation

This model may be formulated mathematically as follows (Summerbell

and Lewis, 1975): Consider a cell lineage which is initially a mean distance

I from the distal tip of the limb. After some time, this lineage will have

moved to a distance x from the tip, due to distal growth. If each lineage has

undergone 7 mitotic doublings, then x = f.2T. If P(I,7) is PD positional

value, then the above assumptions imply that

ap

a7 = 1>(x) = 1>(I.2T)
(5)

where 1>(x)is zero except for small values of x, that is, positional value

changes only inside the progress zone. Assuming that the progress zone

has width w, that 1> = 1>0is constant for x < w, and that initially the whole

outgrowth is contained within the progress zone and has zero positional
value, Eq. (5) may be solved to give

{

1>07, for 1.2T < W

P(/,7) = W

1>ologzz' for 1.2T> W

If the proximal end of an element is specifiedby positional value PI and its
distal end by Pz, then this model predicts that the length of the element
would be

(6)

w(2 - P1/1>0- 2 - Pz/1>o)r (7)

that is, the length ofthe element at a particular stage is proportional to the

size of the progress zone. Notice also that

1> = dP = dP(
d7

)-1 (8)
0 d7 dt dt

for x < W,so that 1>0is the rate of change of positionalvalue dividedby the
growth rate. If the rate of change of positional value was independent of

the growthrate, it wouldbe possibleto change1>0by changingthe growth
rate through varying the temperature, and thus change the length of the

element. However, this does not happen, suggesting that the rate of

change of positional value is dependent on the growth rate.

3. Critique of the Model

The progress zone model predicts that removal of the AER will halt the

increase in positional value and will thus lead to distal truncation. This is

observed to occur experimentally (Saunders, 1948). The model also makes
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Gierer and Meinhardt, 1972; Thomas, 1975; Schnakenberg, 1979; Murray,

1981a,b; Meinhardt, 1982) and for different types of boundary conditions,

namely, Dirichlet, Neumann, or mixed. The Dirichlet problem cor-

responds to the case where the boundary is a source (or sink) of chemical,

the Neumann problem corresponds to the case where the boundary is

impermeable to the reactants. To illustrate the analysis we shall assume

Neumann conditions, that is, n . VUi= 0, i = 1,2, x E an where an is the

boundary of the domain nand n is the outward normal (for full details see

Othmer et al., 1990).

The spatially uniform steady states of the system given by Eqs. (9) and

(10) are solutions (uLu~) of the equations

j{u),uz) = g(u),uz)=O (11)

To analyze the linear stability of such a solution we linearize the system

about the uniform steady state (uLuD and look for solutions of the form

(uJ,uz) = 2: eCT/<pn(x)
n

(12)

where

VZ<Pn= -a~<Pn' x E n (13)

n . V<pn= 0, on an (14)

and (Ul,UZ)are now deviations from the uniform steady state (uLu~). The

growth rate u is given by

det(K - a~D - u!) = 0 (15)

where

K = (
/u, luz),
gUI guz (

DI 0

)D= 0 Dz
(16)

The subscripts in K represent partial derivatives and the functions are
evaluated at the steady state.

Equation (13) shows that the spatial component of Eq. (12)is given by
the eigenfunctions of the Laplacian on the domain n. If, for example, one
has the rectangulardomain[0,L1]x [O,Lz],then

n1T m1T

<Pn,m= a cos L;x cos Lz Y

where

(
n1T

)
Z

(
m1T

)Z = z
L1 + Lz. anm

(17)
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above, and showed that it can produce the desired sequence of pattern in a

fashion similar to the classical Turing-type models.

D. MECHANOCHEMICALMODELS

1. Hypotheses

A fundamentally different biological approach to pattern formation is

that ofOster, Murray, and co-workers (Oster et al., 1983, 1985; Murray et
al., 1988). They propose that it is the mechanochemical interactions of

cells with their external environment-the ECM-that is important in

skeletal development. A particular mechanochemical model (Oster et al.,

1985) is based on the following observations (Toole, 1972). In the wing

bud, between stages 22 and 24 there is a reduction of hyaluronic acid (HA)

in the prechondrogenic core, coupled with an increase in the activity ofthe

enzyme hyaluronidase (HAase), which degrades HA. The model proposes

the following scenario: cells in the progress zone are covered in a coat of

HA which prevents them from interacting with each other and with the

ECM. As they emerge from the progress zone they begin to secrete HAase

which degrades HA. This causes the osmotic collapse ofthe limb interior,

bringing cells into closer contact with each other. This enables the traction

forces exerted by cells to deform the ECM and to drag other cells toward

them, leading to the formation of an aggregation of cells. Depending on the

domain size and the strength of cell traction it is possible to form a spatial

pattern of several cell aggregations. These aggregates could deform the

limb into a paddle shape, leading to more complex aggregations. It is

assumed that these aggregations will then differentiate into cartilage, al-

though this is not specifically included in the model.

2. Mathematical Formulation

The mathematical formulation of this model consists of five equations:
two equations to describe changes in cell and matrix density due to con-
vective motion caused by cell traction; two equations to account for the

production, degradation, and transport of the chemicals HA and HAase;
and a force balance equation which accounts for the different forces acting
in the cell-matrix milieu, specifically,cell traction, osmotic swellingpres-
sure, and the visco-elasticity of the matrix. The detailed mathematical
formulation may be found in Oster et al. (1985).

The mechanochemical model described above considers cell aggrega-
tion to occur due to the osmotic collapse of the ECM. Variants of the
above model have been proposed wherein the ECM behaves passively and
aggregation occurs due to active cell motion (Oster et al., 1983).The
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However, it appears that the regressing vasculature does not show the

signs of injury or disruption that would be caused by such a process
(Hallman et al., 1987).

E. DIFFERENTIALADHESIONMODEL

The differential adhesion model hypothesizes that certain morpho-

genetic patterns occur due to groups of mutually adhesive cells acquiring a

configuration that maximizes their adhesive interactions, thus minimizing

their total interfacial free energy. Cell sorting, for example, between two

populations of cells may occur because one population has a greater

mutual adhesive affinity than the other, thus the configuration for mini-

mum interfacial energy will occur when the more adhesive population

aggregates into one clump surrounded by the other cell population (see,

e.g., Steinberg and Poole, 1981). Differential adhesion has been proposed

as a mechanism for limb bud initiation and subsequent elongation

(Heintzelman et al., 1978). Oono and Shinozaki (1989) presented a discrete

model for cell condensation based on cell-cell adhesiveness. They showed

that their model exhibited a condensation sequence similar to that ob-

served in the developing limb.

So far there is no clear-cut evidence implicating cell sorting in limb bud

patterning. Searls (1972) found that the ability of cartilage and limb mesen-

chyme cells to sort out occurs late relative to formation of the skeletal

primordia. Similarly, the expression of the cell surface heparan sulfate

proteoglycan syndecan, which is a high-affinity ECM receptor becomes

reduced in the chondrogenic areas coincidentally with chondrogenesis

(Solursh et al., 1990). In the case of muscle differentiation, neural cell-

adhesion molecule (NCAM) expression is clearly modulated (Knudsen et

al., 1990) and can regulate myogenesis (Dickson et al., 1990). However, a

role in tissue patterning in the limb has not yet been demonstrated. In some

systems, the composition of the ECM itself can promote tissue segregation

(Arm strong and Armstrong, 1990).

F. POLAR COORDINATE MODEL

So far we have discussed models which mainly address the process of

normal development in the limb. The polar coordinate, or intercalation
model (French et al., 1977),specificallyaddresses regulation in the limb as
a result of surgical intervention. This model assumes that when normally
nonadjacent cells are brought into contact with each other, resulting in a
discontinuity in positional information, their interaction leads to the gener-
ation of cells with new positional values so that the discontinuity is

- --- - - ---- --
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accordingly. The spatial patterns predicted by the MC models, from linear
analysis, are essentially the eigenfunctions of the Laplacian and thus
similar to those predicted by RD models. In fact, it can be shown that the

HA model can be approximated, in one dimension, to a pair of RD equa-
tions where the' 'reactants" are, respectively, HAase and strain. In higher
space dimensions, the tensor form of the MC equations may lead to a
richer family of structures than that exhibited by RD models. This,
however, has yet to be fully analyzed. Thus, at the moment, there is no
way to distinguish mathematically between MC and RD models. For

example, they both predict the loss of digits if limbbud width is decreased
due to a decrease in cell number. This prediction agrees with experimental
observation (Alberch and Gale, 1983).

Another similaritybetween RD and MC models lies in the interpretation
of their pattern-forming properties. In RD systems, one chemical may be
termed an activator, the other an inhibitor. If the inhibitor diffuses more

quickly than the activator then it is possible to attain a situation in which
there is a pool of activator surrounded by a ring of inhibitor. This forces
areas of high activator concentration to be separated, hence a heteroge-
neous spatial pattern in chemical concentrations arises. This is the well
known "short-range activation, long-range inhibition" interpretation of
pattern formation in RD systems (Segel and Jackson, 1972).In the MC
models cell traction may be thought of as the short-range activation force

and matrix elasticity as the longerrange inhibitionforce. A cell aggregateis
localized by the matrix elasticity opposing the traction produced by the

aggregate so that other aggregates may be set up by the action of local
traction forces and not be influenced by cell aggregates some distance
away.

Both RD and MC models predict that the complexity and form of spatial
pattern is largelydependent on scale and on boundary conditions. The MC
models provide a mechanism by which the precartilage aggregates may
deform the shape of the limb resulting in shape changes that lead to
bifurcation into more complex aggregates appropriate for the more intri-
cate distallimb structures (Oster et al., 1983).Reaction-diffusion models

do not address the issue of limb shape changes.
As mentioned in Section V,D,3 it has been shown that a recombination

of two anterior stage 20limb halves forms two humeral elements (Wolpert,
1989;Wolpert and Hornbruch, 1990).The width of the recombinant limbin
this case is the same as the normal limb, which only develops one hu-

merus. This result cannot easily be explained by the above models and
suggests that differentiation occurs at a much earlier stage than previously
believed. Studies on the effects of the boundary both support and contra-
dict the above models. Hurle et al. (1989)induced the formation of super-

----
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1. The initiation of the site of limb outgrowth and the determination of
its polarity has received little theoretical attention. The mechanism which

determines the limb site endows that tissue with special properties which
may be important for subsequent development and provide clues to the
underlying mechanisms involved in the processes that have been studied
in more detail from a theoretical viewpoint. This possibility warrants
detailed theoretical study of the initiation of the limb site.

2. Initially the myoblasts are spread uniformlythroughout the limb bud

but prior to cartilage formation they move to the DV periphery. At the
same time (Chevallieret al., 1977;Christ et al., 1977),the precartilage cells
sort out into the core of the limb bud. In vitro experiments show that

myoblasts and chondroblasts can sort out in culture without the presence
of ectoderm (Swalla and Solursh, 1986;Schramm and Solursh, 1990).In

such cases, one sees small groups of myoblasts rather than the large
masses that occur in vivo. Thus, although these cells mayhave the intrinsic
property to sort out independently of ectoderm, the latter may be a global
control, leading to a small number of large condensations rather than a
large number of small condensations.

Experiments (Geduspan and MacCabe, 1987, 1989) suggest that the
control of DV polarity resides in the mesoderm until about stage 14, and
that during stages 14-16 it passes to the ectoderm. Inversion of DV ecto-
derm at stage 16can lead to DV inversion of distal structures such as the
muscle masses and the cartilage elements.

There are two established mechanisms that can produce cell sorting in
general-differential chemotaxis, wherein one cell type responds to a
chemoattract while the other does not, and differentialadhesion. Based on

in vitro studies many agents can provide a chemotactic stimulusdepending
on whether appropriate receptors are present on a specificcell type. For
example, some ECM molecules or fragments such as fibronectin(Albiniet
al., 1987),laminin (Graf et al., 1987),and collagen(Kleinman et al., 1981)
can serve as chemoattractants, as can many growth factors (see, e.g.,
Heldin et al., 1985).There is also evidence that early limb myoblasts
behave chemotactically (Venkatasubramanian and Solursh, 1984).It has
been shown that leg and flank tissue have different relative cohesiveness

and this has been proposed as a mechanism for limb bud initiation and
subsequent elongation (Heintzelman et al., 1978).

Thus, two possible scenarios for cell sorting are, first, chemotaxis, with
the DV boundary being a source or a sink of chemoattractant. Second,
differential adhesion, with the DV ectoderm being a source of a chemical

that changes the adhesive properties of one of the cell types through,
perhaps, interaction with the ECM. These scenarios will give rise to
different mathematical formulations and thus, perhaps, to different pre-

-----
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The scenario outlined above suggests that the cell sorting process is

independent of the skeletal patterning process. However, the two
processes may be coupled by assuming that the chemicals that are in-

volved in cell sorting affect the patterning process or vice versa.
4. None of the above models fully address the process of differentia-

tion. The observation that each skeletal element is of the same size when it

is first observed (Summerbell, 1976)is formallyconsistent with someof the

models discussed in Section V. From a RD viewpoint, it can be argued that
cells require exposure to a certain threshold amount of chemical in order to
differentiate, and that this threshold may be attained when the chemical

prepattern reaches a critical length. The MC models would interpret this
volume as being the critical cell volumedensity necessary for cell differen-
tiation. Both these alternatives should be analyzed rigorously with a view
toward determining whether either or both mechanisms are plausible.

In this chapter, we have reviewed pattern formation during early limb
development from both experimental and theoretical viewpoints. Cur-
rently, rapid progress is being made by the application of molecular ap-
proaches. Exciting new findingsdemonstrate that at the very early stages
of limb development, several molecules or their messages (for example,

DNA binding proteins or bioactive agents) are present and are distributed
in a graded fashion. It is not yet known how these gradients are set up nor
what their precise role is in subsequent development. The role of future
theoretical modelingwill be to incorporate these findingsinto mathemati-
cal models in order to make testabLepredictions that might increase an

understanding of how interactions at a molecular levelcombine to form the

macroscopic patterns observed in the limb.
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dictions. Comparison with experimental results may then help distinguish
between the two scenarios.

The results of Lewis (1977)and Ahrens et al. (1979)suggest that there
are several different cell types in the limb bud. The two main types of cell
that have been studied are myoblasts and chondroblasts, but other cell

types, such as differentiating perichondrium and perimyceum cells, may
affect their pattern formation (Chevailler and Kieny, 1982). This is an
important issue which has received little attention. By extending the above
model to account for the interactions of more than two cell types, one may
be able to gain insight into the possible effects that a third cell type may
have on the sorting and differentiation of myoblasts and chondroblasts.

3. The next stage of the process is one of formingthe skeletal pattern in
the prechondrogenic core. Most of the modelsdiscussed in Section V have
the ability to generate pattern from an initially homogeneous system.
However, as we pointed out, none of them can fullyaccount for the results

of some experimental observations. Someexperiments concerning regula-
tion have produced conflictingand controversial results. To fully under-
stand limb development it is essential to eliminate as many of these con-
troversies as possible so that an agreed list of regulatory properties

exhibited by the limb can be drawn up. The patterning mechanism would
then have to exhibit these regulatory properties. It is apparent that al-
though the models discussed above would satisfy several of the entries in
such a list, they are too simple to satisfy all ofthem (see, e.g., Martin and
Lewis, 1986;Wolpert, 1989;Wolpert and Hornbruch, 1990).Recent ex-
perimental observations suggest a hierarchy of control mechanisms
wherein parameters in the above models, which have largely been as-
sumed constant in the theory, vary in space and time and may themselves
be the solutions of other models operating at a different level in the
hierarchy. For example, the diffusion coefficientsin the RD systems may

vary due to the spatial and temporal differences in gapjunction permeabil-
ity (AlIen et al., 1990)which may, in turn, be controlled by some other
mechanism.

Several of the above models rely on domain size and shape changes to

produce the observed sequence of pattern formation in the early limb.
However, none of them fully addresses the mechanisms behind size and
shape changes. The pattern maybe laiddown prior to gross morphological

changes other than PD elongation. Thus, other changes-for example,
bending at the elbow-may be secondary effects, perhaps the conse-
quence of the skeletal pattern. Of the above models, only the MC models

attempt to link the pattern-forming mechanism with domain shape
changes. This remains to be analyzed in more detail.
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numerary cartilage elements by ectoderm removal, suggesting that the

boundary conditions are important. However, Martin and Lewis (1986)
removed the dorsal ectoderm by stage 23 and found that skeletal develop-
ment was essentially normal.

Allof the above models make a large number of predictions which are in
agreement with experimental observations. However, there are some gen-
eral drawbacks to them. For example, initial cell sorting between myo-
blasts and chondroblasts is ignored in all but the differential adhesion
model. None of the models fully addresses the process of differentiation.
The gradient model and the progress zone model are one-dimensional
models of an essentially three-dimensional process (Bowen et al., 1989).

Although several of the models use aspects of limb outgrowth and shape
changes to generate pattern, none of them fully incorporate these effects.
Only a few of the above models suggest possible mechanisms for limb
outgrowth and shape changes.

None of the theoretical models proposed thus far have explicitly ad-
dressed the role of cell shape changes during differentiation. Shape
changes would be implicit in the MC model after cell aggregation, but the
form of the model does not enable one to address this issue precisely. The
chemical prepatterning models may affect cell shape and cytoskeleton
architecture, for example, through altering the type of contact the cell
makes with the ECM. An important question is whether or not cell shape
changes are a primary or secondary event.

VI. Concluding Remarks

Each of the models discussed above addresses aparticular aspect of the
developmental program. This is an important first step toward an under-
standing of the sequence of developmental events in the chick limb. The

eventual goal ofthe modelingis to piece together all the aspects and stages
of development to arrive at a coherent theory of limb development. The
theory must also be consistent with the results of surgical manipulations.
In this section we briefly recall the main steps in the sequence of limb
development, which were more fully presented in earlier sections, and
discuss how theoretical models may help in elucidating the underlying
mechanisms involved.

Pattern formation in the early limb appears to consist offour main stages
(which may overlap): (1) the initiation of the limb site; (2) cell sorting;
(3) spatial patterning in the prechondrogenic core, its growth and regula-
tion; and (4)differentiation. We examine each stage in turn and outline the
important theoretical and experimental questions that they suggest.
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smoothed out. This model can describe the results of experiments that are
inconsistent with the gradient model (Hen and Murphy, 1980)but it is
contradicted by other experiments (Wolpert, 1981).Although this model
is widely used to describe the results of grafting and regeneration exper-
iments in the cockroach limb and in the amphibian limb (Bryant and
Gardiner, 1987),it has no molecularbasis as yet, and a detailed mathemati-
cal formulation does not exist.

At the cell biological level this model suggests that there may be an

underlying mechanism of growth control that is involved in limb pattern
formation. The model predicts that cells with different positional values
can recognize each other and in turn respond by increased cell prolifera-
tion (Muneoka et al., 1989). In fact, there is a demonstrable position-
dependent growth stimulation in the newt limb (Gardiner and Bryant,
1989). Similarly in the chick limb bud, there is extensive growth when
anterior and posterior quarters of the limb bud are combined in vitro
compared to other combinations (Suzuki and Ide, 1987).The nature of
such position-dependent interactions may provide important insights into
patterning mechanisms.

G. COMPARISONOF MODELS

Although the gradient model and the RD models are based on a chemical

prepattern, there is a fundamental difference between them. The applica-

tion of the RD model to skeletal development assumes that cells will

acquire equivalent positional values if the morphogen concentration lies

above a certain threshold and will follow equivalent developmental path-

ways. This is fundamentally different from the assumption underlying the

gradient model, in which cells respond to different threshold levels. In this

case, cells must translate positional information into positional value in

such a way that nonequivalent positional information is interpreted as

equivalent in terms of differentiation so that cells at different positions

follow the same developmental pathway. In the autopod, for example,

under RD theory the digits are assumed to be similar, but under the

gradient model they are intrinsically different (Nagorcka, 1989). Thus,

under the hypotheses of RD theory, the complexity of the final pattern is

contained in the prepattern, whereas, in the gradient model, the pattern

that gives rise to positional information is simple, but its interpretation via

positional value is where the complexity of pattern emerges. The mode of

interpretation of the prepattern is unspecified in both models.

The mechanochemical (MC) models are fundamentally different, biolog-

ically, to the RD models because they propose that the spatial pattern that

is set up is in cell density. The cells in these aggregates then differentiate
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equations that describe the mechanochemical models are much more com-

plex than those describing RD systems and are not as amenable to mathe-

matical analysis as the latter. Linear analysis of simplified versions of

these models (similar to that outlined in Section V,C,2 for RD systems)

shows that they are capable of generating spatially heterogeneous patterns

from an initially homogeneous state. The results oflinear theory have been

verified by solving the full nonlinear system numerically (Perelson et al.,

1986).

3. Critique of the Model

The major assumption underlying the mechanochemical models is that

cell aggregation precedes cell differentiation. This has been observed

experimentally but, as mentioned in Section IV,B, it is a controversial

issue as to whether these aggregates are set up by cell motion, or by the

collapse of the ECM, or whether such aggregates are merely artifacts of

the fixing process used to observe the cells (Singley and Solursh, 1981;

Aulthouse and Solursh, 1987; Searls, 1967).

Recently it has been shown that if two anterior stage 20 limb halves are

combined, the recombinant forms two humeral elements (Wolpert, 1989;

Wolpert and Hornbruch, 1990). This suggests that the anterior stage 20

limb half contains cells that have already differentiated, yet, at this stage,

there is no visible aggregation of cells.

Retinoic acid affects the secretion of HA by cells in the mouse limb bud

and alters limb development (Kosher et al., 1984). This is consistent with

the assumption that HA plays a major role in chondrogenesis. Recently,

however, HAase activity has been detected in stage 18 wing buds and

observed to remain relatively constant throughout subsequent stages of

development until stage 29 (Kulyk and Kosher, 1987). This contradicts

the scenario in which HA is the glycosaminoglycan (GAG) proposed to

play the prominent role. Of course, this does not rule out this type of model

because such a scenario may still be realistic. In fact, Toole's recent work

suggests the developmental regulation of cell surface receptor for HA.

Early stage mesenchyme cells have an extensive HA-rich cell coat which

interferes with cell aggregation. On the other hand, the cell coat is not

present on the cells at the time of precartilage aggregate formation

(Knudson and Toole, 1987, 1988).

Wilson (1986) proposed that the mechanochemical models may account

for the observation that the vascular system becomes excluded from the

prechondrogenic core prior to chondrogenesis. He proposed that the cell

traction exerted by the prechondrogenic aggregates constrict and close off

thin-walled undifferentiated vessels caught in the aggregation leading to

the avascularity of the core. Thus, the vascular pattern may be a conse-

quence of the cartilage differentiation, rather than the cause of it.
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n and m are integers and a is a constant dependent on initial conditions.

These modes will have positive growth rate (Tif a~,rnE (/L-,/L+),where

/L~ = D1gu2+ Dzful ~ [(D1gu2+ DzfuY - 4DIDz det K]1/Z
2DIDz

(18)

Thus, linear stability theory delimits regions in parameter space wherein

a spatially uniform steady state becomes unstable to spatially nonuniform

perturbations of the appropriate form. Note that as the domain becomes

larger we can choose larger values of n and m to satisfy Eq. (17), that is,

linear theory predicts more complex structure as domain size increases. It

can be shown that if the steady state is linearly unstable, then it is also

unstable for the full nonlinear system (see, e.g., Henry, 1981). The pattern

to which the full nonlinear system evolves depends on the boundary

conditions, the initial conditions and on the nonlinearities in f and g

(Murray, 1981a; Arcuri and Murray, 1986).

3. Critique of the Model

This model has been applied to pattern formation in several biological

systems (Kauffman et al., 1978; Meinhardt, 1982; Shoaf et aI., 1984).

However, RD systems frequently have multiple solutions, and solutions

lack the degree of scale invariance and robustness under perturbations of

the parameters or of the domain that is exhibited in developing systems

(Bunow et al., 1980; Arcuri and Murray, 1986). The boundary is assumed

to be homogeneous, but heterogeneity in the boundary is established

before limb outgrowth begins, and certain regions on the limb periphery

have already differentiated to form specialized signaling zones. Further-

more, the existence and the role of chemical morphogens has not yet been

established. Recently it has been proposed that fibronectin and TGF-f3

may be the morphogens in a RD system (Newman et al., 1988). Although

these chemicals appear to have an effect on chondrogenesis, it has yet to

be shown that they play a role in establishing the spatial pattern of chon-

drogenesis in normal limb development, rather than simply being a prod-

uct of the process.

Newman and Frisch (1979a,b) postulated a RD model which consisted

of only one chemical, and asserted that such a model could produce the

sequence of condensations observed in the chick limb. This work has been
cited several times in the literature as a possible mechanism for cell

patterning in the limb. However, it has been shown by Othmer (1986) that

such a model is too simple to generate the desired sequence of patterns.

Hence, it is not a realistic model for limb development. Newman et al.

(1988) presented a two-chemical RD model identical to those discussed



116 P. K. MAINI AND M. SOLURSH

certain predictions on the outcome of grafting a donor wing tip onto a host

stump which agree closely with observation (Summerbell and Lewis,

1975). However, it does not have any regulative properties and thus cannot

account for the immense capability of the early limb bud to regulate

(Kieny, 1977). For example, removal of slices of the early limb bud per-

pendicular to the PD axis can lead to normallirnbs (Summerbell, 1977).

According to the progress zone model, such an experiment should result in

deletions along the PD axis of the final pattern.

As in the case of the gradient model, this model accounts only for

pattern along one dimension, and does not address the issue of differences

along the AP axis. Of course, one may be able to combine both the above

models in some way in order to derive a model which accounts for polarity

along both the AP and the PD axis. For example, a cell's positional value

might be determined by two coordinates, one corresponding to its inter-

pretation of its position along the AP axis, the other to its interpretation of

its position along the PD axis. Recently, Dolle et al. (1989a) proposed that

both the AP and the PD axes could be specified through a single gradient of

positional signaling emanating from the ZPA together with a temporal

pattern of Hox gene expression during limb bud outgrowth.

C. REACTION-DIFFUSION MODELS

1. Hypotheses

In a system of reacting and diffusing chemicals, it is possible for a

spatially heterogeneous chemical concentration to evolve from an essen-

tially homogeneous initial distribution (Turing, 1952). If cells responded to

this chemical concentration by differentiating wherever the concentration

was above a threshold value, then the spatial pattern of chemical concen-

tration would be reflected by a spatial pattern of cell differentiation.

2. Mathematical Formulation

A two-chemical reaction-diffusion (RD) system has the form

aUI = DI VZUI + f(ut,uz)at
(9)

aUz z
)- = DzV Uz+ g(ut,uz

at

in a domain n with initial conditions Uj(x,O)= Jl(x,O), i = 1,2, where

UI(X,t), ulx,t) are the chemical concentrations at position x and time t, DI

and Dz are diffusion coefficients, andf and g describe the reaction kinetics.

Such models have been extensively studied for differentfand g (see, e.g.,

(10)
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It is often asserted that this model can account for the duplication of
skeletal elements observed after transplantation of a donor ZPA to the
anterior of a host wing bud (see, e.g., Wolpert, 1981). However, the

interpretation of the model necessary to account for duplication requires
tissue that was initiallya sink to lose this property and to be able to support
nonzero morphogen concentration. With multipleZPA grafts an argument
similar to the above predicts fused or abnormally thick digits, contrary to
observation. This suggests that the gradient model needs to be supple-
mented by another mechanism which keeps the digits discrete (Wolpert
and Hombruch, 1981).Furthermore, the model cannot account for the

results of certain other experiments. For example, limbs from which the
ZPA has been excised can develop with AP polarity. In this case, limbs
may be responding to the progeny of ZPA cells or may be exhibiting a
memory mechanism. As mentioned in Section Ill, several nonlimb grafts
can also give rise to duplications in the limb. Perhaps these tissues are also

producing retinoids, suggestinga more general role for retinoids in devel-
opment.

The above model predicts that transplants of ZPA at positions along the
AP axis of a stage 16wing bud should result in either the eliminationof the
humerus, or its duplication, or the formation of a mirror-imageduplicate of
a singlehumerus, depending on the position of the graft and on the thresh-
old concentration. However, in no case is the humerus eliminated and

rarely is it duplicated. Either a normal, or a mirror-image duplicate hu-
merus forms in most cases (Wolpert and Hombruch, 1987).

The gradient modelassumes that diffusionoccurs in one dimension, but,
of course, diffusion from a source in the limb will be three-dimensional.

Thus one has to address the issue of appropriate boundary conditions at
the distal tip, the proximal limit, and the dorsal and ventral boundaries of
the limb. Furthermore, a modelbased on the establishment of a concentra-

tion gradient via diffusion and a source-sink mechanism, and its interpre-
tation through a threshold mechanism, is necessarily a sensitive process

(Summerbell, 1979),yet limb development is a robust process.

B. PROGRESSZONEMODEL

The progress zone model was proposed to account for skeletal differen-

tiation along the PD axis (see, e.g., Wolpert et al., 1975).

1. Hypotheses

This model is based on the hypothesis that as cells emerge from the
progress zone they differentiate according to the number of cell divisions

experienced in the progress zone. That is, a cell's positional information is
determined by the time spent in the progress zone.
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A. GRADIENT MODEL

The gradient model was proposed to account for skeletal pattern along
the AP axis of the developing limb.

1. Hypotheses

Wolpert (1969, 1981)proposed that the ZPA was a source of some

unknown chemical (a morphogen) which set up a gradient in the AP
direction by diffusion and degradation. The morphogendistribution set up
by such a mechanism was hypothesized to determine positional informa-
tion for each cell at each point along the AP axis. This, in turn, would be
converted into a positional value for each cell by an unspecified cellular
mechanism depending on the cell's genetic constitution and develop-
mental history. Such a spatial pattern of positional value could then be
transformed into a spatial pattern of differentiation if a cell differentiated
when its positional value lay between certain threshold values.

2. Mathematical Formulation

Mathematically, this model has the form

as a2s
- = D -:2 - as, x E [O,d]at aT

with initial conditions S(x,O)= 0 and boundary conditions S(O,t) = So,
S(d,t) = 0, where S(x,t) is the concentration of morphogen at position x
and time t, D is the diffusioncoefficientof the morphogen, and a the rate of
linear degradation of morphogen. The boundary conditions incorporate

the assumptions that the ZPA (at x = 0) is a source of morphogenand that
the anterior margin of the limb (x = d) is a sink. The condition at t = 0
simply says that, initially, there is no morphogen.

The steady state for this system satisfies the equation

~S

Ddx2=aS

(1)

(2)

with the aforementioned boundary conditions, and has the solution

S(x) = So sinh[y(d - x)]
sinh(yd)

(3)

where y2 = a/D.

The gradient model assumes that cells at position x along the AP axis of

the limb are exposed to a morphogen concentration S(x) given by Eq. (3).

The skeletal elements are assumed to be specified by certain limiting

morphogen concentrations. If a cell is exposed to a concentration that lies

between these limits then it differentiates into the appropriate element.

----
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cell cultures expressed the myogenicphenotype in highoxygen concentra-

tions, and the chondrogenic phenotype in low oxygen concentrations.
They proposed that the vascular system may be responsible for setting up
different environments appropriate for different types of differentiation.
Except for a peripheral avascular zone subjacent to the ectoderm, the
vascular system is uniformly distributed in the limb bud up to stage 20.
By stage 22 there are fewer blood vessels in the core region than in the
more peripheral regions of the limb and by stage 24 the core is essentially
avascular while the prospective muscle-formingtissue is still well vascu-
larized. The extreme periphery of the limb maintains an avascular zone
due, perhaps, to the inhibitory effect of hyaluronic acid present in this
region (Feinberg and Beebe, 1983).Caplan (1985)hypothesizes that this

vascular pattern, which he claims serves as a prepattern for myogenesis,
may be set up by the pattern of mitotic activity in the limb mesenchymal
cells. It appears that avascularity forms in the core of the limb simulta-
neously with the formation of precartilage aggregates, as indicated by
increased sulphate-35uptake, at stage 22 (Fraser, 1986)but prior to overt
differentiation of cartilage in the more distal skeletal elements (Latker et
aI., 1986;Feinberg et al., 1986;Hallman et al., 1987).

However, the role of the vasculature in differentiation is a controversial

issue. Searls (1968)showed that chondrogenesis of the digits can occur in
an avascular system. Recent observations (Schramm and Solursh, 1990)
suggest that precartilage and premuscle cells sort out in avascular culture
and differentiate into cartilage and muscle, respectively.

E. ROLEOF EXTRACELLULARMATRIX

Cells may differentiate if exposed to the appropriate chemical cues from

the ECM (Solursh et aI., 1990). Fibronectin and laminin are among the

possible candidates to provide such cues. For example, with the onset of

chondrogenesis, an increase in the concentration offibronectin is observed

to occur in regions corresponding to where chondrogenic differentiation is

going to occur (Dessau et al., 1980).

Chiquet et al. (1981) proposed that limb bud mesenchymal cells form a

meshwork of fibronectin which guides myoblast migration. However, fi-

bronectin appears to be ubiquitous in the wing bud so it is not clear how it

could act as a guide for myoblast cells (Venkatasubramanian and Solursh,

1984). A more plausible role for fibronectin during these early stages is as a

substrate mediating myoblast response to a chemotactic gradient occur-

ring in the vascular network (Kosher et al., 1982).

Prior to the onset of overt myogenesis, the position of future dorsal and

ventral myogenic areas is marked by localization of laminin (Solursh and
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collagen gel. Their results show that prestage 16 wing mesenchyme is
dependent on the presence of ectoderm for its growth and subsequent
chondrogenesis. In contrast to this stimulatory effect of ectoderm on
differentiation in early mesenchyme, ectoderm from both stages inhibits
chondrogenesis in the stage 23/24 mesenchyme. The stimulatory effect
requires cell contact, whereas the inhibitory effect can be transmitted
across filters. When cartilage did form, it was always at a distance from the
ectoderm.

Zanetti and Solursh (1989)found that antibodies to integrin receptors
alleviate the antichondrogenic effectof ectoderm-conditioned mediumand
cause limb bud mesenchymal cells to become rounded and to detach from
collagen gels. It can be shown, however, that ectoderm-conditioned me-
dium which inhibits chondrogenesis contains insufficient amounts of fi-

bronectin to account for its inhibitory ~ffect. Limb bud mesenchymal cells
cultured on collagen in either control or ectoderm-conditioned medium
synthesize fibronectin. Thus, the antichondrogenic effect of ectoderm-

conditioned medium may require interaction of ectodermal factors with
mesenchymal cell fibronectin or other associated extracellular matrix
components.

The above discussion on the role of the ectoderm has been based on

experiments carried out in culture. As pointed out before, the intact limb
may behave in a different manner. To this end, Martin and Lewis (1986)
observed that removal of the dorsal ectoderm still permits normal limb

development. They removed dorsal wing bud ectoderm in the chick em-
bryo by irradiation with DV light at stages 17-19, keepingthe AER intact.
They found that over half the limbs treated in this way developed approxi-
mately normal skeletons. Thus, the effects of ectoderm in vivo seem to be
different from those in vitro. In their experiments, however, it took an
unknown time for the ectoderm to regress after DV treatment. Therefore it

is not clear at exactly what stage the ectoderm was removed. Martin and
Lewis try to resolve this apparent contradiction by suggestingthat a core
versus periphery determination of cell character may occur before other
aspects of the skeletal pattern are determined. This mightbe disrupted by
the drastic processes involved in setting up a micromass culture.

Rurle and Gafian(1986,1987)removed the AER from interdigitalspaces

of the chick leg bud at stages 28-30. They found that the underlying
mesenchymal cells rounded up, condensed, and, in some cases, formed an
extra digit. This may be interpreted as supporting the hypothesis that the
ectoderm inhibits in vivo chondrogenesis by inhibitingcells from rounding

up.
The DV ectoderm has a marked effect on DV polarity in the developing

wing bud as discussed in Section Ill, B. The basis for the differences in
dorsal and ventral ectoderm on skeletal morphogenesis is unknown.
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Kimata, 1990). Fibronectin appears somewhat more concentrated at these

sites (Dessau et al., 1980)and fibronectin message is maximal at the time of

precartilage aggregate formation (Kulyk et al., 1989b). Proteoglycan M, as

well as other extracellular matrix components that bind the lectin peanut

agglutin, are localized in precartilage aggregates (Shinomura et al., 1990).

Thus, there are a number of known changes in the extracellular matrix that

are associated with precartilage aggregate formation.

Ede and Flint (1972) found that aggregates formed in vitro consist ini-

tially of a population of mesenchymal cells. Initiation of chondrogenesis

occurs at the center of the condensation and expands centrifugally. It has

been suggested that condensing foci may be centers of production of some

chemotactic substance leading to aggregation (Ede, 1971; Ede and Ager-

bak, 1968). Ede et al. (1977) found that in culture, cells on the periphery of

the chondrogenic focus are directed centripetally inwards, but cells in

nonchondrogenic areas move randomly. This suggests a wave of morpho-

genetic activity spreading outwards from a focal point, perhaps involving

ECM assembly (Frenz et al., 1989; Frenz and Newman, 1989).

It is known that cartilage formation occurs in cultures of high-density

mesenchymal cells but not in cultures with intermediate densities (Osdoby

and Cap1an, 1979, 1980; Solursh and Reiter, 1980; Cottrill et al., 1987b).

Conditions that permit the association of groups of mesenchymal cells in a

three-dimensional mass rather than as a monolayer favors chondrogene-

sis, but a critical number of limb mesenchymal cells must be in contact.

Similar interactions might be important in vivo. Hurle et at. (1989) found

that removal of interdigital AER together with some underlying mesoderm

gave rise to condensations which, in some cases, formed an extra digit.

However, if enough mesoderm was removed, the condensation disaggre-

gated and extra cartilage was not observed. They suggest that this may be

due to the smaller size of aggregate.

2. Cell Shape

One condition that may determine the expression of the chondrogenic

phenotype is cell shape or cytoskeletal organization (Zanetti and Solursh,

1989). Cell shape changes could potentially mediate the effects of cell-cell

association. A single mesenchymal cell can differentiate into cartilage if it

is kept in a rounded shape. This can be achieved by culturing the cell on a

substratum on which it does not attach and flatten (Solursh et al., 1982)or

by treatment with cytochalasin D, which disrupts the actin cytoskeleton of

the cell, causing it to adopt a rounded configuration (Zanetti and Solursh,

1984). Conversely, certain environments that cause the cell to adopt a

flattened morphology inhibit chondrogenesis; for example, culturing in

ectoderm-conditioned gels (Zanetti and Solursh, 1986) or treatment with

- - - - ---- -- -
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ing population. Similarly, by using muscleless limbs for high density cul-
tures made by prior removal of somites, Cottrill et al. (1987a) found
enhanced chondrogenesis compared to cultures containing muscle cells.

These results suggest a role for myogeniccells in the differentiation of still
uncharacterized classes of nonchondrogenic cells. This possibility war-
rants further investigation.

Although nearly all the literature on differentiation in the wing bud has
concentrated on chondroblasts and myoblasts, Lewis (1977)found that out
of the initial cell population of a stage 23 wingbud, only 12%differentiate
into muscle and cartilage. The other 88% is concentrated mainly in the
elbow and perichondrial regions. This cautionary paper suggests that per-
haps more attention should be paid to other cell types. Studies on other
connective tissue cell types have been hampered by the lack of specific
molecular markers. There is evidence that the developmentoflimb muscle
pattern is controlled by connective tissue cells (Chevailler and Kieny,
1982).Tissue from the peripheral regionof a stage 23-24limb which would
normally form muscle can form cartilage in explant and cell cultures
(Ahrens et al., 1979),suggesting the existence of cells capable of a wide
variety of developmental potential. However, we shall concentrate mainly
on the two aforementioned cell types as they have been the ones studied
extensively.

A. CHONDROGENESIS

A mesenchymal cell differentiates into cartilage as it secretes com-

ponents of cartilage matrix in a sequential fashion (Stirpe and Goetnick,
1989).Differentiation occurs at the center of the forming skeletal element

and spreads out (Franzen et al., 1987;Schmid and Lisenmayer, 1985).
Once differentiation begins, there is a period of time in which the cell
phenotype can be influenced by the environment. Therefore, as well as
analyzing when differentiation occurs, it is important to find out when a
cell phenotype has become relatively stable in situ.

Stabilization of Differentiation

Searls (1967) implanted blocks of tissue from donors into same-stage

host embryos. He found that every block stayed intact and differentiated

according to its local environment; for example, if a block that would have

formed cartilage in the donor is implanted in a position where the host cells

would normally form some cartilage and some soft tissue, the donor block

followed this fate. He concluded that migration does not occur in pre-

chondrogenic cells and that prior to stage 22 every mesenchymal cell is

equally capable of chondrogenic differentiation. At that stage, cells in the

-- - -- u-u__u_- - u_- -u _u_--
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ment than the controls. Development was incomplete because the normal

AER regressed. Thus it appears that mesoderm responds to the stimulus of

the AER by growing distally and provides a factor which is necessary for
continued maintenance of the AER.

5. Proximal-Distal Differences

There appear to be differences in some surface properties of proximal
and distal cells. For example, proximal cells aggregate faster than distal
cells. The distal portion of the limb stains more intenselyfor syndecan than
does the proximal (Solursh et al., 1990).There also appears to be a PD
gradient in chondrogenic capacity (Solursh, 1984a).At stage 23 or 24,
distal cells have an extensive chondrogenic capacity and form a solidmass
of cartilage, whereas proximal cells fail to differentiate under some culture

conditions, but willexpress chondrogenesis if treated with cyclic AMP or
if mixed with one distal cell for every ten proximal cells (Swalla et al.,
1983).Solursh (1984a)proposed that a maturation-related increase in bind-
ing sites for prevalent extracellular matrix (ECM) components such as
fibronectin could have a central role in regulating the onset of chon-
drogenesis during normal development (see also Swalla and Solursh,
1984).

Cell response to RA varies along the PD axis. Ide and Aono (1988)found
that the promotion of proliferation and chondrogenesis of mesodermal

cells by RA is stage-, dose-, and position-dependent. Growth promotion in
distal cells occurred at stage 20-23; no promotion was observed at stage
25, and at stage 27 proliferation was inhibited. Increasing RA concentra-
tion induced growth promotion significantlyin distal cells at low concen-
tration but promotion was reduced at highlevels of RA. No growth stimu-
lation was observed in proximal cell cultures independent of RA
concentration. Retinoic acid inhibited chondrogenesis in proximal cell

cultures. Distal cell chondrogenesis was promoted with low doses of RA
but inhibitionbegan to occur at high doses. Paulsen and Lang (1990)have
been able to separate the proliferative and chondrogenic modulating ac-

tions of RA further by comparing responses of a subdistal region to distal
and proximal regions. The results emphasize the distinct nature of these
two actions of RA and the importance of differences in the mesenchymal
cells themselves in the actions of the retinoids.

D. GENEREGULATIONOF PATTERNFORMATION

With molecular biological approaches rapid progress is being made in

the identification of genes that regulate pattern formation. Drosophila has

led the way in this area and many homologous genes have now been
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found that a stage 24 host limb mesoblast plus a grafted stage 19/20 donor

progress zone led to a composite limb consisting of stylopod-zeugopod-

stylopod-zeugopod-autopod. Conversely, the tip of a stage 24 wing bud

grafted onto a stage 19 stump led only to the formation of the autopod.

This suggests that the limb bud does not possess regulative ability along

the PD axis and contradicts Kieny's results. Discrepancies in the accuracy

of the fate maps used in these experiments may have led to differing

interpretations of the results. Alternatively, regulation may not have oc-

curred because one of the cell populations (stage 24) may have already
differentiated.

4. Apical Ectodermal Ridge

The ectoderm at the distal tip of the limb bud forms the AER, which is

induced by the mesoderm between stages 14 and 16, and appears at late

stage 18 (Todt and Fallon, 1984). At first the ridge is almost symmetrical

with respect to the PD axis. Subsequently, the thickening is most promi-

nent posterior to the PD axis (Saunders, 1977). Removal ofthe AER up to
stage 28 causes outgrowth to cease (Saunders, 1948; Summerbell, 1974b),

and a truncated limb develops with skeletal deficiencies in its distal por-

tion. Rubin and Saunders (1972) showed that the AER has the ability to

induce complete wings from early mesoblasts, but loses this property

during stage 29. It appears that PD pattern is a function of the age of the

mesoblast, not the AER. For example, stages 23-25 ectoderm on stages

18-20 mesoblasts grew into normal limbs, while stage 19ectoderms on the

tips of stage 22-25 mesoblasts gave rise only to the distal portion of the

limb. The AER appears to be maintained by the underlying layer of tissue,

the mesoderm, which also controls limb type (Zwilling, 1961). The AER is

not only essential for outgrowth and distal development of the limb bud,

but it also appears to maintain the shape of the limb bud and its orientation

determines the shape and size of the bud (Hornbruch and Wolpert, 1970;

Lee and Tickle, 1985).

In micromass cultures, the AER has the ability to delay the differentia-

tion of associated mesenchyme and stimulate the formation of a mesen-

chymal outgrowth (Reiter and Solursh, 1982). These results suggest that in

vivo the AER maintains the distal mesenchyme adjacent to it-in the

region known as the progress zone-in an undifferentiated state and stim-

ulates limb outgrowth by maintaining a high mitotic index in the subridge

mesenchyme (Hornbruch and Wolpert, 1970; Summerbell and Lewis,

1975). The AER is no longer visible by about stage 33 and may regress

according to an inherent timing mechanism (Rubin and Saunders, 1972).

Saunders (1948) found that the level of truncation as a result of removing

U__u - u u.
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rides (Searls, 1965)at proximal levels in the stage 22 limb where areas of

high precartilage cell density in the central proximal regions are observed
(Fell and Canti, 1934).By stage 23, there is an increase in cell contact in
dorsoventral proximal regions of presumptive myogenesis (Gould et al.,
1972).Summerbell (1976)observed inhomogeneity in Alcian Green stain-
ing of the wing bud to first occur at stage 24, when the humerus and ulna
become visible. The radius is clearly seen by stage 25,posterior wrist parts
are visible by stage 26, and the anterior wrist parts by stage 28. DigitV, the
first metacarpal to become visible, stains by stage 26 but disappears by
stage 30. The skeletal pattern is complete by stage 34, when the tip of digit
11appears. Osteogenesis begins at stage 36.

2. Origin of Skeletal Elements

Saunders (1948)used carbon marks to study the elongation of the limb
and concluded that the origin of successively more distal parts of the wing
is in the apical portion of the bud. Stark and Searls (1973)constructed a
fate map by transplanting blocks of tritiated thymidine labeled cells into
the developing limb bud (stages 18-24) and followingtheir fate through to
later stages. The blocks remained intact and did not shift their position
during wingoutgrowth; blocks implantedat the base of the bud were found
in the girdle region, those implantedin the center of the wingwere found in
the humerus and ulna-radius regions, and those implanted directly be-
neath the AER were found in the digits. Their fate map shows that regions
of prospective skeletal development can be mapped back to areas in the
bud as early as stage 18. The claim that the prospective digit region is

present at such early stages is supported by Zwilling(1956a),who showed
that blocks of limb mesenchyme implanted directly beneath the AER as
early as stage 19participated in digit formation, and by Searls (1968),who
showed that thin strips of stage 19 limb apical mesoderm with the AER
attached gave rise to digits if grown in avascular culture.

3. Stabilization of Pattern

Several studies have been carried out on the regulative capacity of the

wing bud along the PD axis. Stark and Searls (1974)did so by excising
prospective long bone regions from stages 19 to 24 to see whether they
would regenerate, and by rotating the "Y" of the prospective elbow along
the PD axis. They concluded that prospective long bone regions of the
wing are completely regulative prior to stage 22 but become stabilized
between stages 22 and 24. By stage 24, removal of even a single prospec-
tive skeletal area resulted in the deletion of that element in almost all cases.

Prior to this stage the missing skeletal element did not necessarily reflect
the prospective element area excised. The radius-ulna region seemed to
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respond by differentiatingif its concentration lies within certain threshold

values (Tickle, 1983).In a quantitative study on the effects of implanting
beads which release RA at the anterior wing bud region, it was found that
digit pattern was dose-dependent (Tickleet al., 1985);low concentrations
led to a normal digit pattern, higher concentrations produced super-
numerary digits, but still higher concentrations led to wings in which only
the humerus and a knob of cartilage were formed. In a similar type of
experiment, Eichele et al. (1985)found duplication to be stage-dependent;
implantation of the bead at stage 20 led to complete duplication, but
implantation at stage 22 led to incomplete duplication.

These experiments show that the in vivo effects of RA are concen-
tration- and dose-dependent. Similarbehavior is observed in vitro. Paulsen
et al. (1988)found that RA has a biphasic dose-related effect on chon-
drogenesis and myogenesis in culture. At low concentrations it stimulates
chondrogenesis but has no effect on myogenesis. At highconcentrations it

inhibits both these processes.
Thaller and Eichele (1987)showed that RA [and recently another RA

metabolite (Thaller and Eichele, 1990)]does indeed occur in the intact
developing limb and is more concentrated posteriorly. The recovered RA

induced duplication patterns similar to those produced by synthetic RA.
It has been observed that a cytoplasmic RA-bindingprotein (CRABP)

occurs largely at the distal tip of the growinglimbbud (Madenet al., 1988).
It appears that the CRABP occurs in an AP gradient with its high point at
the anterior end, opposite to that of the RA gradient. This would result in
an almost flat distribution of RA/CRABP complex across the limb bud

which would steepen the gradient of free RA which, in turn, may be
involved in providing the AP polarity in the limb.

The effects of retinoids on gene activity appear to be mediated through

nuclear retinoid binding proteins (RAR), of which an increasing number
have already been identified. These include RAR a, {3,several alterna-
tively spliced variants of the 'Yreceptor (Kastner et al., 1990),and RXR
(Mangelsdorf et aI., 1990).To date all ofthese have similarDNA binding
domains. In the mouse limbbud mRNAfor both RAR a and a but not RAR

{3are present uniformly throughout the mesenchymal stage limb bud
(Dolleet al., 1989b).Subsequently, RAR a transcripts become localized to

cartilage-formingregions (Ruberte et al., 1990)and those for RAR {3are
present in the interdigitalmesenchyme. The specificroles for these nuclear

receptors in pattern formation remain to be elucidated. It will be most
important to characterize the factors that regulate their spatial expression
and the genes whose activity is in turn regulated by retinoid-receptor
complexes.

n --.
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DJ. Development along Limb Axes

Pattern development in the limb is a highly intricate process involving
cell-cell, cell-tissue, and tissue-tissue interactions which change with
time and position in a complicated three-dimensional geometry which is
also changing with time. In order to simplify the system, research has

concentrated mainly on investigatingpattern formation along each of the
three limb axes. This has consisted of observing the sequential process of
skeletal and musculature development, identifying specialized regions in
the limb which appear to control polarity, and examining the regulative
properties of the skeletal pattern. We consider development along each
axis in turn.

A. ANTERIOR-POSTERIOR DEVELOPMENT

The fate maps of Stark and Searls (1973) show that the anterior half of

the limb bud gives rise to part of the humerus, the radius, and digit 11;the

posterior half gives rise to part of the humerus, the ulna, and digits III and

IV. There is also progressive displacement of apical mesoderm in the

preaxial direction (Bowen et al., 1989). The control of AP polarity appears

to lie in a specialized group of cells at the posterior margin of the limb bud

known as the zone of polarizing activity (ZPA) (Tickle, 1981b).

1. Zone of Polarizing Activity

Saunders and Gasseling (1968) found that if they transplanted a region of

cells from the posterior peripheral mesenchymal region of the developing

chick limb to the anterior of the limb, the resulting limb had a duplicated

digit pattern. They named this region the zone of polarizing activity (ZPA)

and proposed that it was the source of some chemical, termed morphogen,

which set up an AP gradient to which cells responded in some way. The

patterns of muscles, tendons, blood vessels, and nerves are also dupli-

cated under ZPA grafting (Shells well and Wolpert, 1977). Duplication in

tip reversal experiments appears to occur only if part of the ZPA is

included in the reversed tip (Saunders et al., 1958; Saunders and Gassel-

ing, 1963; Fallon and Crosby, 1975).

MacCabe et al. (1973) first assayed polarizing activity at stage 15/16 and

found that it remained until stage 28. Removal ofthe ZPA at stages 17-18

led to all limbs sowing posterior defects. However, removal at stages

19-24 led to normal development, including normal AP pattern, in half of

the limbs examined. This result questions the role of the ZPA's influence

on AP polarity at later stages of development, although it does not rule out

its importance during the initial stages of polarity establishment. Further-
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Section IV we consider the process of cell differentiation. In Section V we

review several theoretical models that have been proposed to account for

limb development. We discuss their successes and failures. In Section VI

we consider what major questions remain unanswered, and we discuss the

potential use of mathematical modeling in limb development.

D. Brief Overview of Limb Development

A. SEQUENCEOF EVENTS

Hamburger and Hamilton (1951) studied chick development through the

entire period of incubation with the aim of identifying and designating

embryos on the basis of external characters independent of chronological

age and size. They chose intervals ofthree somites as "stages". Embryos

with intermediate numbers of somites were designated by + or -. The first

somite begins to disperse after stage 10 and was not counted thereafter.

The presomite stages were numbered 1-6 (first day of incubation). These

stages have now become the standard frame of reference in chick limb

development. The wing site is determined by stage 8 (26-29 hours of

incubation) and limb outgrowth is visible by stage 17. The first skeletal

element is visible by stage 24 and the last element is seen by stage 34 (- 8

days of incubation). Up to stage 23 the average duration of a stage is - 4
hours; thereafter, it increases to about 6 hours.

B. INITIATIONOF LIMB SITE

It is not known how the site of the future limb is determined in the

developing embryo, although it is known to happen very early. Rudnick

(1945) and Chaube (1959) found that transplanted prospective limb tissue

from stage 8 donors had the capacity to differentiate normally in the

absence of the material that normally surrounds it. It was already known

that in the newt a region ofthe lateral plate mesoderm somatopleure at the

tailbud stage was capable of forming a forelimb when transplanted to a

different region of the embryo (Harrison, 1918). The limb forming capacity

is a property of the lateral plate mesoderm. Furthermore, the capacity to

form a fore- or hindlimb bud is already a stable property of the mesoderm

even before the appearance of the limb bud (Zwilling, 1955; Saunders et

al., 1955,1959). This property may be associated with the establishment of

the anterior-posterior (AP) axis of the embryo (Krabbenhoft and Fallon,

1989).


