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           Morphological Overview 

 In vertebrates, the limb bud starts as an accumulation of cells 
within the lateral plate mesoderm (LPM) forming an oblong 
ventrolateral bulge on the body wall. The limb is a composite 
structure of cells from the LPM (precursors of limb- associated 
skeletal tissues) and associated somites (muscle and vascular 
precursors). In humans, the upper limb bud appears during 
the fourth week of development around day 26 (Carnegie 
stage 12) and is located between somites 9 and 12 (Fig.  1.1a ) 
[ 1 ,  2 ]. The limb emerges only in certain zones of the body 
known as limb fi elds. The position of limb fi elds are thought 
to be specifi ed by a quantitative and/or qualitative combina-
tion of Hox transcription factors (see Fig.  1.1b ) [ 3 ,  4 ].

   By day 37 of development (Carnegie stage 16), the distal 
portion of the limb can be recognized as a handplate. At the 
same time there is progressive mesodermal condensation 
along the proximodistal axis forming the skeletal elements of 

the limb. By day 56 the major morphologic features of the 
limb are complete. 

    Limb Initiation 

 After the upper limb fi elds have been specifi ed, induction of 
the limb bud occurs. The cells of the LPM located within the 
limb fi elds maintain active proliferation, while non-limb fi eld 
LPM begins to divide more slowly [ 5 ]. Initially  Fgf10  is 
expressed broadly along the LPM, but just before the limb 
emerges, the domain of  Fgf10  expression becomes restricted to 
the limb fi elds. In chicken, the expression of  Tbx5  and  Wnt2b  
in the LPM cells of the limb fi eld are responsible for the 
 induction of  Fgf10  in the presumptive limb (Fig.  1.2 ) [ 6 – 8 ]. 
Recent studies suggest that  Tbx5  expression can be induced 
and regulated by Hox transcription factors, suggesting a role 
for Hox genes in both positioning limb fi elds and initiating 
limb outgrowth [ 9 ]. Fgf10 through its receptor FgfrIIa has been 
shown to induce  Wnt3  and  Wnt3a  in prospective mouse and 
chick limb ectoderm, respectively. Concurrently, Bone 
Morphogenetic Protein (Bmp) signaling in the ventral ecto-
derm induces β-catenin competency in cells of the presumptive 
apical ectodermal ridge (AER) at the dorsal–ventral boundary 
[ 10 ,  11 ]. In turn, Wnt3 or Wnt3a induces  Fgf8  in a Wnt/β-
catenin-dependent manner in the precursor cells of the AER [ 6 , 
 12 ]. Fgf8 secreted from the recently formed AER maintains the 
expression of  Fgf10  in the mesoderm, establishing a positive 
regulatory loop that maintains proximal–distal growth [ 6 ,  12 ].

   Another signaling molecule that is fundamental to the 
induction of the limb bud appears to be retinoic acid (RA), the 
active metabolite of vitamin A. This molecule is produced in 
the somites of the embryo by the enzyme Raldh2 [ 13 – 15 ]. RA 
restricts the early expression of Fgf8 within the heart fi eld, 
which, in turn, permits the expression of  Tbx5  in the limb fi eld 
to initiate forelimb development [ 16 ,  17 ]. Furthermore, RA 
has been shown to regulate the expression of  Hox  genes both 
in vitro and in vivo, which may contribute to limb fi eld induc-
tion and/or positioning (see Fig.  1.2 ) [ 18 ,  19 ].  
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    Signaling Centers 

 Between the fourth and eighth weeks of development, the 
limb bud undergoes growth and differentiation to transform 
it into a fully patterned limb. This process can be described 
in terms of three coordinate axes: proximal–distal (P–D), 
anterior–posterior or radial–ulnar (A–P/R–U), and dorsal–
ventral (D–V) modulated by three signaling centers [ 20 ]. 

 Along the P–D axis, the AER appears as thickened ecto-
derm overlying the distal edge of the limb bud [ 21 ]. The 
AER is the signaling center that regulates the P–D growth 
and Fgfs are the signaling molecules that accomplish its 
function. Excision of the AER in chicken embryos at differ-

ent stages of limb development results in limb truncations in 
a progressive fashion; the later the AER removal, the more 
distal the resulting truncation [ 22 ]. 

 The signaling center for the A–P/R–U axis is the zone of 
polarizing activity (ZPA), a cluster of mesodermal cells 
located at the distal posterior (ulnar) margin. The ZPA directs 
A–P/R–U patterning and Shh is the signaling molecule that 
mediates its function. Both mice ( Shh  knock-out) that lack 
Shh function or mutant chickens (Oligozeugodactyly— Ozd  
mutants) that fail to have limb-specifi c Shh expression show 
marked loss of posterior (ulnar) elements [ 23 ,  24 ]. 

 Dorsal non-AER ectoderm directs D–V patterning with 
Wnt7a as the signaling molecule that promotes dorsalization. 
Excision and rotation of the dorsal ectoderm results in the 
formation of dorsal structures within the ventral aspect of the 
limb [ 25 ].   

    Patterned Development Along 
Coordinate Axes 

 Pattern formation is a process by which the cells are sequen-
tially specifi ed, determined, and then differentiated to form 
the morphological structures of the limb. In this section we 
will focus on how the process of patterning is accomplished 
along each axis as directed by the signaling centers and the 
associated molecular pathways, recognizing that the molecu-
lar cascades of these three axes are operating concurrently 
and integrated together like a fi ne-tuned instrument. 

    Proximal–Distal Patterning (P–D) 

 The upper limb can be divided into three different segments 
along the P–D axis (Fig.  1.3 ): (1) the proximal segment or 

  Fig. 1.1    Human embryo at stage 
of limb initiation and presumed 
Hox positioning. ( a ) Depiction of 
an emerging upper limb bud 
(boxed) in Carnegie stage 12 
embryo. ( b ) Hox genes
establish upper limb position and 
polarity. Courtesy of K.C. Oberg 
and Loma Linda University       

  Fig. 1.2    Molecular pathways involved in limb induction. Depiction of 
the tissues involved in the initiation of the right upper limb bud emerg-
ing from lateral plate mesoderm (LPM) at somite (So) levels 9-12. 
Molecular interactions between LPM and ectoderm (Ecto) are also 
illustrated. IM-intermediate mesoderm. Courtesy of K.C. Oberg and 
Loma Linda University       
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stylopod where the skeletal elements of the humerus develop; 
(2) the intermediate segment or zeugopod where the radius 
and ulna form; and (3) the distal segment or autopod where 
the carpals, metacarpals, and digits form.

   Patterning along the P–D axis begins during limb initia-
tion with the formation of the AER, stratifi ed ectoderm at the 
distal dorsal–ventral boundary of the developing limb bud. 
The AER secretes fi broblasts growth factors (Fgfs), the mol-
ecules primarily responsible for P–D patterning. Fgf8 is the 
fi rst and functionally most important Fgf secreted from the 
AER during induction and maintained until the AER 
regresses, when the drafts of the last phalanges are formed. 
 Fgf4 ,  Fgf9 , and  Fgf17  are activated sequentially in the poste-
rior AER and expand to the anterior aspect as the limb devel-
ops [ 26 ,  27 ]. Classical experiments in chick embryos showed 
that AER removal abated distal limb outgrowth and resulted 
in truncations that corresponded to the timing of AER 
removal; in other words, the later the AER removal, the more 
distal the structures that were present [ 22 ]. Moreover, FGF- 
soaked beads were able to restore limb bud outgrowth and 
patterning after AER removal, indicating that Fgfs were the 
functional signaling factors of the AER [ 28 ,  29 ]. 

 Among the different  Fgfs  expressed,  Fgf8  is thought to be 
the main AER signal, while  Fgf4 ,  Fgf9 , or  Fgf17  are consid-
ered secondary or redundant [ 30 ,  31 ]. This concept is sup-
ported from experiments with  Fgf8  knock-out mice that 
showed smaller AERs, delayed limb bud outgrowth, and loss 
of some skeletal elements [ 26 ,  32 ]. In contrast, knock-out 
mice for  Fgf4 ,  Fgf9 , and/or  Fgf17  did not develop limb 
anomalies. Interestingly,  Fgf4  expression in  Fgf8  knock-out 
mice was up-regulated, suggesting that redundant expres-
sion may have lessened the phenotype of these mutants. This 
was confi rmed by the removal of both  Fgf4  and  Fgf8  that 

resulted in a worse phenotype with notably smaller limb 
buds [ 32 ,  33 ]. 

 Several models have been proposed for P–D patterning. 
The progress zone model proposes that mesenchymal cell 
fate is determined by the length of time spent under the direct 
infl uence of the AER in a proliferative region called the 
progress zone (PZ) [ 34 ,  35 ]. The early specifi cation model 
[ 36 ] postulates that the P–D identities are specifi ed early and 
the different progenitor pools expand sequentially as the 
limb grows. The differentiation front model suggests that the 
AER maintains mesenchymal cells in an undifferentiated 
state; as the limb expands, the cells that are no longer under 
the infl uence of the AER differentiate [ 37 ]. 

 However, the accumulating evidence supports an alterna-
tive model. The two signal model [ 30 ] proposes that two 
opposing signals pattern the limb along the P–D axis: RA 
emanating from the fl ank will specify a proximal fate, while 
Fgfs from the AER will specify a distal fate (Fig.  1.4a ) [ 38 , 
 39 ]. In somites, Raldh2 oxidizes Retinol to form RA which 
can act locally in the proximal limb buds to promote the 
expression of  Meis1  and  Meis2 . The expression of  Meis1 /2 
defi nes the proximal limb segment and where the humerus 
(stylopod) will develop. Distally, Fgf signaling induces 
5′ Hoxa  genes ( Hoxa11 ,  Hoxa13 ) and limits distal  Meis1 / 2  
expression. Although the mechanism for this repression is 
not fully understood, it is known that Fgf8 signaling induces 
the expression of  Cyp26b1  in the distal mesenchyme of the 
limb bud; the product of this gene oxidizes RA into a non- 
active form, thus clearing the distal region of active RA (see 
Fig.  1.4c ) [ 40 ]. Some have questioned RA role as a proxi-
malizing agent [ 16 ], and further investigations are warranted 
to clarify whether RA or another factor infl uenced by RA is 
the proximalizing signal.

  Fig. 1.3    Limb elements. The 
upper limb consists of a limb 
girdle or shoulder, and three limb 
segments known as the stylopod 
(humerus - colored blue), the 
zeugopod, which includes the 
radius and ulna (colored green) 
and the autopod or handplate 
(colored magenta). Courtesy of 
K.C. Oberg and Loma Linda 
University       
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       Anterior–Posterior/Radial–Ulnar Patterning 
(A–P/R–U) 

 The limb along the A–P/R–U axis is divided into two seg-
ments: the anterior (radial), comprises the thumb and radius, 
and the posterior (ulnar) with the ulna and ulnar digits (digits 
two through fi ve) [ 41 ]. 

 Patterned development along the A–P/R–U axis is con-
trolled by the zone of polarizing activity (ZPA), a cluster of 
mesenchymal cells maintained in the distal posterior/ulnar 
aspect of the developing limb (see Fig.  1.4b ). The ZPA was 
discovered in 1968 through grafting experiments in chick limb 
buds [ 42 ]. In these experiments, grafts from the distal poste-
rior/ulnar mesenchyme were excised from one group of chicks 
and then inserted into the distal anterior/radial aspect of 
another group of chicks. The limbs that developed from these 
grafts demonstrated mirror image duplication of structures 
[ 42 – 44 ]. RA was found to be the fi rst molecule that mimicked 
ZPA grafts when applied to the distal anterior/radial aspect of 
the limb bud [ 45 – 48 ]. Later it was shown that Shh was the 
molecule responsible for the phenotype induced by RA [ 49 ]. 

 Shh is critical to the correct developmental pattern of the 
limb, particularly for the forearm (zeugopod) and hand 
(autopod). This is demonstrated in  Shh  knock-out mice, 
which have a correctly developed stylopod, a single skeletal 
element (radius) for the zeugopod, and a minimal autopod. 

In the upper limb, the autopod forms as a small cartilage 
 condensation [ 23 ,  50 ], while in the lower limb, the autopod 
consists of a single digit with two phalanges [ 23 ,  50 ]. 

 A–P/R–U polarity and subsequent Shh expression is initi-
ated by axial Hox gene segmentation [ 51 ] followed by sev-
eral other factors that contribute to Shh induction and the 
establishment of the ZPA. Hand2, expressed in the posterior/
ulnar half of the limb bud, is required for Shh induction [ 52 , 
 53 ] and has been shown to directly interact with limb- specifi c 
Shh regulatory region [ 54 ]. Similarly, distal Hoxd 
(Hoxd10- 13) transcription factors also interact with the 
limb-specifi c Shh regulatory region, and evidence suggests 
that their initial phase of limb bud expression helps to local-
ize Shh expression (Fig.  1.5 ) [ 55 ].

   The fi rst or initial phase of distal Hoxd expression in the 
limb bud occurs in a nested collinear (corresponding to their 
gene order) fashion along the anterior–posterior axis, with 
Hoxd10 exhibiting the broadest initial expression domain. 
The expression of each successively more distal Hoxd gene 
is nested within the previous gene’s expression domain (see 
Fig.  1.5 ). Hoxd13, the terminal transcription factor in the 
Hoxd cluster, has the most restricted expression domain 
within the distal posterior or ulnar aspect of the limb bud 
overlapping the ZPA. This fi rst phase of distal Hoxd expres-
sion plays a role in localizing Shh expression and temporally 
corresponds to specifi cation of the forearm or zeugopod. 

  Fig. 1.4    Molecular pathways regulating proximal-distal & anterior-posterior/radial-ulnar axes. ( a ) Progressive segment specifi cation along the 
proximal-distal axis based on the two signal model with RA-related proximalizing signals countered by distalizing Fgf signals. Outgrowth sepa-
rates the signals and an intermediate zone is formed. Mies1 and Shox2 are restricted to the stylopod, Hoxa11 and Shox are markers for the zeugo-
pod, and Hoxa13 delimits the handplate boundaries. ( b ) Opposing gradients of Gli3 repressor (Gli3R) and Shh-maintained full length Gli3 
activator (Gli3FL) establish boundaries between the radius and ulna in the zeugopod and the thumb and ulnar digits in the autopod or hand. c) 
Some of the molecular interactions that maintain and terminate Shh expression in the ZPA (→ indicates positive regulation, while –| indicates 
inhibition). Courtesy of K.C. Oberg and Loma Linda University       
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 The role of Shh in A–P/R–U axis patterning has been 
characterized largely through knock-out mice for members 
of the Gli protein family of transcription factors (Gli1, Gli2, 
and Gli3).  Gli3  mutant mice are polydactylous without digit 
identity while the zeugopod is perfectly formed [ 56 ,  57 ]. 
Remarkably, the limbs of the double knock-out mice for both 
 Gli3  and  Shh  were indistinguishable from the  Gli3  mutant 
alone [ 58 ,  59 ], suggesting that the principal function of Shh 
is mediated through Gli3. Molecular studies demonstrated 
that Shh signaling prevents the posttranslational processing 
of full-length Gli3 protein into a short form, which functions 
as a strong repressor of Shh target genes. 

 Secreted Shh diffusing from the ZPA establishes a 
 posterior to anterior concentration gradient. A complemen-
tary gradient of Gli3R forms with high levels of Gli3R in the 
anterior zone where Shh signaling is minimal (see Fig.  1.4b ) 
[ 59 ]. In the absence of  Shh , the level of Gli3R is uniform 
along the A–P/R–U axis and the elevated levels of Gli3R, 
unopposed by Shh, are accompanied by an increase in the 
apoptotic rate of the limb mesenchyme [ 58 ,  60 ]. Thus, the 
A–P/R–U gradient of Gli3R and its reciprocal full length 
Gli3 activator are responsible for conveying pattern informa-
tion along this axis. However, it remains unclear whether the 
critical patterning signal is the absolute level of GLi3R or the 
relative levels between the repressor and the activator forms 
[ 58 ,  59 ]. Collectively, these data help to characterize the role 

of Shh in A–P/R–U patterning which, at least, in part, is to 
regulate the form and function of its transcription factor, Gli3.  

    Dorsal–Ventral Patterning (D–V) 

 Patterning along this axis is regulated by signals from the 
non-AER ectoderm that surrounds the limb mesenchyme. 
The dorsal and ventral areas are defi ned by the expression of 
two different genes:  Wnt7a  in the dorsal ectoderm and  En-1  
in the ventral ectoderm (Fig.  1.6 ).  Wnt7a  signaling defi nes 
the dorsal fate of the limb structures [ 61 ], while  En-1  restricts 
 Wnt7a  expression to the dorsal ectoderm, preventing the dor-
salization of ventral limb tissues [ 62 ,  63 ]. It is not yet known 
how  Wnt7a  is induced in the presumptive limb ectoderm; 
however, there is evidence that BMP and WNT canonical 
signaling are responsible for the induction of  En-1  in the ven-
tral ectoderm. Knock-out mice have further elaborated their 
functional roles.  Wnt7a  mutants have biventral limbs, while 

  Fig. 1.5    Distal Hoxd genes are expressed in the limb bud in two phases. 
In the early phase, there is a nested collinear expression pattern. Dotted 
lines highlight the boundaries of expression, from broadest expression 
of Hoxd10 (green) to the most restricted of Hoxd13 (blue). In the late 
phase, Hoxd expressioin demonstrates quantitative colinearity with 
progressively more robust expression. Courtesy of K.C. Oberg and 
Loma Linda University       

  Fig. 1.6    Molecular pathways regulating the dorsal-ventral axis. From 
top to bottom, unknown factors in somites and/or intermediate meso-
derm initiate Wnt7a expression in medial dorsal ectoderm. Bmps 
induce the expression of En1 in what will become the ventral ectoderm 
establishing the dorsal ventral boundary where the AER will form 
(orange). Wnt7a will induce Lmx1b in the underlying mesoderm to 
dorsalize developing tendons, joints and soft tissues. Courtesy of K.C. 
Oberg and Loma Linda University       
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 En-1  mutants have bi-dorsal limbs [ 64 ,  65 ]. Interestingly, 
double compound mutant mice for  En-1  and  Wnt7a  display a 
biventral phenotype, suggesting that the default limb pheno-
type is ventral and establishing Wnt7a’s role as the dorsaliz-
ing signaling molecule of the limb’s D–V axis [ 64 ].

   Additional studies demonstrate that  Wnt7a  manifests its 
function through the induction of  Lmx1b  in the underlying 
dorsal mesoderm. Lmx1b function is both suffi cient and 
 necessary for the induction of dorsal fates. In chicken and 
mice, ventral  Lmx1b  expression led to bi-dorsal limbs, whereas 
its inactivation resulted in biventral limbs [ 61 ,  64 ,  66 ,  67 ].  

    Integration of Axis-Related Signaling 

 The three signaling centers coordinate patterned limb devel-
opment through interactions between their molecular signal-
ing cascades. One of the most studied interactions is the 
interaction between the ZPA and the AER. Shh signaling 
from the ZPA induces the expression of  Gremlin  in the adja-
cent mesenchyme that underlies the AER [ 26 ]. Gremlin is an 
antagonist of BMP signaling, repressing  Bmp  expression in 
the mesenchyme [ 68 ,  69 ]. Although Bmp signaling is needed 
in limb and AER induction [ 70 ,  71 ], mesenchymal BMP 
inhibits the expression of AER-associated Fgfs and increases 
mesenchymal cell death [ 70 ,  71 ]. Thus, Shh through Gremlin 
prevents these BMP-associated functions thereby maintain-
ing Fgf expression. Correspondingly, Fgf8 secretion into the 
mesenchyme maintains Shh expression in the ZPA (through 
pathways that are not yet characterized) forming a positive 
feedback loop that supports continued limb growth and pat-
terning. Termination of this reciprocal loop has been pro-
posed as the mechanism that stops limb outgrowth once the 
appropriate size has been achieved [ 72 ]. 

 Integration also occurs between other axes.  Wnt7a  knock- 
out mice shows a reduction in  Shh  expression [ 61 ] with a 
loss of the posterior digits (corresponding to the little fi nger). 
In chickens, elimination of the dorsal ectoderm of the limb 
showed similar results [ 73 ,  74 ]. These fi ndings suggest that 
Wnt7a signaling from the dorsal ectoderm is capable of 
inducing or maintaining Shh expression in the ZPA [ 61 ]. 
Although the characterization of pathways that interconnect 
these three signaling centers is incomplete, it is intuitive that 
interaction between them is crucial for the proper develop-
ment of a patterned limb.   

    Handplate Patterning 

 The handplate or autopod is the distal-most element of the 
limb and the last to form. It is composed of digits (fi ngers) and 
wrist bones. The axes-related pathways converge to form the 
most complicated, pattern-rich structures of limb develop-
ment. Hoxa13, the terminal transcription factor of the Hoxa 

cluster, is confi ned to the handplate, demarcating its proximal 
boundary along the P–D axis (see Fig.  1.4a ) [ 75 ,  76 ]. 
Concurrently, along the A–P/R–U axis, a second “late” Shh-
regulated phase of distal Hoxd expression (that corresponds 
with digit formation) is generated that partially reverses their 
expression domains, i.e., reverse colinearity (see Fig.  1.5 ) [ 77 ]. 
More importantly, there is progressive expression intensity, 
with Hoxd13 exhibiting the most robust expression within the 
digits and Hoxd10 exhibiting the least intense expression, in 
what has been termed quantitative colinearity [ 78 ]. Along 
the D–V axis, expression of Lmx1b, the dorsalizing Wnt7a-
mediated transcription factor, becomes restricted to dorsal ten-
dons and joint-associated tissues (see Fig.  1.6 ) [ 79 ]. 

    Establishing Digit Number 

 In addition to regulating the second phase of Hoxd gene 
expression in the limb bud, Shh-expressing ZPA cells also 
make a direct contribution to digit development. Fate map-
ping studies have demonstrated that descendants from Shh- 
expressing cells of the ZPA populate digit 5, 4 and half of 
digit 3. The cells of digit 5 have had the longest exposure to 
Shh and at higher levels, while the cells of the digit 2 are only 
affected by diffusion of Shh [ 80 ,  81 ]. Moreover, premature 
arrest in  Shh  expression causes a reduction in the number of 
digits corresponding to the stage and duration of arrest. With 
normal Shh levels, the order of condensation is d4, d2, d5, 
and d3, and with the premature arrest in shh, the loss follows 
a predictable order, where digit 3 is lost fi rst, followed by d5, 
d2, and d4 [ 82 ]. Studies of digit duplication in chicken wings 
by  Shh  misexpression show that the most posterior/ulnar dig-
its need higher Shh concentrations and longer exposure times 
than the more anterior digits [ 83 ]. 

 Recent experiments in chicken show that Shh integrates 
both proliferation and specifi cation of digit precursors and 
that Shh expression is controlled by cell proliferation [ 82 , 
 84 ]. These data prompted two models to explain how digit 
morphology and number are achieved. The biphasic model 
suggests that an early phase specifi es digit number and 
potential morphology and a second proliferative phase 
allows for digit growth and fi nal morphologic determination 
[ 82 ]. The growth-morphogen model posits that both Shh 
concentration and exposure duration progressively expands 
the limb to specify digit number and morphology [ 84 ]. 

 Although a Shh concentration gradient can account for 
some features of digit morphogenesis, it does not fully 
explain the repeating digit/interdigit pattern. Experiments 
out of Marian Ros’ laboratory found that compound gene 
deletions of  Hoxa13  (the terminal  Hoxa  gene demarcating 
the handplate),  Hoxd11-13  (the Shh-dependent  Hox  genes of 
the A–P/R–U axis), and  Gli3  (the gene mediating Shh activ-
ity along the A–P/R–U axis) exposed an intrinsic self- 
organizing mechanism in mice involved in digit patterning 
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[ 85 ]. Progressive reduction of the  Hox  gene dosage in the 
absence of Gli3 progressively increased digit numbers (up to 
14 digits) that was not accompanied by a corresponding 
increase in handplate size; thus, the digits were increasingly 
thinner and shorter. 

 Alan Turing developed a mathematical diffusion-reaction 
model to account for repetitive self-organizing patterns, such 
as stripes or spots in animal skin and fur [ 86 ]. This model 
considers two molecules, an activator and inhibitor, which 
diffuse into a fi eld of cells. The activator auto-up-regulates 
itself and up-regulates its own inhibitor. In contrast, the mod-
el’s inhibitor suppresses the activator and auto-inhibits its 
own expression (Fig.  1.7 ).

   Small random molecular variations of activator and inhib-
itor eventually lead to a stable pattern, typically spots or 
stripes. The pattern is dependent upon the level of activator 
and inhibitor as well as their diffusion rates. The evidence 
suggests that an intrinsic self-organizing or Turing mecha-
nism establishes the initial alternating digit/non-digit pattern 
in the handplate. Although the identity of the activator and 
inhibitor are not yet known, the compound  Hox/Gli3  experi-
ments indicate that the terminal Hoxa/d transcription factors 

involved in the P–D and A–P/R–U axes, in concert with Shh/
Gli3 regulation, modulate the intrinsic self-organizing mech-
anism and are critical in establishing the common digit/inter-
digit pattern of pentadactyly.  

    Defi ning Digit-Specifi c Morphology 

 Once the number of digits has been established, each digit 
must then acquire its specifi c morphology, i.e., thumb and 
index fi nger. At the distal end of each digit is a cluster of cells 
called the phalanx forming region (PFR) or digital  crescent 
that, with progressive digital outgrowth, regulates  Sox9  
expression and chondrogenesis, thereby shaping phalangeal 
morphology (Fig.  1.8 ) [ 87 – 89 ]. The PFR also maintains 
digit-associated Fgf expression in the overlying AER during 
digit outgrowth [ 87 ].

   Although the mechanisms are not fully characterized, evi-
dence suggests that Shh plays a pivotal role in defi ning digit- 
specifi c morphology for digits 2–5 (the Shh-dependent 
digits). Three Shh-regulated gradients converge to defi ne the 
appropriate size and number of phalanges. The Shh- dependent 

  Fig. 1.7    Turing-like patterning in limbs. In the upper left-hand corner is a diagram of the diffusion-driven instability model with an activator and 
inhibitor modulated by FGF and HOX/GLI. In the model described by Sheth et al. (2012), FGF from the apical ectodermal ridge (AER) promotes 
a radial stripe pattern from this intrinsic self-organizing mechanism (ISOM) and ultimately regulates digit length, while FGF in concert with distal 
HOX and GLI transcription factors limit the number of digits. The bottom of the illustration has a series of handplates that show the rapid progres-
sion from fl uctuating activator-inhibitor interaction (noise) to a stabilized 5-digit pattern. On the right, progressive loss of digit suppressing HOX/
GLI transcription factors (green bar) causes an increase in the number of digits patterned by the ISOM. Courtesy of K.C. Oberg and Loma Linda 
University       
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Hoxd10-13 transcription factors within the developing digits 
interact directly with Gli3 [ 90 ]. However, the form of Gli3 
present at each digit varies based on the Shh- regulated Gli3R/
Gli3 activator counter gradients [ 91 ]. In addition, Shh induces 
a Bmp gradient that is also known to regulate digit morphol-
ogy [ 89 ,  92 ]. The signals that determine digit morphology are 
conveyed to the PFR through the adjacent posterior interdigi-
tal tissue [ 87 ,  89 ] and through Fgf and Wnt proteins secreted 
from the overlying AER [ 88 ,  93 – 96 ]. Changes in the inter-
digital BMP levels or swapping interdigital mesenchyme can 
transform digit morphology [ 87 ,  89 ]. 

 The thumb is a distinctly different digit in its shape, posi-
tion, and structure [ 97 ]. It is Shh-independent and has a com-
pilation of genes expressed within its domain that is 
dissimilar from other digits (Fig.  1.9 ).  Hoxa13  is expressed 
within the entire handplate [ 75 ,  76 ] and overlaps the 
 expression of  Tbx5 , which extends into the carpal and thumb 
domains but not into the domains of the ulnar digits (digits 

2–5) [ 98 ]. Moreover, the thumb domain is accentuated by the 
lack of Shh-regulated  Hoxd10-12  expression [ 99 ]. The 
absence of distal  Hoxd  gene expression has been used as a 
marker of “thumbness” across species [ 100 ,  101 ]. 
Interestingly, the wrist is also a zone with limited Hox pro-
tein expression (see the illustration in Fig.  1.9  associated 
with Hoxd12 expression). Recent experiments with mouse 
mutants that express low levels of Hox proteins showed 
transformations of metacarpal bones to carpal-like elements 
[ 102 ]. Thus, Tbx5 and low levels of Hox transcription fac-
tors may limit the size of the thumb and carpal bones, while 
the distal Hoxd transcription factors are thought to elongate 
digits [ 75 ,  98 ,  103 ].

   The terminal phalanges differ structurally from other pha-
langes: they are cone shaped and associated with a surface 
modifi cation at the dorsal tip called the unguis or nail, which 
is dense keratinized epithelium that protects the tip of the 
digit. Terminal phalanges also differ in their development, 

  Fig. 1.8    Molecular pathways regulating digit development. After establishing digit number and the Shh dependant/independent domains (bound-
aries indicated by dashed line), digit morphologies are specifi ed. Interdigital mesoderm as illustrated (ID1–ID5) regulates regression of the overly-
ing AER (orange) and digit morphologies of the adjacent anterior condensing digit via the phalanx forming region (PFR—magenta) capping the 
distal tip of each anlagen. The PFR, in concert with the AER, determines phalanx size, length and joint position. The interdigital tissue subse-
quently undergoes Bmp mediated programmed cell death (speckled regions). As the AER overlying the digit regresses the distal or ungual phalanx 
begins to form and is demarcated by expression of mesodermal Msx1 (blue) and ectodermal Sp8 (green) (Image adapted from Oberg et al., 2010) 
[209]. Courtesy of K.C. Oberg and Loma Linda University       

  Fig. 1.9    Molecular regulation of thumb patterning. The presumptive thumb domain (PT) is defi ned by the overlapping expression of Tbx5, Gli3R, 
Hoxa13, and Hoxd13. The other Hoxd transcription factors (10-12) have overlapping expression domains in presumptive digits 2-5, but are 
restricted from the thumb domain. Note that the Hoxd genes are also restricted from the developing carpal region (Image modifi ed from Oberg, 
2014) [97]. Courtesy of K.C. Oberg and Loma Linda University       
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with ossifi cation beginning at the distal tapered tip of the car-
tilage model rather than forming a collar around the mid- 
shaft [ 104 ]. As the AER regresses, the terminal phalanges 
begin to form [ 94 ,  105 ]. Sp8, a specifi city protein transcrip-
tion factor that mediates Wnt signaling, is expressed in the 
distal tip ectoderm [ 104 ,  106 ] and appears to direct dorsal 
signals to form the nail. In mice with a reduction in Sp8 lev-
els, dorsal dimelia forms (Haro et al., [ 107 ]). The distal tip 
mesoderm also expresses Bambi, a Bmp inhibitor, and Msx1, 
a transcription factor that is thought to provide regenerative 
competency to fi ngertips [ 104 ,  108 ,  109 ].  

    Interdigital Cell Death 

 In the interdigit mesenchyme, BMP signaling also induces 
cell apoptosis, in part, by repressing Fgf expression in the 
overlying ectoderm [ 110 ]. RA also appears to play a princi-
pal role in regulating interdigital cell death.  Rdh10  knock- 
out mice, which fail to convert precursors to RA, show 
interdigital webbing and a reduction in the expression of 
 Bmp7  [ 111 ]. RA beads are capable of inducing  Bmp  expres-
sion and cell death when implanted in the interdigit regions 
[ 112 ]. Weatherbee and coworkers have also suggested that 
levels of Gremlin, an Shh-regulated factor that inhibits 
Bmps, correlates with the degree of webbing across species 
[ 113 ]. Thus, Shh and RA signals may work in concert in the 
interdigital regions to signal digit morphology and interdigi-
tal cell death.   

    Limb Differentiation 

 While the limb is growing and acquiring its overall shape, 
cells from both ectoderm and mesoderm begin to differenti-
ate into the various tissues required for limb function. The 
differentiation process is tightly regulated by signaling mol-
ecules of the three axes. Although we will discuss the differ-
ent tissues separately (vessels, muscle, bone, cartilage, and 
nervous tissue), these processes are occurring concurrently, 
with several signaling molecules shared across tissues. 

    Limb Vasculogenesis 

 Vascularization begins with the transformation of mesenchy-
mal cells into hemangioblasts [ 114 ]. Bmp4 signaling induces 
the expression of  Flk1  (also known as Vegf-receptor 2) [ 115 ], 
the functional marker of hemangioblasts that confers the 
capacity to respond to vascular endothelial growth factor 
(Vegf) [ 116 ]. Embryos that lack  Flk1  die around day 9 with-
out any vascular development [ 117 ,  118 ]. Hypoxia-inducible 
factor 1 (HIF1alpha), sensing the local demands for oxygen 

in the growing tissue, induces  Vegf  [ 119 ]. Bmp4 conjointly 
with Vegf differentiates hemangioblasts into angioblasts 
(CD31, CD34, Flk1-positive cells), the precursors of vascu-
lar tissue [ 120 ,  121 ]. 

 Angioblasts within the developing limb bud are derived 
from limb mesenchyme and cells that migrate from adjacent 
somites [ 122 ]. In the emerging limb bud, angioblasts aggre-
gate and differentiate into vascular channels to form the 
primitive capillary plexuses [ 121 ,  123 ,  124 ] This process, 
known as vasculogenesis, is under the control of Vegf [ 125 ]. 
New vessels will sprout from these rudimentary vessels in 
response to local environmental and chemotactic factors, in a 
process termed angiogenesis. During angiogenesis, Notch- 
Delta signaling limits the number of sprouting “tip” cells to 
support directional outgrowth and remodeling [ 126 ,  127 ]. 
Interestingly, many of the molecules directing angiogenesis 
are also involved in axonal guidance (Ephrins/Eph receptors, 
Slit/Robo signaling, Netrins, Semiphorins, etc.) [ 128 ]. This 
may, in part, explain the parallel pathways taken by these 
tissues to form neurovascular bundles. 

 Angiogenesis progressively remodels limb vessels from 
proximal to distal. In addition to Vegf and Notch signaling, 
Angiopoietin/Tie signaling is involved in this second stage 
of vessel formation/remodeling [ 129 ,  130 ]. Around Carnegie 
stage 13 (day 28 post fertilization), remodeling forms a cen-
tral limb artery (the primitive subclavian artery) that con-
nects with the dorsal aorta (Fig.  1.10a ); concurrently, two 
peripheral veins form to drain into the posterior cardinal sys-
tem [ 123 ,  131 ]. The endothelial cells from these remodeled 
vessels secrete platelet-derived growth factor (Pdgf), which 
recruits smooth muscle cells and pericytes to surround the 
growing vessels [ 132 ]. Arteries and veins differ in the thick-
ness of surrounding smooth muscle and pericytes. In addi-
tion, arteries express Ephrin B2, while veins express Eph-B4 
receptors [ 119 ].

   RA plays an inhibitor role in the angiogenesis process 
[ 133 ,  134 ]. Experiments with mice lacking Cyp26, an RA 
degrading enzyme, showed an underdeveloped vasculature 
that did not progress beyond primitive plexuses [ 133 ,  134 ]. 
The data suggests that RA can have an inhibitory function on 
the expression of  Flk1  thus halting the development of ves-
sels [ 133 ,  134 ]. Endothelium expresses Cyp26 and may 
function to limit the presence of RA [Unpublished data, 132] 
thereby promoting angiogenesis. Alternatively, these early 
vessels may limit the level of RA accessible to the develop-
ing tissues they supply. 

 Progressive proximal-to-distal remodeling of limb vessels 
continues as the limb develops with primitive capillary plex-
uses persisting in the distal limb until about Carnegie stage 
19 (post fertilization day 48). By Carnegie stage 21 (post 
fertilization day 52), the major vessels and general architec-
ture is completed [ 135 ,  136 ]. The vascular network develops 
arteries, capillaries, and veins. The low pressure venous sys-
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  Fig. 1.10    Differentiation of limb tissues. Progressive differentiation of limb tissues from Stage 15 (post fertilization day 35) to stage 21 (day 52 
near the end of the embryonic period). ( a ) Vascular differentiation showing the formation and remodeling of the subclavian (S), the axillary (A), the 
brachial (B), interosseous (I), radial (R), ulnar (U), palmar arch (PA) and digital (D) arteries. ( b ) Progressive skeletal differentiation showing anlagen 
condensation and defi nition for the humerus (Hu), radius (Rad), ulna (Uln), carpi and digits. ( c ) Progressive muscle differentiation. Myocyte migra-
tion is guided by tendon primoria: First the proximal tendon primordium (PTP) then the intermediate tendon primordium (IPT) and fi nally the distal 
tendon primordium (DTP). Secondary myocyte migration and subsequent proliferation within the fascicles defi nes muscle groups. Triceps (Tri), 
biceps (Bi), brachialis (B), brachioradialis (BR), fl exor carpi ulnaris (FCU), palmaris longus (PL), fl exor digitorum superfi cialis (FDS), and fl exor 
digitorum profundus (FDP). d) Progressive differentiation of limb nerves. The nerve roots (Rt) from cranial 4 through thoracic nerve 1 coalesce to 
form the upper (U), the middle (M) and lower (L) nerve trunks (T) as they enter the limb bud. Further rearrangements defi ne the lateral (Lat), median 
(Med), and posterior (Pst) cords (C). As the muscles differentiate and require innervation, major nerves are formed – axillary (A), musclulocutaneous 
(Mc), radial (R), median (Md) and ulnar (U). (Modifi ed from Tonkin and Oberg, 2012) [198]. Courtesy of K.C. Oberg and Loma Linda University       
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tem is not able to collect all of the fl uid distributed to the 
tissues by the higher pressured arterial system; therefore, a 
second low pressure vascular system, the lymphatics, forms. 
The lymphatic vessels also arise from angioblasts that are 
derived from LPM and somites [ 122 ]. Although a unique 
homeodomain transcription factor, Prox1, distinguishes lym-
phatics from arterial or venous vessels, the same signaling 
molecules that direct artery and vein formation likewise 
appear to control lymphatic vascular development [ 119 ].  

    Limb Skeletogenesis 

 The limb skeleton is derived from LPM and its development 
can be described in two steps: (1) chondrogenesis, the pro-
cess of mesenchymal condensation and chondrocyte differ-
entiation to form endochondral anlagen; and (2) endochondral 
ossifi cation, the progressive transformation of the cartilage 
anlagen into the bones of the growing limb. The formation of 
joints is a related but separate process. 

 The fi rst indication of chondrogenesis is the up-regulation 
of Sox9, a high-mobility group transcription factor, in chon-
drogenic precursors [ 137 ]. Sox9 is necessary for skeletogen-
esis; the lack of Sox9 in animal models results in the complete 
absence of cartilage and bone, culminating in limb regres-
sion [ 138 ]. However, Sox9 alone is not suffi cient for chon-
drocyte differentiation. Additional Sox transcription factors 
(Sox5 and Sox6) are also needed for chondrocyte matura-
tion, i.e., type II collagen production and chondrocyte hyper-
trophy [ 139 ,  140 ]. 

 Bmp signaling also plays a role in the condensation of car-
tilaginous anlagen. Studies using constitutively activated and 
dominant-negative constructs in chicks show that signaling 
through Bmp receptor 1B (BMPR-1B) is necessary and suf-
fi cient to induce cartilage condensation [ 141 ]. The induction 
of Noggin, a potent inhibitor of BMPs, in the limb bud results 
in the complete absence of mesenchymal condensation [ 142 ]. 
Similarly in mice, knock-out of Bmp receptors 1a and 1b 
( BmpR1a ,  BmpR1b ) impairs chondrocyte differentiation and 
Sox5/6/9 expression [ 143 ]. 

 The ablation of individual Bmp proteins instead of their 
receptors does not prevent chondrogenesis in mice but rather 
delays the process [ 70 ]. This fi nding suggests that Bmps 
have a redundant function in chondrogenesis and that a 
threshold level of Bmp is needed to trigger the induction of 
Sox 5/6/9 and promote anlagen condensation. Despite the 
delay in cartilage condensation, individual Bmp knock-out 
mice exhibit normal endochondral ossifi cation [ 70 ] (for a 
full review of the role of Bmp in skeletogenesis and embry-
onic development see [ 144 ]). 

 In contrast to Bmp, RA limits the expression and activity 
of  Sox9  [ 145 ,  146 ]. Experiments with  Cyp26b1  knock-out 
mice demonstrate impaired RA clearance. The elevated level 
of RA in the limb arrests or restricts cells to a pre- chondrocytic 

state and aborts cartilage formation and skeletal progression 
[ 147 ]. Interestingly, Bmp signaling counters this activity by 
inhibiting  Raldh2 , a gene that encodes for an RA synthesiz-
ing enzyme [ 148 ]. Thus, Bmps utilize direct and indirect 
pathways to promote chondrogenesis. 

 As with other aspects of limb development, chondrogene-
sis also progresses in a proximal-to-distal fashion. By 
Carnegie stage 15 (35 days post fertilization), the humerus, 
radius, and ulna anlagen are evident as a “Y”-shaped conden-
sation (see Fig.  1.10b ) [ 149 ]. During the next week of gesta-
tion (post fertilization days 36–42), condensations form 
within the handplate. A consistent order of digital 
 condensations in vertebrates has been demonstrated with digit 
4 forming fi rst [ 150 ,  151 ] followed by digit 2, digit 5, digit 3, 
and fi nally the thumb or digit 1 [ 82 ]. Forming last appears to 
have put the thumb at increased risk, being the most common 
digit disrupted in malformation syndromes [ 97 ]. By Carnegie 
stage 21, the cartilaginous pattern is established. 

 Endochondral ossifi cation is mediated in large part by the 
Runx2 transcription factor that differentiates precursors into 
osteoblasts and promotes chondrocyte hypertrophy [ 152 ]. In 
addition, Sp7 (also called Osterix), another specifi city protein 
transcription factor, mediates osteocyte maturation, collagen 
I production and bone matrix deposition [ 153 ]. Sp7 works in 
concert with another transcription factor, ATF4, to maintain 
osteocyte function [ 154 ]. The ossifi cation of long bones is 
also characterized by an epiphyseal plate that forms between 
the diaphysis (shaft) and epiphysis (ends). The epiphyseal 
plate is a growth center responsible for longitudinal growth. 
At the epiphyseal plate, cartilage proliferation forms regular 
columns of chondrocytes. These chondrocytes undergo 
hypertrophy, maturation, and apoptosis with subsequent ossi-
fi cation. These steps are tightly regulated by Runx2, Twist1, 
Ihh (and Gli3), Vegf, BMP, and FGF signaling [ 155 ]. 

 Endochondral ossifi cation transforms the cartilage mod-
els into bone. Primary ossifi cation begins as a collar around 
the diaphyses of all limb long bones except the distal phalan-
ges. Ossifi cation in distal phalanges starts at the distal tip 
then progresses proximally over the cartilaginous model 
[ 104 ]. There is a consistent sequence to the formation of pri-
mary ossifi cation centers in the upper limb. The fi rst anlagen 
to begin ossifi cation is the humerus (Carnegie stage 23, post 
fertilization day 56 or 8 weeks gestation), followed by the 
radius, ulna, distal phalanges, metacarpals, proximal phalan-
ges, and fi nally middle phalanges by 10 weeks post fertiliza-
tion [ 156 ]. Notably, George L. Steeter, the embryologist 
entrusted with characterizing the Carnegie collection of 
human gestations in the 1940s, regarded humeral ossifi cation 
as the  sine qua non  of the beginning of the fetal period. Thus, 
the initiation of limb long bone ossifi cation with the forma-
tion of primary ossifi cation centers is a fetal endeavor. 

 Ossifi cation of carpal bones does not start until around the 
time of birth [ 157 ]. The initiation of carpal ossifi cation also 
follows a typical sequence beginning with the capitate and 
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hamate (the ulnar aspect of the distal row) and ending with 
the trapezium, trapezoid (the radial aspect of the distal row), 
and the scaphoid (the radial aspect of the proximal row) 
[ 157 ]. Formation of secondary ossifi cation centers within the 
epiphyses of the long bones also occurs postnatally. The 
characteristic pattern of hand and wrist ossifi cation is a use-
ful tool in assessing skeletal maturity in children. Prior to 
puberty, a sex-related difference is evident in hand and wrist 
ossifi cation; in girls, formation of primary ossifi cation cen-
ters is completed at around 6 years of age, whereas in boys, 
it is completed around 8 years of age [ 157 ]. 

 The expression of the distal Hoxa transcription factors, 
Hoxa10, Hoxa11, and Hoxa13, correlates with the stylopod 
(arm), the zeugopod (forearm), and autopod (hand), respec-
tively [ 76 ]. Synovial joints form within the developing skel-
etal anlagen at the boundaries between these three skeletal 
segments. Morphologically, a joint passes through three 
stages (Fig.  1.11 ): (1) interzone formation, with condensa-
tion of a cell dense region of fl attened cells called the inter-
zone; (2) cavitation, the formation of a gap separating the 
two skeletal elements; and (3) morphogenesis, the process of 
forming complementary articular cartilage-lined surfaces to 
facilitate movement. Wnt14 is expressed in the presumptive 
joint and up-regulates Gdf5 prior to interzone formation 
[ 158 ]. Gdf5 becomes tightly restricted to the interzone as it 
forms and promotes subsequent joint formation [ 159 ]. 
Centrally the interzone begins to cavitate, becomes hypocel-
lular, and accumulates hyaluronan [ 160 ,  161 ]. Although 
joint-related muscular contractions are not needed for inter-
zone formation, they are essential for proper cavitation to 
occur [ 162 ]. Integrated axis-related patterning pathways and 

cell movement work together to form complementary 
cartilage- lined surfaces on the opposing skeletal ends for 
appropriate articulation [ 163 ,  164 ]. Concurrently, mesoderm 
surrounding the developing joint condenses, forming fortify-
ing ligaments and the joint capsule [ 165 ,  166 ].

       Limb Myogenesis 

 Formation of the upper limb musculature is an integrated pro-
cess involving tendons, myocytes, and nerves. Disruption of 
any one of these structures results in muscle abnormalities 
[ 167 ]. The arrangement of tendons and their sites of bony 
attachment establish the framework within which muscles will 
develop (see Fig.  1.10c ). The tendon primordia develop from 
limb mesenchyme. The fi rst indication of tendon formation is 
the expression of Scleraxis (Scx), a tendon-specifi c transcrip-
tion factor in precursor tenocytes [ 168 ]. Subsequently, the 
cells express the extracellular matrix protein tenascin [ 169 ]. 

 Three dorsal–ventral pairs of tendon primordia progres-
sively develop within each limb segment [ 170 ]. The tendon 
primordia, which includes connective tissue cells that will 
encase and direct the developing myocytes, forms under the 
infl uence of axis-related signals and initially is independent 
from the infl uence of migrating myocytes [ 171 ]. For exam-
ple, Wnt7a from the dorsal ectoderm regulates dorsal tendon 
formation and mice that lack  En-1 , the transcription factor 
that limits Wnt7a expression to the dorsal ectoderm, develop 
a symmetrical bi-dorsal phenotype, i.e., dorsal or extensor 
tendons for both the dorsal and “ventral” aspects of the limb 
[ 62 ,  65 ]. However, muscle interaction is an absolute require-

  Fig. 1.11    Joint formation. Transformation of a presumptive joint in cartilage anlagen to a joint with synovial cavity and capsule (Image adapted 
from Pacifi ci et al., 2005) [164]. Courtesy of K.C. Oberg and Loma Linda University       
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ment for maintenance of the tendon primordia and the fi nal 
muscle arrangement; in muscle defi cient limbs, the tendons 
form but then degenerate [ 170 ]. 

 Muscle undergoes progressive and somewhat overlapping 
phases of development [ 172 ]: (1) an embryonic phase with 
development of primary mononuclear fi bers from migrating 
myoblasts; (2) a fetal/neonatal phase generating secondary 
multinucleate fi bers from migrating myoblasts; and (3) an 
adult phase that contributes multinucleated fi bers derived 
from satellite cells. 

 The fi rst marker of limb-related myocyte differentiation 
during the embryonic phase of myogenesis is the expression 
of Pax3, a pair-ruled homeodomain transcription factor, in the 
dorsolateral cells of the dermomyotome in limb- associated 
somites [ 173 – 175 ]. Subsequently, the Pax3- positive cells will 
delaminate and migrate into the developing limb bud.  Pax3  
knock-out mice show a loss of limb musculature and a loss of 
cell movements away from the somite [ 173 ,  176 ]. 

 Delamination and migration are also dependent upon 
scatter factor/hepatocyte growth factor (Sf/Hgf) secreted 
from the developing limb bud mesenchyme and the corre-
sponding expression of the Sf/Hgf receptor (c-met) in the 
myocyte precursors [ 177 – 180 ]. Pax3 regulates the expres-
sion of  c-met  in myocytes [ 181 ], while AER-associated Fgfs 
via Fgfr4 signaling control  Sf/Hgf  expression and thus the 
migratory routes of myocytes [ 180 ]. Mice defi cient in  c-met  
or  Hgf  expression lack migration and show a complete 
absence of limb musculature [ 178 ,  182 ]. 

 As the myocyte precursors migrate into the limb bud, they 
split into dorsal and ventral precursors. Lbx1, a homeodo-
main transcription factor expressed in dorsal myocyte pre-
cursors, mediates this segregation. Disruption of  Lbx1  
disrupts dorsal muscle migration without signifi cantly affect-
ing the migration of ventral myocytes [ 183 ]. 

 AER-related Fgfs regulate the expression of SF/Hgf 
within the limb mesoderm thereby controlling the migration 
of myocytes as they infi ltrate tendon primordia to arrive at 
their fi nal destination [ 180 ]. Within the limb bud, myocyte 
precursors begin to express  MyoD  and  Myf5 , committing 
them to a myocyte fate [ 184 ]. Activation of these myocyte- 
specifi c genes is also thought to depend on axis-related 
signal molecules, such as Wnt7a and Shh [ 174 ,  180 ]. The 
myocytes elongate and form primary mononuclear muscle 
fi bers. 

 Progressive proximal-to-distal differentiation also occurs 
during myogenesis (see Fig.  1.10c ). As myocyte precursors 
extend into the distal primordial tendons, a second wave of 
myocyte precursors migrates into the proximal limb. These 
myocyte precursors express Pax7 in addition to Pax3. Some 
of these precursors will coalesce around primary myofi bers 
and fuse to form secondary multinucleated myofi bers [ 185 ]. 
In addition, a population will remain in a precursor state at 
the periphery as a satellite cell [ 186 ]. Adult multinucleated 

muscle fi bers are derived from satellite cells. It is during sec-
ondary or fetal myogenesis that motor endplates form and 
neuromuscular communication begins.  

    Limb Innervation 

 Innervation of the limb follows myocyte migration (see 
Fig.  1.10d ). The axons of both motor and sensory neurons 
from the limb-associated spinal cord aggregate at the proxi-
mal limb boundary, forming several thick fascicles. These 
fascicles differentiate into the upper, middle, and lower 
trunks of the brachial plexus [ 187 ]. The nerve fascicles enter 
the limb then subdivide into dorsal and ventral branches. The 
dorsal branches coalesce to form the posterior cord. The 
upper and middle regions of the ventral branches join to form 
the lateral cord and the lower branch continues as medial 
cord. The cords then divide into the terminal branches of 
mixed motor and sensory axons. These branches follow a 
predictable pattern within the limb bud that appear to be con-
trolled by variations in the extracellular matrix [ 188 – 190 ]. 
The initial entrance and distribution of the terminal branches 
within the limb do not appear to require signals from the fi nal 
target tissue. However, for terminal sensory branching, the 
presence of skin is required [ 191 ]. Similarly, for fi ne targeted 
branching of motor nerves, differentiating muscle bundles 
are required [ 192 ]. 

 The molecular control of axonal guidance and tissue tar-
geting begins prior to axonal outgrowth during motor neuron 
differentiation. Shh secreted from the notochord and the 
fl oor plate of the spinal cord induces motor neuron and pan-
creas  homeobox1  ( Mnx1 , previously called  Hb9 ), which 
encodes a transcription factor that transforms the neuroepi-
thelium into motor neurons [ 193 ]. Hox transcription factors 
expressed within the spinal cord organize motor neurons 
destined for the upper limb into the lateral motor column 
(LMC), which is also demarcated by the expression of Islet1 
and Islet2 (Isl1/Isl2) lim homeodomain transcription factors. 
The expression of  Raldh2 , and thus the production of RA, 
within the lateral LMC induces the expression of lim home-
odomain 1 (Lhx1) transcription factor and inhibits the 
expression of Isl1, further subdividing the LMC into medial 
Isl1/Isl2-positive neurons that will project into the ventral 
limb and lateral Lhx1/Isl2-positive neurons that extend into 
the dorsal limb [ 194 ]. 

 A second phase of complex Hox transcription factor 
expression coupled with the expression of forkhead box P1 
(FoxP1) transcription factor is thought to convey axon tar-
geting information to specifi c partner muscles within the 
limb defi ned by axis-related cues [ 195 ]. A complex interplay 
of Ephrins and Eph receptors is involved in the regulation of 
branching and axonal guidance (see Kao et al. [ 195 ] for a 
comprehensive review). Finally, at the target site, Etv4 
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transcription factors are required to promote the axonal arbo-
rization needed for terminal neuromuscular innervation [ 196 ].   

    Dysmorphogenesis and Classifi cation 

 Congenital upper limb anomaly designations are typically 
based on appearance. We readily understand the terms such 
as polydactyly, syndactyly, or radial club hand. However, 
these terms often fail to inform us of the prognosis, approach 
to treatment, or the etiology. Many equate congenital upper 
limb malformations with abnormalities of the skeleton, but 
disruption of any aspect of limb development can lead to 
dysmorphology including vascular and neuromuscular dif-
ferentiation. Classifi cation provides a mechanism to orga-
nize dysmorphologies into categories that describe one or 
more aspects of these anomalies. Ideally, a classifi cation for 
upper limb anomalies would incorporate the etiologic basis, 
provide insight into prognosis, and guide treatment [ 197 ]. 
Furthermore, it should provide a universal language for dis-
cussion across disciplines regarding epidemiology, treat-
ment, and research [ 198 ]. 

 A number of classifi cation schemes have been proposed 
to organize the known spectrum of upper limb anomalies. 
Probably the earliest recorded classifi cation system was in 
1829 by Isidore Saint-Hilaire who initially described anoma-

lies simply as mild or severe [ 199 ]. He subsequently focused 
on what was missing, coining the terms ectromelia (limb 
absence), phocomelia (missing limb segments), and hemi-
melia (missing limb parts) [ 200 ]. In 1895, Kümmel described 
upper limb anomalies in terms of defects (defi ciencies), 
adhesions (fusions), or superior numbers (duplications). 

 Swanson proposed a new classifi cation scheme in 1964 
[ 201 ]. Swanson’s scheme was geared to hand surgeons and 
was considered to be an anatomic and clinical classifi cation 
that indicated the type of primary embryonic damage [ 202 ]. 
While in the emerging fi eld of clinical genetics, Temtamy had 
proposed a classifi cation that focused on the genetic basis of 
malformation [ 202 – 204 ]. A modifi ed version of Swanson’s 
classifi cation, subsequently adopted by the International 
Federation of Societies for Surgery of the Hand (IFSSH) in 
1974, categorized limb anomalies based on failed formation, 
failed differentiation, duplication, overgrowth, undergrowth, 
constriction bands, and generalized skeletal anomalies 
(Table  1.1 ) [ 205 ]. This same year, Kelikian reviewed a num-
ber of the classifi cations schemes that had been proposed and 
insightfully concluded that our knowledge was still insuffi -
cient to formulate a “comprehensive classifi cation” [ 206 ].

   Nevertheless, the modifi ed Swanson’s classifi cation 
served as the primary basis for scientifi c communication and 
discussion for upper limb anomalies among hand surgeons 
for more than 40 years [ 197 ]. With time it was recognized 

    Table 1.1    Comparison of the Swanson’s and OMT classifi cation schemes   

 I. Failure of formation of parts/arrest of development  I. Malformations 
 – Transverse defi ciencies  A. Abnormal axis formation/differentiation—entire upper limb 
 – Longitudinal defi ciencies  1. Proximal–distal axis 

 II. Failure of separation or differentiation of parts  2. Radial–ulnar (anterior-posterior) axis 
 – Soft tissue defi ciency  3. Dorsal–ventral axis 
 – Skeletal defi ciency  4. Unspecifi ed axis 

 III. Duplication  B. Abnormal axis formation/differentiation—hand plate 
 – Radial polydactyly  1. Proximal–distal axis 
 – Central polydactyly  2. Radial–ulnar (anterior-posterior) axis 
 – Ulnar polydactyly  3. Dorsal–ventral axis 
 – Mirror hand/Ulnar dimelia  4. Unspecifi ed axis 

 IV. Overgrowth  II. Deformations 
 – Hemihypertrophy  A. Constriction ring sequence 
 – Macrodactyly  B. Trigger digits 

 V. Undergrowth  C. Not otherwise specifi ed 
 – Hypoplastic hand  III. Dysplasias 
 – Brachymetacarpia  A. Hypertrophy 
 – Brachydactyly  1. Whole limb 

 VI. Constriction band syndrome  2. Partial limb 
 VII. Generalized skeletal disorder  B. Tumorous conditions 

 1. Vascular 
 2. Neurological 
 3. Connective tissue 
 4. Skeletal 

 IV. Syndromes 
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that complex disorders were diffi cult or impossible to clas-
sify within this scheme, prompting a number of authors to 
suggest modifi cations [ 207 ,  208 ]. 

 Increased knowledge of the molecular basis of limb 
development from clinical genetics and developmental biol-
ogy has also challenged the utility of many of the categories 
in indicating the underlying etiology. For example, altered 
Shh expression along the radial–ulnar axis can cause ulnar 
defi ciency, triphalangeal thumb, and ulnar dimelia, but these 
three conditions are listed separately in different categories 
with no mechanism to demonstrate that all three conditions 
are part of the same molecular pathway [ 197 ,  208 ,  209 ]. 
Mounting evidence regarding the etiology of cleft hand 
prompted the Japanese Society for Surgery of the Hand to 

add two additional groups: Group IV, abnormal induction of 
digital rays (thereby shifting the subsequent groups to V 
through VIII) and Group IX, unclassifi able cases [ 210 ]. 
However, this modifi cation does not address the need to 
incorporate genetic etiologic information into other condi-
tions. Our increased knowledge requires a more comprehen-
sive classifi cation system. 

 In 2010, a new classifi cation scheme was proposed that 
combined anatomic and genetic information [ 209 ] (see 
Table  1.1 ). To facilitate communication, the authors, Drs 
Oberg, Manske, and Tonkin, used the general headings 
“Malformation, Deformation and Dysplasia,” terms well 
established and used by dysmorphologists, clinical geneti-
cists, and developmental biologists. The headings and sub-

   Table 1.2    The new IFSSH (OMT) extended classifi cation of congenital hand and upper limb anomalies   

 I. Malformations 
 A. Abnormal axis formation/differentiation—entire upper limb 

 1. Proximal–distal axis 
 (i) Brachymelia with brachydactyly 
 (ii) Symbrachydactyly 

 (a) Poland syndrome 
 (b) Whole limb excluding Poland syndrome 

 (iii) Transverse defi ciency 
 (a) Amelia 
 (b) Clavicular/scapular 
 (c) Humeral (above elbow) 
 (d) Forearm (below elbow) 
 (e) Wrist (carpals absent/at level of proximal carpals/at level of distal carpals ) (with forearm/arm involvement) 
 (f) Metacarpal (with forearm/arm involvement) 
 (g) Phalangeal (proximal/middle/distal) (with forearm/arm involvement) 

 (iv) Intersegmental defi ciency 
 (a) Proximal (humeral—rhizomelic) 
 (b) Distal (forearm—mesomelic) 
 (c) Total (Phocomelia) 

 (v) Whole limb duplication/triplication 
 2. Radial–ulnar (anterior-posterior) axis 

 (i) Radial longitudinal defi ciency—Thumb hypoplasia (with proximal limb involvement) 
 (ii) Ulnar longitudinal defi ciency 
 (iii) Ulnar dimelia 
 (iv) Radioulnar synostosis 
 (v) Congenital dislocation of the radial head 
 (vi) Humeroradial synostosis—Elbow ankyloses 

 3. Dorsal–ventral axis 
 (i) Ventral dimelia 

 (a) Fuhrmann/Al-Awadi/Raas-Rothschild syndromes 
 (b) Nail–Patella syndrome 

 (ii) Absent/hypoplastic extensor/fl exor muscles 
 4. Unspecifi ed axis 

 (i) Shoulder 
 (a) Undescended (Sprengel) 
 (b) Abnormal shoulder muscles 
 (c) Not otherwise specifi ed 

 (ii) Arthrogryposis 

(continued)
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 B. Abnormal axis formation/differentiation—hand plate 
 1. Proximal–distal axis 

 (i) Brachydactyly (no forearm/arm involvement) 
 (ii) Symbrachydactyly (no forearm/arm involvement) 
 (iii) Transverse defi ciency (no forearm/arm involvement) 

 (a) Wrist (carpals absent/at level of proximal carpals/at level of distal carpals) 
 (b) Metacarpal 
 (c) Phalangeal (proximal/middle/distal) 

 2. Radial–ulnar (anterior-posterior) axis 
 (i) Radial defi ciency (thumb—no forearm/arm involvement) 
 (ii) Ulnar defi ciency (no forearm/arm involvement) 
 (iii) Radial polydactyly 
 (iv) Triphalangeal thumb 
 (v) Ulnar dimelia (mirror hand—no forearm/arm involvement) 
 (vi) Ulnar polydactyly 

 3. Dorsal–ventral axis 
 (i) Dorsal dimelia (palmar nail) 
 (ii) Ventral (palmar) dimelia (including hypoplastic/aplastic nail) 

 4. Unspecifi ed axis 
 (i) Soft tissue 

 (a) Syndactyly 
 (b) Camptodactyly 
 (c) Thumb in palm deformity 
 (d) Distal arthrogryposis 

 (ii) Skeletal defi ciency 
 (a) Clinodactyly 
 (b) Kirner’s deformity 
 (c) Synostosis/symphalangism (carpal/metacarpal/phalangeal) 

 (iii) Complex 
 (a) Complex syndactyly 
 (b) Synpolydactyly—central 
 (c) Cleft hand 
 (d) Apert hand 
 (e) Not otherwise specifi ed 

 II. Deformations 
 A. Constriction ring sequence 
 B. Trigger digits 
 C. Not otherwise specifi ed 

 III. Dysplasias 
 A. Hypertrophy 

 1. Whole limb 
 (i) Hemihypertrophy 
 (ii) Aberrant fl exor/extensor/intrinsic muscle 

 2. Partial limb 
 (i) Macrodactyly 
 (ii) Aberrant intrinsic muscles of hand 

 B. Tumorous conditions 
 1. Vascular 

 (i) Hemangioma 
 (ii) Malformation 
 (iii) Others 

 2. Neurological 
 (i) Neurofi bromatosis 
 (ii) Others 

Table 1.2 (continued)

(continued)
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Table 1.2 (continued)

 3. Connective tissue 
 (i) Juvenile aponeurotic fi broma 
 (ii) Infantile digital fi broma 
 (iii) Others 

 4. Skeletal 
 (i) Osteochondromatosis 
 (ii) Enchondromatosis 
 (iii) Fibrous dysplasia 
 (iv) Epiphyseal abnormalities 
 (v) Others 

 IV. Syndromes a  
 A. Specifi ed 

 1. Acrofacial Dysostosis 1 (Nager type)  
 2. Apert 
 3. Al-Awadi/Raas-Rothschild/Schinzel phocomelia 
 4. Baller-Gerold 
 5. Bardet-Biedl Carpenter 
 6. Catel-Manzke 
 7. Constriction band (Amniotic Band Sequence) 
 8. Cornelia de Lange (types 1-5) 
 9. Crouzon 
 10. Down 
 11. Ectrodactyly-Ectodermal Dysplasia-Clefting 
 12. Fanconi Pancytopenia 
 13. Fuhrmann 
 14. Goltz 
 15. Gorlin 
 16. Greig Cephalopolysyndactyly 
 17. Hajdu-Cheney 
 18. Hemifacial Microsomia (Goldenhar syndrome) 
 19. Holt-Oram 
 20. Lacrimoauriculodentodigital (Levy-Hollister) 
 21. Larsen 
 22. Leri-Weill Dyschondrosteosis 
 23. Moebius sequence 
 24. Multiple Synostoses 
 25. Nail-Patella 
 26. Noonan 
 27. Oculodentodigital dysplasia 
 28. Orofacialdigital 
 29. Otopalataldigital 
 30. Pallister-Hall 
 31. Pfeiffer 
 32. Poland 
 33. Proteus 
 34. Roberts-SC Phocomelia 
 35. Rothmund-Thomson 
 36. Rubinstein-Taybi 
 37. Saethre-Chotzen 
 38. Thrombocytopenia Absent Radius 
 39. Townes-Brock 
 40. Trichorhinophalangeal (types 1-3) 
 41. Ulnar-Mammary 
    42. VACTERLS association 

 B. Others 

   a The specifi ed list of syndromes are those considered most relevant; however, many other syndromes have a limb component and are “B. Others”  
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headings indicate not only the altered morphology but also 
the disrupted molecular pathways identifi ed by clinical 
genetics. The “OMT” classifi cation scheme has undergone 
critical evaluation by a group of international hand surgeons 
(the Congenital Hand Anomalies Study Group, or CHASG) 
and its capacity/utility to classify upper limb malformations 
demonstrated [ 211 ]. In February of 2014, the OMT classifi -
cation was adopted by the IFSSH as the recommended clas-
sifi cation scheme [ 212 ].  

    Malformations 

 Malformations are failures of normal development and/or 
differentiation and are, by far, the most common form of 
upper limb anomaly [ 213 ]. Malformations are subdivided 
into “Entire upper limb” and “Handplate” based on basic 
limb development and evolutionary patterning. Although the 
three basic axes of development are in play for the handplate 
as well as the entire limb, the handplate recruits a number of 
additional molecules/molecular cascades to pattern the 
increased complexity of the hand. Correspondingly, the 
handplate has more evolutionary variation and more targets 
for dysmorphogenesis [ 97 ]. This has been corroborated by a 
recent epidemiological study of congenital hand anomalies 
in Stockholm, Sweden, using this new classifi cation scheme, 
with 356 of the 429 malformations being classifi ed as hand-
plate anomalies (and only 73 as entire upper limb) [ 213 ]. 

 Malformations are further subdivided by the primary axis 
disrupted (Table  1.2 ). Using the example above, ulnar longi-
tudinal defi ciency (ULD), ulnar dimelia, and triphalangeal 
thumb are all subclassifi ed as disorders of the radial–ulnar 
axis. ULD and ulnar dimelia are both disorders of the entire 
upper limb, while triphalangeal thumb is a disorder limited 
to the handplate. A category entitled “Unspecifi ed axis” is 
included for entities that do not have a known axis-related 
nature (e.g., syndactyly) or the suspected axis-related nature 
is not yet characterized (e.g., clinodactyly).

      Deformations 

 Deformations occur after normal development and differen-
tiation; from an intervention standpoint, there is a better 
chance that normal structures will still be present. 
Dysmorphologists also speak of disruption, which is a break-
down of normal tissues, often vascular. For the purposes of 
congenital upper limb anomalies, both disruption and defor-
mation are changes that occur after development so are col-
lectively included under the heading “Deformation.” The 
classic example is constriction ring sequence (also called 
amniotic band sequence), which can result in deformed or 
disrupted tissues. No axis-related subclassifi cation is used 

because deformations occur after and exogenous to patterned 
development.  

    Dysplasias 

 Dysplasias are abnormalities of development and/or differ-
entiation of isolated tissues common to the limb such as vas-
cular, neural, or skeletal. Dysplasias can disrupt normal 
development (malformation) and/or cause progressive 
deformation.  

    Syndromes 

 It is not possible to list all of the syndromes that have a limb 
anomaly as a component. For example, there are over 110 
syndromes with thumb hypoplasia or aplasia as a feature 
[ 97 ]. In the following chapter (Chap.   2    ), Drs. Laub and 
Burke will review syndromes that have an upper limb anom-
aly as a primary feature. 

 In summary, this new classifi cation scheme combining 
anatomic and genetic information about congenital anoma-
lies has been introduced to the IFSSH member societies by 
the IFSSH Congenital Committee [ 214 ]. Although our 
knowledge is still insuffi cient, hopefully we are a step closer 
to a comprehensive classifi cation system.      
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