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ABSTRACT Comparison of mesopodial skeletal patterns found in native and
regenerated limbs of the salamander Plethodon cinereus reveals variant patterns
unique to each group. Variant patterns in native limbs are based on fusions between
laterally adjacent elements (i.e., in the anteroposterior axis). Variant patterns in the
mesopodia of regenerated limbs usually exhibit fusions among proximodistally adja-
cent elements. Analysis of regenerates derived from limb amputation at different
levels shows that the axis of fusion between regenerated mesopodial elements
remains the same (i.e., proximodistal) independent of amputation level. However, the
frequency of specific fusion combinations is unexpectedly sensitive to amputation
level. Proximal (stylopodial) amputation results in mesopodial patterns with predom-
inantly preaxial fusion combinations; distal amputation produces mesopodial pat-
terns with predominantly postaxial fusion combinations. This finding is discussed in
the context of other recent studies in which amputation level influenced limb

regeneration patterning.

The generation of complex form during devel-
opment is one of the most engaging and yet,
historically, one of the most intractable of biolog-
ical problems. An important model in the study
of developmental patterning has been and con-
tinues to be the vertebrate limb, the ontogeny of
which is documented abundantly in a wide vari-
ety of tetrapods (e.g., mammals, Milaire, ’62, ’65;
birds, Amprino, ’65; Zwilling, ’72; amphibians,
Stocum and Fallon, ’82). However, the adult
urodele limb is unique among adult tetrapod
limbs, because it can recapitulate the develop-
mental patterning process and regenerate a vir-
tually identical replacement subsequent to limb
amputation.

Empirical and theoretical studies support the
hypothesis that limb development and limb re-
generation are mediated by the same mecha-
nisms (reviews by Faber, ’71, *76; Stocum, ’75;
Amprino, ’84). For example, the apical ectoder-
mal ridge of the chick limb bud (Saunders, '48;
Summerbell, *74) has a striking structural and
functional analog in the apical epidermal cap of
the blastema on a regenerating limb (Thornton,
’60). In addition, positional dislocation of either
the apex of the limb bud on its base (Maden and
Goodwin, ’80) or the regeneration blastema on a
limb stump (Tank, *78) results in the production
of supernumerary limb structures in specific lo-
cations and orientations. Most important, posi-
tional dislocation of reciprocal grafts, those be-
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tween developing limb buds and regeneration
blastemas in axolotl larvae, produce the same
kind of supernumerary limb structures
(Muneoka and Bryant, ’82). Nevertheless, the
actual skeletal patterns obtained from develop-
ment and regeneration in the same species (or
even in the same individual) may differ. We
recently described an unusual instance of fre-
quent and extensive limb skeletal variability in
natural populations of the red-backed sala-
mander, Plethodon cinereus (Hanken, ’83; Han-
ken and Dinsmore, ’86). Because limb regenera-
tion researchers often find that regenerate
skeletal patterns may differ slightly from the
original, native pattern (e.g., Dearlove and Dres-
den, ’76), we tested the hypothesis that skeletal
variation in the natural populations was the re-
sult of regenerative events (Dinsmore and Han-
ken, ’86). That study revealed that regenerates,
produced from zeugopodial limb amputation,
frequently show fusion among proximodistally
adjacent mesopodial {carpal or tarsal) elements,
whereas those variants found in field-collected
animals and hereafter referred to as “native
variants” involve fusions of laterally adjacent
(anteroposterior axis) elements. Thus develop-
mental and regenerative patterning may be reg-
ulated by fundamentally different mechanisms.
Alternatively, the mechanisms may be the same
but the prevailing initial epigenetic conditions
(e.g., bud size vs. blastema size, developmental
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field volume, amputation level) may lead to diver-
gence in patterns.

The latter hypothesis can be tested by altering
the initial conditions under which regeneration
1s stimulated. Of the possible experimental ma-
nipulations that might influence regenerate skel-
etal patterning, this study explores the effect of
amputation level on mesopodial patterning. Our
earlier study concerned results of distal, midzeu-
gopod amputation exclusively (Dinsmore and
Hanken, ’86). However, a proximal limb amputa-
tion may create a better approximation of the
morphogenetic context that exists during limb
development.

To test this premise, we used the red-backed
salamander, a species that often has exceptional
limb-skeletal variability in nature (Hanken, '83;
Hanken and Dinsmore, '86) and that shows
marked differences between native and regener-
ate mesopodial patterning as described above.
Regenerate skeletal patterns produced following
either proximal or distal limb amputation were
compared with native skeletal patterns, both
typical and variant, as well as with each other.
Regenerate mesopodial patterns remained dis-
tinctly different from native variant patterns,
regardless of the amputation level. However, the
level of amputation was found to have a signifi-
cant effect on the incidence of specific patterns
of skeletal fusion and thus on mesopodial pat-
terns of the regenerates.

MATERIALS AND METHODS

Adult red-backed salamanders, Plethodon ci-
nereus (Plethodontidae), were collected in
Colchester County, Nova Scotia, Canada, from
populations that have a high incidence of native
mesopodial pattern variability (Hanken, ’83;
Hanken and Dinsmore, ’86). In the laboratory,
the animals were maintained on moist paper
towels in stacked fingerbowls and fed fruit flies
from laboratory cultures. Prior to limb amputa-
tion, animals were anesthetized by immersion in
0.1% aqueous benzocaine. Subsequent limb am-
putations were performed on the stage of a dis-
secting microscope.

A total of 176 forelimbs and 174 hindlimbs
were amputated; distal segments were preserved
for analysis of native patterning. Most of the
forelimbs (N = 132) were amputated through
midradius and ulna (zeugopod), whereas the re-
mainder (N = 44) were amputated at mid-
humerus (stylopod). Similarly, the hind limbs
were amputated at either midzeugopod
(N = 132) or midstylopod (N = 42). Immedi-
ately following amputation, animals were placed
in petri dishes containing Holtfreter’s solution,
where recovery from anesthesia was rapid. They

were then returned to their labeled fingerbowls
for the 2-3 month period of limb regeneration
and skeletal maturation. Thereafter animals were
again anesthetized and placed on the stage of a
dissecting microscope, where the limbs were ex-
articulated at the shoulder or hip joint.

All limb tissues, both native distal segments
from the initial amputation and the resultant
limb regenerates, were fixed in 10% neutral-
buffered formalin and differentially stained for
cartilage and bone as whole mounts using an
Alcian blue/alizarin red technique described by
Hanken and Wassersug (’81). Analysis of me-
sopodial fusion patterns is based on the native
carpal and tarsal patterns described by Hanken
(’83) and Hanken and Dinsmore (’86) and the
regenerate carpal and tarsal patterns described
by Dinsmore and Hanken (’86). These earlier
studies found no correlation between the native
mesopodial pattern, whether normal or variant,
and the subsequent regenerate mesopodial pat-
tern. Data on regenerates in the present study
are therefore pooled according to amputation
level and whether forelimb or hindlimb.

Data were analyzed using contingency tables
correlating amputation level and the frequency
of specific mesopodial patterns. The x? test was
used to determine statistical significance of any
amputation level-dependent differences in the
incidence of specific mesopodial patterns.

TERMINOLOGY

We use the term mesopodial pattern in refer-
ence to the overall array of mesopodial elements
in any given limb. The term fusion combination
refers to specific fusions of adjacent mesopodial
elements (from a developmental perspective, “ab-
sence of fission within the precartilaginous
primordia” is a more accurate but cumbersome
term). Thus each limb expresses a particular
pattern, which may contain one or more fusion
combinations.

Mesopodial elements are abbreviated as fol-
lows: forelimb, d1 + 2 = distal carpal 1 + 2;
d3 = distal carpal 3; d4 = distal carpal 4; ¢ =
centrale; ¢l = centrale 1; r = radiale; i = inter-
medium; u = ulnare; hind limb, d1 + 2 = distal
tarsal 1 + 2; d3 = distal tarsal 3; d4 = distal
tarsal 4; d5 = distal tarsal 5; ¢ = centrale; c1 =
centrale 1; t = tibiale; i = intermedium; f =
fibulare. Fusion between mesopodial elements is
indicated with a hypen; for example, fused cen-
trale and intermedium, is noted “c-1.”

RESULTS

Qualitatively, a vast majority of regenerate
mesopodial patterns in both forelimbs and hind-
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limbs contain the types of fusion combinations
described previously (Dinsmore and Hanken,
’86). That is, fusions occur between proximodis-
tally adjacent elements (e.g., c-i and r-c1), a phe-
nomenon how shown to be independent of ampu-
tation level. This finding confirms the striking
difference between the proximodistal axis of me-
sopodial fusions (and their derived patterns) in
regenerated limbs and the anteroposterior axis
of mesopodial fusions in the variant patterns
that occur at low frequency in native limbs.
Nevertheless, amputation level has a significant
effect on the distribution of specific fusion com-
binations in regenerated limbs: proximal (sty-
lopodial) amputation results in regenerate me-
sopodial patterns with predominantly preaxial
fusion combinations; distal amputation pro-
duces regenerate mesopodial patterns with pre-
dominantly postaxial fusion combinations (Figs.
2, 4). This is a general finding for all the limbs in
P. cinereus. However, since forelimbs and hind-
limbs are not identical in either the native or
regenerate morphologies, data for these two cat-
egories are presented separately.

Forelimb regenerates: Carpus

Four regeneration-specific fusion patterns are
produced following both proximal (stylopodial)
and distal (zeugopodial) amputations (r-cl, c-i,
d3-d4;r-cl,d3-d4; c-i; and c-i, d3-d4; see Table 1,
Fig. 1). Of the four patterns produced only by
distal amputation (c-i, d4-u; d1 + 2-c, d3-d4;
d3-d4 only; and d4-u only), three occur at fre-
quencies less than 5%; their absence from the
much smaller sample of regenerates produced
by proximal amputation may thus be a statisti-
cal artifact. Moreover, at both amputation lev-
els, normal patterns (i.e., no fusions) were pro-
duced at the same low frequency of 13-16%;
fidelity of regenerate to native patterning is poor
regardless of amputation level. Similarly, four of
the five most common individual fusion combi-
nations are found in regenerates from both prox-
imal and distal limb amputations (Table 2), and
they produce essentially the same average num-
ber of fusions per limb—1.73 vs. 1.70, respec-
tively.

Amputation level, however, clearly has an ef-
fect on the frequency of certain fusion combina-
tions and overall carpal patterns. Thus fusions
between preaxial elements r and ¢l predominate
in regenerates from proximal amputations,
whereas fusions between the postaxial elements
d3 and d4 and between d4 and u are more
common in regenerates from distal amputations
(P =0.005) (Table 2, Fig. 2). Fusion between
central elements {c¢-i) is common at both ampu-
tation levels, but the difference in frequency is

not statistically significant. As a consequence of
the amputation level-dependent effect on the
frequency of specific carpal fusion combinations,
r-c1-based carpal patterns predominate in regen-
erates from proximal amputations, whereas d3-
d4-based patterns predominate in regenerates
from distal amputation (Table 1, Fig. 1).

Hindlimb regenerates: Tarsus

Results from hindlimb regenerates generally
are the same as those from the forelimb. Ampu-
tation level has little if any effect on the overall
array of fusion combinations or patterns regener-
ated or on the fidelity of regenerate patterning;
normal patterns (i.e., no fusions) are produced in
only approximately one-third of the regenerates
at each level (Tables 3, 4). Similarly, the mean
number of fusions per regenerated limb is again
very close, 1.00 following proximal amputation
vs. 1.05 following distal amputation. As in fore-
limbs, however, amputation level affects the fre-
quency of specific fusion combinations and over-
all mesopodial patterns, although numerical
differences between levels are not as great as in
the forelimb (Tables 3, 4, Figs. 3, 4). Regenerates
from proximal amputations are biased
(P < 0.005) towards preaxial fusions (t-cl),
whereas postaxial fusions (d3-d4) predominate
(P = 0.05) in regenerates from distal limb ampu-
tations. Central (c-i) fusions are, once again, seen
in regenerates from both levels, but the higher
incidence following distal amputation is statisti-
cally significant (P < 0.05).

Variant patterns, i.e., those with fusions, are
less frequent in the hindlimb than in the fore-
limb, as is the mean number of fusions per regen-
erated limb (see above). This parallels the earlier

TABLE 1. Incidence of specific carpal patterns in
forelimb regenerates relative to amputation level’

Amputation level
Proximal Distal
(=stylopodium) (=zeugopodium)
Pattern® (N =44) (N =132)

No fusions 7(15.9) 17(12.9)
r-cl only 5(11.4) 0(0)
r-cl, c-i 10(22.7) 0(0)
r-cl, c-i,d3-d4 10(22.7) 21 (15.9)
r-cl,d3-d4 3(6.8) 4(3)
c-ionly 5(11.4) 3(2.3)
¢-1,d3-d4 1(23) 32(24.2)
c-i, d4-u 0(0) 6(4.5)
(d1 + 2)c,d3-d4 0(0) 6(4.5)
d3-d4 only 0(0) 21 (15.9)
d4-u only 0(0) 5(3.8)

'Frequencies in parentheses denote number observed divided by
sample size, expressed as a percentage.

ZAdditional patterns, which occurred only once or twice each, are not
included. They represent only 20 limbs of the total of 176 examined.
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Fig. 1. Frequency of specific carpal patterns in regenerates produced following proximal (stylopod)
amputation (open bars) vs. distal (zeugopod) amputation (solid bars). Characteristic fusion combina-

tions of each pattern are indicated.

observation that native forelimbs have a higher
incidence of variant patterns than native hind-
limbs (Hanken and Dinsmore, *86).

DISCUSSION
Amputation level-independent mesopodial
fusions

In Plethodon cinereus, native variant pat-
terns of mesopodial elements represent viable,
yet limited, alternatives to the typical ontogenet-
ically produced skeletal pattern (Hanken, ’83;
Dinsmore and Hanken, ’86). Together with the
typical morphs, they may denote the limits of a
bounded domain defined by local developmen-
tal constraints (Maynard Smith et al.,’85). Limb
amputation, however, initiates a secondary un-
folding of morphogenetic tissue interactions that
produce a new limb. As outlined in the Introduc-
tion, there are many similarities between the
developing limb bud and the regenerating limb
blastema, yet there are fundamental differences
with respect to the resuiting skeletal pattern.
These differences involve the major axis of inter-
element mesopodial fusion. The axis of mesopo-
dial fusion in the vast majority of native variant

limbs is the anteroposterior axis in both carpus
and tarsus. Interelement fusions in regenerates,
however, almost invariably involve proximodis-
tally adjacent mesopodial elements (Dinsmore
and Hanken, ’86) (Tables 1, 2). Moreover, as this
study has shown, these differences are indepen-

TABLE 2. Incidence of individual carpal fusion
combinations in forelimb regenerates relative to

amputation level’
Amputation level
Proximal Distal

(=stylopodium) (=zeugopodium)
Combination® (N = 44) (N =132)
(dl + 2)-c 0(0) 10(7.6)
r-cl 30(68.2) 34(25.8)
c-i 29 (65.9) 70(53.0)
d3-d4 14 (31.8) 89 (67.4)
d4-u 2 (4.5) 13(9.8)
(dl + 2)-d3-d4 1(2.3) 1(0.8)

'Frequencies in parentheses denote number observed divided by sam-
ple size, expressed as a percentage. A given limb may contain more than
one combination.

“Five additional combinations, which occurred only once or twice
following zeugopodial amputation, have not been included. They repre-
sent only seven instances of carpal fusion of the total of 224.
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Fig. 2. Frequency of specific carpal fusion combinations
in regenerates produced following proximal (stylopod) ampu-
tation (open bars) vs. distal (zeugopod) amputation (solid

dent of the amputation level. Experiments de-
signed to elucidate the basis of these differences
between developing and regenerating limbs must
take into account, among other alternatives, the
possibilities that they lie either in the nature of
certain physical parameters (e.g., size-depen-

TABLE 3. Incidence of specific tarsal patterns in hindlimb
regenerates relative to amputation level!

Amputation level
Proximal Distal
(=stylopodium) (=zeugopodium)
Pattern’ N = 42) (N = 132)

No fusions 15 (35.7) 44(33.3)
t-c1 only 8(19.0) 6(4.5)
t-cl, e 4(9.5) 7(5.3)
t-cl, c-i,d3-d4 2(4.8) 9(6.8)
t-cl,d3-d4 3(7.1) 4(3.0)
c-ionly 0(0) 15 (11.4)
c-i,d3-d4 1(24) 9(6.8)
c-i, d4-d5 0(0) 3(2.3)
d3-d4 only 2(4.8) 24 (18.2)
d4-d5 only 2(4.8) 5(3.8)

bars). Asterisks denote fusion combinations for which ampu-
tation level made a significant difference (P <0.05) in their
occurrence.

dent mechanical pressures) or in the differential
responsiveness of embryonic tissues relative to
stump-derived blastema cells.

Differential effects of amputation level

The concept of positional information (Wolp-
ert, ’69, 71) may provide a mechanistic explana-
tion for the differential effects of amputation

TABLE 4. Incidence of individual tarsal fuston
combinations in hindlimb regenerates relative to
amputation level’

Amputation level
Proximal Distal
(=stylopodium) (=zeugopodium)

Combination® (N = 42) (N = 132)
(d1 + 2)d3 2(4.7) 0(0.0)
t-cl 20 (47.6) 29 (22.0)
c-i 8(19.0) 48 (36.4)
d3-d4 8(19.0) 47(35.6)
d4-d5 3(7.1) 9(6.8)
d3-d4-d5 0(0) 5(3.8)

!Frequencies in parentheses denote number observed divided by
sample size, expressed as a percentage.

2Additional patterns, which occurred only once or twice each, are not
included. They represent only 11 hindlimbs of the total of 174 exam-
ined.

Frequencies in parentheses denote number observed divided by sam-
ple size, expressed as a percentage. A given limb may contain more
than one combination.

2One additional combination that occurred only once following stylopo-
dial amputation is not listed.



82 C.E. DINSMORE AND J, HANKEN

25 N
20
;\'o‘
> 15 =
O
C
@
3
O 10 -
o
S
uw
5 A
0
t-cl t-cl, t-cl,
c-i c-i,
d3-da

d3-d4

0O stylopod
8 zeugopod
1
t-cl, c-i c-i, d3-d4 da-ds
d3-d4

Specific Patterns

Fig. 3. Frequency of specific tarsal patterns in regenerates produced following proximal (stylopod)
amputation (open bars) vs. distal (zeugopod) amputation (solid bars). Characteristic fusion combina-

tions of each pattern are indicated.

level on regenerate mesopodial patterning. There
is some evidence that positional values, associ-
ated with the idea of positional information, are
distributed differentially along and around the
limb’s primary axes. In this context, our data
agree with those of other studies that reveal
regenerate patterning differences following prox-
imal vs distal levels of amputation. Significantly,
the other studies include experimental protocols
that are distinctly different from ours, e.g., surgi-
cal and biochemical interventions.

Half limbs

Several earlier studies using surgically con-
structed half and double-half (symmetrical)
limbs provide evidence for an asymmetrical cir-
cumferential as well as proximodistal distribu-
tion of positional values regulating regenerate
morphogenesis. For example, surgically created
half limbs are able to regenerate distal structures
(Goss, ’57; Wigmore and Holder, ’85). However,
the regulative ability of these half limbs, that is,
their capacity to regenerate the complete distal
pattern, depends not only on the particular half
that remains intact (anterior, posterior, dorsal,

or ventral) but also on the level of amputation. A
proximal amputation level typically results in
regenerates with a higher average number of
digits (Wigmore and Holder, ’85) than those
produced by distal amputation (Wigmore, ’86).
These studies are also consistent with investiga-
tions of regenerate pattern regulation in vari-
ously constructed double-half (symmetrical)
limbs (Stocum, *78; Tank and Holder, *78; Holder
et al., ’80). In addition, they support Maden’s
(’79) suggestion that positional values are clus-
tered posterodorsally in the upper limb, yielding
a greater regulative capacity at that level, but are
more uniformly distributed in the lower, zeugop-
odial level, where mosaic behavior is noted.

It therefore appears that the skewed distribu-
tion of positional values in the limb affects not
only the number and type of digits in the regen-
erate, and the muscle distribution in the limb
(Wigmore and Holder, ’86), but also specific
aspects of mesopodial patterning. How amputa-
tion level-dependent differences in positional in-
formation influence the frequency of preaxial vs.
postaxial mesopodial fusions, however, is not yet
known.
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Fig.4. Frequency of specific tarsal fusion combinations in
regenerates produced following proximal (stylopod) amputa-
tion (open bars) vs. distal (zeugopod) amputation (solid bars).

Retinoids

The second example in which amputation
level-dependent differences have been described
concerns the effect of retinoids. The principal
morphogenetic effect of retinoids on limb regen-
erate patterning is serial duplication of struc-
tures, particularly skeletal elements, in the prox-
imodistal axis (Niazi and Saxena, ’78; Maden,
82, ’83; Thoms and Stocum, ’84). More recent
studies have shown that the positional informa-
tion for the anteroposterior axis also is modified
(Kim and Stocum, ’86a), as is typical in chick
limb buds (Tickle et al., ’82; Summerbell, ’83),
and that the effects of retinoids vary according
to amputation level (Kim and Stocum, ’86b).
Low doses of retinoids induce duplication of the
zeugopodia from distal, zeugopodial amputa-
tion, whereas higher doses are required to pro-
duce equivalent duplication from proximal, sty-
lopodial amputation. The nature of the
mechanism underlying the retinoid-induced mor-
phogenetic changes remains to be elucidated.
However, a recent finding that the expression of
a homeobox gene transcript in regenerating newt
limbs varies according to amputation level (Sa-
vard et al., ’88) suggests a molecular mechanism,

Asterisks denote fusion combinations for which amputation
level made a significant difference (P < 0.05) in their occur-
rence.

Summarizing our study, mesopodia regenerat-
ing after proximal or stylopodial amputation
have predominantly preaxial fusions, whereas
distal, zeugopodial amputations produce regen-
erates with a higher incidence of postaxial fu-
sions. This amputation level-dependent, preax-
ial-to-postaxial shift in fusion sites is particularly
striking in the forelimb. In both groups of regen-
erates, however, fusions are between proximodi-
stally adjacent mesopodial elements unlike those
characteristic of native limbs. This patterning
difference, which is dependent on amputation
level, may represent another consequence of the
unequal proximodistal distribution of circumfer-
ential positional information in urodele limbs.
Amputation level-dependent morphogenetic dif-
ferences in limb regenerates illustrate real differ-
ences whose underlying mechanistic cause re-
mains unknown.
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