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ABSTRACT Newly metamorphosed individuals of the Kenyan reed frog, 
Hyperolius viridiflavus ferniquei, are able completely to regenerate amputated 
digits, including the morphologically complex digital pad. The sequence of 
morphological events is very similar to that seen in the typical epimorphic 
regeneration of amphibian extremities. Amputated forearms typically produce 
hypomorphic spike regenerates. Despite the lack of underlying hand and digital 
structures, an apical “digital” pad commonly differentiates. 

Anuran amphibians are normally able 
to regenerate amputated limbs and tails 
as larvae, but after metamorphosis their 
regenerative ability is generally restricted 
to wound healing or sometimes to a hypo- 
morphic cartilaginous spike (Forsyth, ’46; 
Dent, ’62; Polezhaev, ’72; Weis, ’72). How- 
ever, only a limited number of genera, e.g. 
Xenopus and Hymenochirus in the family 
Pipidae (Beetschen, ’52; Skowron and 
Komala, ’57; Goode, ’62, ’67; Dent, ’62), 
Bombina and Discoglossus in the family 
Discoglossidae (Polezhaev, ’72; Goode, ’67) 
and Rana in the family Ranidae (Schotte 
and Harland, ’43; Rose, ’44; Weis, ’72) 
have been well studied. There has been 
no systematic attempt to survey the other 
13 families of anurans. 

The genus Hyperolius in the family Hy- 
peroliidae (Liem, ’70), consisting of more 
than a hundred forms (Schiotz, ’67, ’71, 
and in press), is distributed throughout 
central Africa south of the Sahara and 
along the eastern seaboard. These frogs 
are noted for their extreme variation in 
color pattern, which according to Schi0tz 
(‘71) is “possibly greater than in any other 
vertebrate animal.” These reed frogs have 
enlarged digital pads which facilitate 
climbing and sitting on vegetation. 

During the course of experiments in 
which Hyperolius were toe clipped for in- 
dividual identification, it was noticed that 
juveniles had the ability to regenerate 
complete digits, including the elaboration 
of a digital pad. This paper describes the 
regenerative process and reports the for- 
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mation of a padded spike after removal of 
a whole hand. 

MATERIALS AND METHODS 

The reed frogs used in these experi- 
ments were Hyperolius viridi,flavus ferni- 
quei (Schiotz, ’71). The parents were caught 
at Tigoni, Kenya, and eggs fertilized in 
the laboratory. The fertilized eggs were 
transported to the Amphibian Facility at 
the University of Michigan, where the 
tadpoles were raised to metamorphosis 
and juveniles cared for according to pro- 
cedures described in “Amphibians; Guide- 
lines for the breeding, care and man- 
agement of laboratory animals” (‘74). 
Eighty-nine tadpoles metamorphosed be- 
tween October 2 and October 20, 1973. 
Snout-rump length immediately after tail 
resorption was 15 to 17 mm. 

Digits were removed from 0 to 27 days 
after tail resorption (average 9.5 days; 
median 11 days). The longest digit (3) on 
the right hand was removed between the 
digital pad and the first metatarso-pha- 
langeal joint, a length of 1.5 mm. The 
animals were maintained at room temper- 
ature, which varied between 21 and 23°C. 
Regenerates were fixed at daily intervals 
from 0 to 30 days and at 5 day intervals 
from 30 to 60 days. Initially only the digit 
with the regenerating tip was removed for 
fixation, but due to technical problems in 

1 Conkibution number 52 from the Amphibian Fa- 
cility. 

2 Supported in part by grants from the Muscular Dys- 
trophy Associations of America and NIH Grant No. 
1 PO6 RR 00572 to George W. Nace. 
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handling the tiny short term regenerates 
we more often removed the entire hand. 

Removal of the hand for fixation in the 
digit regeneration series then became the 
basis of a study of regenerating limb 
stumps. Hands were removed by cutting 
between the wrist and elbow on November 
12, 1973, 24 to 33 days post metamorpho- 
sis. Regenerates were fixed every 4 days 
between days 8 and 20, every 5 days be- 
tween days 20 and 70, on day 80 and on 
day 90. Hands for short term studies 
were removed from three frogs on January 
11, 1974, 93-94 days post metamorphosis. 
These regenerates were fixed on days 1, 
4 and 7. 
All regenerates were fixed in Bouin’s, 

decalcified, sectioned at 7 p and stained 
with hematoxylin and eosin. 

RESULTS 

General g rowth  data 
Removal of a single digit seemed to have 

little effect on a frog’s ability to maneuver 
and catch live insects. The 52 experimen- 
tal animals grew an average of 1.2 mm in 
30 days as compared with another group 
of Hyperolius, which grew 1.3 mm in the 
same time. Frogs in both groups also had 
one or two toes removed from the hind 
feet for individual identification. 

In contrast, removal of a whole hand 
had a drastic effect on a frog’s ability to 
catch live insects and hence on its growth 
rate. Such frogs grew only an average of 
0.3 mm in the two months following hand 
removal as compared with a 4.5 mm in- 
crease in length during the same time in- 
terval in unoperated animals. 

Gross description of regeneration 
Digits 

Digital regeneration follows a course 
typical for amphibians. Epithelium first 
covers the wound surface; then, by the 
sixth day, the tip of the limb begins to 
clear and a blastema begins to form. This 
elongates until on the 14th day the blas- 
tema is longer than it is wide. About this 
time pigment cells of the undamaged epi- 
thelium start migrating into the epider- 
mis of the blastema. On the 18th day the 
blastema can be seen enlarging at the 
distal end into a typical broadened digital 

as the adjacent digits but still has not at- 
tained its original length. The digit is es- 
sentially complete by day 30, including the 
elaboration of a new toe pad and growth 
almost to its original length (fig. 1). 

Limbs 
Following removal of a hand, the skin 

contracts around the cut end and epithe- 
lium covers the wound surface. At the 
end of the second week a rounded blas- 
tema is evident. During the third week it 
elongates into a pointed structure, the 
long axis of which deviates slightly from 
that of the limb stump. In succeeding 
weeks the blastema elongates further into 
a laterally flattened spike. The end of the 
spike broadens and forms a simple digital 
pad in the 7th and 8th weeks (fig. 2). The 
length of the spike plus digital pad at the 
end of the eight weeks is 2.5 mm com- 
pared with 6.5 mm from the amputation 
point to the tip of the longest digit in the 
unoperated arm. The pad appears to be 
functional and frogs which could not 

Fig. 1 Gross ventral view of digital regenerate 
(the third digit) of 60 days. Level of amputation 
indicated by arrow. The expanded ends of digits 
represent the digital pads. The regenerated digit 
is  shorter than normal because this is  a second pad shape. By the24th day the regener- 

ating digit has grown to the same length regenerate. x 8.25. 
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Fig. 2 Bilateral forearm regenerates four months after amputation. Regeneration was 
essentially complete after two months; no morphological changes took place in the succeeding 
two months. Level of amputation is indicated by an arrow. The expanded ventral surface of 
the right forearm regenerate is the new digital pad. The digital pad is not evident on the left 
regenerate. The surface irregularities are likely due to anomalous carpal elements. No digits 
are present in either regenerate. X 6.75. 

maneuver well enough to capture live food 
when the arm was first removed now are 
able to move more readily and capture 
live food. 

Histological description of regeneration 
The normal digital pad 

After decades of neglect, during which 
there were only two major reports on digi- 
tal pad structure (Schuberg, 1895; Noble 
and Jaeckle, '28), two recent investigations 
involving modern microscopic techniques 
have provided a sound morphological basis 
€or studies on anuran digital pads (Ernst, 
'73a,b; Welsch et al., '74). 

The normal digital pad in Hyperolius 
is a ventral expansion of the skin at the 
tip of each digit (fig. 3). There are two 
primary components to the pad: the spe- 
cialized epidermis and a rich supply of 
mucous glands buried within the under- 
lying connective tissues (fig. 13). Sur- 
rounding the mucous glands is a complex 
array of bands of densely packed collag- 
enous fibers (Noble and Jaeckle, '28). 

The epidermis of the digital pad in Hyla 
cinerea (Ernst, '73a) is a six layered struc- 
ture, consisting of a basal germinative 
layer, three somewhat ill-defined inter- 
mediate layers and two outer regular layers 
of cells. As the cells move from the inner 

to the outer layers, they produce large 
numbers of tonofilaments and vesicular 
structures. In the outer two layers of cells, 
the tonofilaments are organized into reg- 
ular dense bundles that cause peg-like 
projections of the surface plasma mem- 
brane. Scanning E/M studies of the sur- 
face epithelium of digital pads in Rha- 
cophorus have demonstrated bundles of 
stout microvillus-like structures projecting 
from the surface pegs (Welsch et al., '74). 
The epidermis of the digital pads of Hy- 
perolius has a histological structure simi- 
lar to that in Hyla and Rhacophorus, but 
the number of cell layers is greater, being 
at least 7-8. 

Large numbers of mucous glands are 
present in the connective tissues beneath 
the thickened epidermis of the pad. Each 
gland has a thin, slightly tortuous lumen 
lined by cuboidal epithelial cells and an 
expanded secretory portion that is acinar 
in configuration. There is a well defined 
lumen within the secretory acinus (fig. 
13). Electron microscopic studies have 
demonstrated a thin myoepithelial or 
smooth muscle layer surrounding these 
glands (Ernst, '73b; Welsch et al., '74). 

In addition to the epidermal specializa- 
tions and the mucous glands, Welsch et al. 
('74) have commented upon a striking 
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Fig. 3 Lateral view of normal Hyperolius vzri- 
diflavus ferniquei demonstrating digital pads on 
left hand. X 2.25. 

abundance of small nerves and nerve ter- 
minals within the dermis of the digital 
pads in Rhacophorus. 

Digits 
During the first 24-48 hours, the am- 

putation surface is sealed off by a wound 
epidermis 3 4  cells thick in a manner 
typical of amphibians. Beneath the wound 
epidermis, areas of directly traumatized 
soft tissues as well as the end of the tran- 
sected bone are associated with light ac- 
cumulations of leukocytic cells and a fi- 
brinous material. 

By three days, the cells of the wound 
epithelium have thickened from their orig- 
inally squamous shape, but no discrete 
apical cap has formed. Little evidence of 
the dedifferentiative reaction is yet seen 
in the soft tissues of the stump (fig. 4), 
but the periosteum of the distal 1 or 2 
phalangeal segments is beginning to loosen 
up and the cells are beginning to increase 
in diameter. 

An apical epidermal thickening begins 
to take shape as early as the fourth post- 
amputational day, and evidence of soft 
tissue dedifferentiation can now be seen. 

Both of these reactions are better defined 
on the fifth day (fig. 5). At about this time, 
the skeletal tissues give evidence of a 
rapid differentiative response to the am- 
putation injury. Cells of the periosteum 
of the terminal transected phalanx, but 
even more so, those of the penultimate 
skeletal segment, continue to swell, and 
the fibrinous matrix in which they reside 
becomes thicker and less compact. The re- 
acting periosteum is readily distinguish- 
able from the proximal extensions of the 
epiphyseal cartilage. These extensions are 
reminiscent of an overflowing of cells from 
the cartilaginous epiphysis of the bone 
(figs. 5, 6). 

Toward the end of the first week, osteo- 
clasts begin to attack the transected bone 
(fig. 6), but their numbers are consistently 
less than in amputated urodele limbs. By 
6-7 days, periosteal cells surrounding the 
shafts of the last two phalanges are secret- 
ing a new cartilaginous matrix (fig. 6). 
This new cartilage can still be clearly dis- 
tinguished from that of the epiphyseal 
“overflow.” The dedifferentiation of mus- 
cle and other soft tissues is well under way 
and some of the cells resulting from this 
reaction appear to have begun to migrate 
toward the distal part of the limb stump. 

Early in the second week the dediffer- 
entiative phase is still predominant, but 
soon it is succeeded by the formation of a 
blastema beneath the still thickened apical 
epidermis. Osteoclasts are still clustered 
around the distal remains of the skeleton. 
More proximally in the stump a thick cuff 
of periosteal cartilage is being formed 
around the phalanges. 

Late in the second week the blastema 
is fully established and begins to elongate 
(fig. 7). As this occurs, the configuration 
of the overlying epidermis changes in a 
manner very reminiscent of that seen in 
the regenerating urodele limb. During the 
late dedifferentiative and early blastemal 
stages the apical epidermis is noticeably 
thickened (fig. 6) whereas along the sides 
it is relatively thin. As the blastema begins 
to elongate, the apical epidermal thicken- 
ing diminishes considerably in prominence, 
and the lateral epidermis thickens (fig. 7). 
The lateral epidermal thickening is largely 
due to a pronounced change in the shape 
of the cells of the basal layer of the epi- 
dermis. From a squamous layer during 
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the pre-dedifferentiative phases, the basal 
epidermal cells progressively thicken to 
become cuboidal as the blastema begins 
to accumulate (fig. 6). They then continue 
to increase in height to form a regular 
layer of columnar cells as die blastema 
elongates (fig. 7). This phenomenon has 
been previously noted in the newt (Carl- 
son, '67; Iten and Bryant, '73). 

Within the blastema the central core of 
cells aggregates into a dense rod which 
soon begins a proximo-distal sequence of 
deposition of cartilage matrix (fig. 7). 
Along the shaft of the bone the prominent 
cuff of periosteal cartilage is considerably 
further differentiated than the cartilage 
within the blastema. Muscle is not a prom- 
inent component of the terminal part of 
the digit, but some regenerating muscle 
fibers are seen deep within the stump mid- 
way in the second week after amputation. 
Occasional muscle fibers do not differen- 
tiate within the blastema until several 
days later. 

Starting at the end of the second and 
early in the third week, the reconstruction 
of a new digital pad overshadows other 
differentiative events within the regener- 
ating digit. As early as 14 days, the first 
traces of apical mucous gland differenti- 
ation are seen, and as the third week be- 
gins, the ventral epidermis at the apex of 
the regenerate begins to thicken conspicu- 
ously - this time as a prelude to the dif- 
ferentiation of the specialized digital pad 

Midway in the third week, the thickened 
epidermis of the regenerating digital pad 
has begun to develop the obvious layering 
characteristic of the normal pad (fig. 9). 
The developing glands are commonly 
shaped like long-necked flasks. Their cells 
are still histologically undifferentiated, 
and mitotic activity is intense (fig. 9). 

At the end of the third week the layer- 
ing pattern of the digital pad is close to 
normal, and the apical glands have ex- 
tended deep within the soft tissues of the 
digital apex (fig. 10). Although each gland 
can be clearly divided into an acinar and 
a ductular portion, the cytoplasm of the 
epithelial cells lining the acini is still in- 
completely differentiated and gives no 
evidence of secretory activity. 

During the fourth week the tissues of 
the regenerated digit are well differenti- 

(fig. 8). 

ated, and their overall organization is much 
like that of the normal digit. The new 
skeleton is completely cartilaginous, and 
it is not uncommon to see remnants of the 
original bony phalangeal segment deeply 
embedded within a massive rod of carti- 
lage (fig. 11). By the middle of the fourth 
week the acinar cells of the apical (mu- 
cous) glands appear ready to begin their 
secretory function. 

Regeneration of digits in Hyperolius is 
almost perfect morphologically. Figure 12 
compares a sagittal section through a 30 
day regenerate with a similar section 
through a normal digit (fig. 13). Except 
for the skeleton, which is still almost en- 
tirely cartilaginous, it is not easy to tell at 
first glance a histological preparation of 
a 30 day regenerate from a normal digit. 
As a rule, little muscle is seen in the re- 
generated portions of the digits. During 
the second month, the cartilaginous pha- 
langes begin to ossify, starting with an 
outer bony cylinder. The cytoplasm of the 
apical glandular cells also undergoes the 
final steps in its maturation. 

Limbs 
The early phases of the regenerative 

process do not differ substantially from 
those already described in the digit in this 
species, or in regenerating limbs of other 
species. Epidermal healing of the amputa- 
tion surface is completed within a few 
days, and during the period of phagocytosis 
and demolition, there is direct contact be- 
tween the wound epidermis and the deeper 
mesodermal tissues. The early reactions 
of the mesodermal tissues to the trauma 
of amputation are similar to those which 
occur in the digit. 

Late in the first week and early in the 
second, both dedifferentiative and tissue 
healing processes are represented in the 
distal stump tissues (fig. 14). The wound 
epidermis maintains broad contact with 
the underlying tissues, and in the area of 
contact it is thickened. Already the cells 
of the basal layer of epithelium are high 
cuboidal and are regularly arranged. Os- 
teoclasts have eroded much of the distal 
skeletal matrix. Great masses of periosteal 
cartilage have already differentiated by 
9 days, and this is frequently the dominant 
tissue component of the stump. Some indi- 
cation of the extent and rapidity of for- 
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mation of the mass of cartilage surround- 
ing the bone is illustrated in figure 15. 
This section was taken from the same limb 
as that illustrated in figure 14, and it 
shows several skeletal muscle fibers that 
have become imprisoned within the newly 
formed cartilage. The portions of the mus- 
cle fibers surrounded by cartilage are se- 
verely necrotized whereas the more prox- 
imal regions of the same muscle fibers are 
histologically normal. 

Two major histological reactions are 
seen in the stump musculature at this 
stage. One is the dedifferentiative reac- 
tion that is characteristic of regenerating 
limbs (Thornton, '38; Hay, '68), and in 
areas of dedifferentiation numerous cells 
that resemble those found in the blastema 
are seen. Degenerating nuclei are not un- 
common in this area. In other regions of 
the stump, among apparently healthy mus- 
cle fibers are other muscle fibers that are 
undergoing extensive sarcolysis of the 
type seen in tissue regenerative processes 
of frog and mammalian muscle (Carlson, 
'68, '70). 

The most distal parts of the limb stump 
are occupied primarily by mononuclear 
cells (fig. 14). In many areas these cells 
are spindle-shaped and are regularly ori- 
ented. Their histological appearance is 
like that of the precursors of the fibrocel- 
lular scar that has often been described 
in non-regenerating anuran limbs (Schotte 
and Harland, '43; Thornton, '56). Be- 
neath the naked wound epidermis the 
mononuclear cells are not so spindle- 
shaped, and they are less regularly oriented 
than those described above. Except for the 
thickened wound epidermis in close con- 
tact with the underlying tissues, the over- 
all histological appearance of limbs early 
during the second week after amputation 
is reminiscent of that of a non-regenerat- 
ing limb exhibiting the fast tissue heal- 
ing responses and exuberant proliferation 
of cartilage around the amputated bone. 

By the end of the second week and early 
in the third, most amputated limbs have 
developed unmistakable blastemas of vary- 
ing degrees of prominence (fig. 16). In 
most blastemas the interior architecture 
is not so regular and homogeneous as it 
is in the urodelean blastema, but the 
homology is unmistakable. The prominent 

cartilaginous cap surrounding the ampu- 
tated bone stands in sharp contrast to the 
undifferentiated appearance of the blas- 
tema itself. The basal layer of epidermis 
covering the blastema is composed of highly 
regular columnar cells, as was the case 
in the digital blastemas. 

As the blastema elongates during the 
third week, the central cells condense and 
begin to differentiate into cartilage. Dis- 
tally the level of differentiation is less. 
The blastema is richly vascularized, par- 
ticularly at the apex. An apical epidermal 
thickening is still present. 

During the next few weeks the limb 
blastema elongates considerably, but mor- 
phogenesis is not carried to completion. 
Most regenerates are spike-like and con- 
tain massive rods of cartilage, sometimes 
possessing simple joints (fig. 17). Com- 
monly, irregular strips or bundles of skele- 
tal muscle fibers extend varying distances 
into the regenerates. Their organization 
appears unrelated to any normal pattern 
of muscles in the forelimb. 

Although the terminal points of the 
mature regenerates are typically simple 
with little or no evidence of carpal or di- 
gital structures, all possess terminal epi- 
dermal specializations and glands of the 
type seen at the ends of the digits (figs. 
18, 19). 

DISCUSSION 

The morphology of a regenerated digit 
in Hyperolius is virtually the same as that 
of a normal digit. The major difference is 
in the skeleton, which typically remains 
cartilaginous for extended periods of time 
in anuran regenerates. In addition to nor- 
mal morphology, the regenerated digits 
appear capable of normal function on the 
basis of gross observations. 

Although not well documented in the 
literature, it is known among ecologists 
that the clipping of digits is not a good 
way to mark tree frogs because of their 
tendency to regenerate. In contrast, the 
regenerative capacity of digits in the closely 
related ranid frogs is not great. Because 
of the lack of accurate anatomical infor- 
mation as well as insufficient documenta- 
tion of digital regenerative ability for most 
species, it is unwise to propose any con- 
crete hypothesis at this point. A likely pos- 
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sibility, however, is that in frogs with ex- 
panded digital pads the number of nerves 
or amount of axoplasm per cross-sectional 
area of the digit exceeds the threshold 
value required for regeneration (Singer 
et al., '67). Particularly in the light of the 
recent report of Welsch et al. ('74), who 
found large numbers of nerves in the der- 
mis of the digital pads of Rhacophorus, 
this remains a promising avenue for fur- 
ther exploration. 

In contrast to the digits, the incomplete 
regeneration of amputated forearms in 
Hyperolius is typical of that found in other 
frogs possessing some degree of natural 
regenerative ability. Several investigators 
have noted the formation of hypomorphic 
spikes in Xenopus laevis (Komala, '57; 
Skowron and Komala, '57; Dent, '62; Over- 
ton, '63), and similar structures have re- 
generated after limb amputation in Bom- 
bina (Polezhaev, '72; Goode, '67), Hymeno- 
chirus (Goode, '62), Discoglossus (Goode, 
'67) and Xenopus miilleri (Goode, '67). 

Limb regeneration in Hyperolius is dom- 
inated by a central core of cartilage, occa- 
sionally possessing one or two distal joints. 
Although rarely a few small cartilaginous 
masses have been found distally, these 
masses cannot be assigned to any specific 
bones of the carpus or manus. In none of 
our regenerates could it be said that digit 
formation took place. Surrounding the car- 
tilaginous core, the regenerated connec- 
tive tissues and muscle bundles are also 
morphologically deficient in both quality 
and amount. The most peculiar feature 
of the limb regenerates is the formation 
of rudimentary, but clearly recognizable 
digital pads at the ends of all mature 
spikes. 

The complete regeneration of the digital 
pad after amputation through the digital 
level and the appearance of a simple pad 
at the end of hypomorphic forelimb regen- 
erates suggest the selective advantage of 
restoring this structure after its loss or 
damage. This interpretation is strengthened 
by the observation that animals with a 
hand removed were unable to capture 
enough live food to support growth. In 
captivity, these frogs perch vertically on 
the sides of the containers, leaving this 
position primarily to feed. Of particular 
interest is the formation of digital pads on 

the regenerated limb spikes. The pad 
(thickened epidermis and associated mu- 
cous glands) is the most distal epidermal 
structure on the limb, and yet it forms 
over a regenerate which, according to its 
skeletal and muscular structure, has not 
regenerated its terminal parts. Thus there 
seems to be a dissociation between the 
proximo-distal extent of regeneration of 
the epidermis and that of the underlying 
tissues. Another possible, but less likely 
interpretation is that the distal part of the 
cartilaginous core of the spike represents 
the terminal phalanx of a digit. In that 
case, one would have to postulate the for- 
mation of distal segments of a limb in the 
absence of intermediate segments. This is 
quite unlikely on the basis of both normal 
descriptive studies (Grim and Carlson, '74) 
and recent experimental work (Stocum 
and Dearlove, '72; Iten and Bryant, '75). 
The digital pad could be used as a natural 
marker in studies of morphogenetic mech- 
anisms during regeneration in this species. 

The general histology of both digital and 
arm regeneration is characterized by the 
rapidity and large amount of tissue heal- 
ing processes, particularly of periosteal 
cartilage deposition and callus formation 
around the end of the severed bone. Note- 
worthy is the regular deposition of perios- 
teal cartilage around the uninjured phalanx 
proximal to the amputated one (fig. 6). 
Neither the mechanism nor the signifi- 
cance of this phenomenon is understood, 
but it is not confined to Hyperolius alone. 
Nor is it known why in frogs particularly, 
cartilaginous callus formation occurs so 
rapidly and to such an extent that it 
damages other soft tissues of the stump 
(fig. 15). The degree of tissue healing is 
so great (a phenomenon associated with 
non-regenerative systems) that until a 
blastema is established, one would be in- 
clined to predict from the histology that 
the limb would not regenerate. 

The finding of natural regeneration in 
Hyperolius extends the range of natural 
regenerative capacity in anura farther up 
the phylogenetic scale than was previously 
known. Hyperolius (in the family Hyper- 
oliidae) is closely related to the family 
Ranidae (Liem, '70), one of the families 
of advanced frogs. The other anurans 
with some or abortive natural limb regen- 
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erative ability are primarily in the families 
Discoglossidae and Pipidae, representatives 
of archaic frogs. 
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PLATE I 

EXPLANATION OF FIGURES 

4 Three day digital regenerate. The amputation surface has been sealed 
off by a wound epidermis (E). A typical early inflammatory reaction 
is occurring in the underlying tissues (arrows). H + E. X 71.5. 

Five day digital regenerate. The apical wound epithelium is beginning 
to thicken. The dedifferentiative reaction has removed most of the 
mature muscle from the distal digital segment. The differentiation of 
periosteal cartilage has not yet begun. H + E. x 71.5. 

Seven day digital regenerate. Beneath the thickened apical epidermis 
(E) osteoclastic destruction of bone has occurred, and the dedifferen- 
tiative reaction is pronounced. Deposition of periosteal cartilage (ar- 
row) has begun around the proximal phalanx. It can be readily dis- 
tinguished from the cartilage (C)  derived from the epiphysis. H + E. 
X 71.5. 

Differentiating cone blastema in 14 day regenerate. The basal layer of 
cells in the wound epidermis arranged in columnar fashion. A central 
rod of cartilage (C) is beginning to differentiate within the blastema 
and a thick cuff of periosteal cartilage (PC) has already been laid 
down. H + E. X 66. 

Fifteen day digital regenerate. The ventral epidermis (E) is beginning 
to thicken into the layers characteristic of the digital pad. Early rudi- 
ments of the mucous glands (arrows) are also appearing. H + E. X 66. 
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PLATE 2 

EXPLANATION OF FIGURES 

9 Eighteen day digital regenerate. High power view of early stages in 
the differentiation of mucous glands (M) of the digital pad. Mitotic 
activity is intense. Distinct layering of the epithelial portion (E) of the 
digital pad can now be seen. H + E. x 165. 

10 Twenty one day regenerate. Frontal section. Differentiation of the 
epithelial portion (E) of the digital pad is virtually complete. Large 
numbers of mucous glands (M) are seen in the soft tissues. Their over- 
all morphology is mature, but the cytoplasm of the acini is still not 
fully differentiated. H + E. x 66. 

Twenty five day digital regenerate. Frontal section. The state of dif- 
ferentiation of the digital pad and underlying mucous glands is very 
similar to that of figure 10. Remnants of the original transected phalanx 
(P) are embedded within a newly regenerated mass of cartilage (C). 
H + E. X 60.5. 

Thirty day digital regenerate. Sagittal section. Except for the structure 
and shape of the regenerated skeletal elements, the regenerate is dif- 
ficult to distinguish from a normal digit. Arrows indicate the level of 
amputation. H + E. X 22. 

Sagittal section through the tip of a normal digit, illustrating struc- 
tures characteristic of the digital pad. E, thickened ventral epidermis; 
N, neck of mucous gland; S, secretory portion of mucous gland; C, 
bundle of collagen fibers. H + E. X 22. 
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PLATE 3 

EXPLANATION O F  FIGURES 

14 Nine day forearm regenerate. There is ample direct contact between 
the thickened wound epidermis (E) and dedifferentiating mesodermal 
tissues beneath. The arrow marks the area where bone has been r e  
moved by osteoclastic activity. Surrounding the bone is a massive cuff 
of newly deposited periosteal cartilage (C). L, lymph space. H + E. 
X 19.25. 

15 High power view of regenerate shown in figure 14. The periosteal 
cartilaginous cuff expanded so rapidly that it engulfed normal muscle 
fibers, causing the degeneration (D) of the imprisoned segments of the 
muscle fibers. The arrow shows a junction between the proximal (nor- 
mal) position of a muscle fiber and the distal degenerated segment. 
H + E. X 151.25. 

Thirteen day forearm regenerate. Regeneration has progressed to the 
mid cone stage. Large numbers of blastemal cells have accumulated 
beneath the wound epidermis. Arrows show the level of amputation. 
H + E. X 60.5. 

Fifty day forearm regenerate. This is a typical spike regenerate with a 
prominent jointed central rod of cartilage and sparse muscle fibers 
running alongside. Digital pad structures have not yet formed at the 
end of this spike. H + E. X 15.4. 

Seventy day forearm regenerate. Sagittal section. This regenerate was 
hypomorphic and did not possess digits. Nevertheless a readily recog- 
nizable digital pad had formed. E, multilayered epidermal component 
of the digital pad. Portions of sparse mucous glands are not readily 
seen in this section. All tissue in this figure is regenerated. H + E. 
x 60.5. 

16 

17 

18 

19 Eighty day forearm regenerate. This hypomorphic regenerate was 
structurally more complex than that shown in figure 18. Individual 
cartilaginous (C)  structures (carpal elements?) but no digits are pres- 
ent. This section shows abundant terminal mucous glands (M). All 
tissue in this figure is regenerated. H + E. X 29.15. 
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