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ABSTRACT This research was designed to follow up the observation of 
Thornton and Kraemer ('51) that regressed, denervated limbs of Ambystoma lar- 
vae will not regenerate upon reinnervation if all digits on the limbs were not com- 
pletely resorbed. The object of this experiment was to determine whether the 
presence of an apical structure, protruding past the amputation surface, would 
affect the regenerative process. Both forearms of adult newts were amputated 
midway between the elbow and the wrist. One limb served as a normal regenera- 
tion control, and in the other limb the third digit from the removed hand was im- 
planted in place of the removed radius, so that the three distal phalangeal seg- 
ments protruded past the plane of amputation. Blastema formation in the experi- 
mental limbs was delayed by several weeks as compared with control limbs. 
Approximately one third of the experimental limbs did not regenerate. The re- 
generates that did form were strongly deviated (45-90') radially from the longi- 
tudinal axis of the limb. Experimental analysis showed that the delay in regener- 
ation is due largely to the projecting part of the digit. The radial deviation of the 
regenerates is not due to the digital implant, but rather to the removal of the 
radius. Trauma alone does not account for this phenomenon. 

In 1951 Thornton and Kraemer denervated 
the forelimbs of Ambystoma larvae and dem- 
onstrated regression of the entire limbs back 
to shoulder level if the denervated limbs were 
slightly damaged in the hand region. When 
nerves were allowed to grow back into the 
regressing limbs, regeneration blastemas 
formed and new limbs developed. These 
authors also observed that if one or more dig- 
its failed to become completely resorbed, de- 
spite regression of the zeugopodial and 
autopodial segments of the forelimb, regener- 
ation did not follow reinnervation of the 
regressing limb. They were unable to explain 
the phenomenon, but they did note that the 
limb remnants appeared unable to organize a 
regeneration blastema. 

This report describes a series of experi- 
ments designed to determine the effect of a 
digit, implanted into a more proximal level of 
an amputated limb, upon limb regeneration in 
the newt. The object of these experiments was 
to ascertain whether or not Thornton and 
Kraemer's observation on the inhibition of 
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limb regeneration by an unresorbed digit 
brought to light an example of a general phe- 
nomenon that might lead to a deeper under- 
standing of control mechanisms that operate 
in the regenerating limb. 

MATERIALS AND METHODS 

These experiments were conducted upon 
560 adult newts Notophthulmus (Triturus) 
uiridescens, collected around Petersham, Mas- 
sachusetts. The animals were kept in glass 
bowls at 21°C and fed beef liver three times 
per week. 

The basic digital implantation operation 
will be outlined here. Variations upon this 
technique will be described for individual ex- 
periments along with the results. All animals 
were anesthetized in 1:1,000 MS 222. The 
forearm was amputated midway between the 
elbow and wrist, and the radius was then re- 
moved. Extirpation of the radius was cleanly 
accomplished by grasping its distal end and 
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Fig. 1 Diagram illustrating the digital implantation operation. 

jerking i t  sharply. The third digit (including 
the metacarpal) was removed from the ampu- 
tated hand and was implanted (with normal 
dorsoventral and anteroposterior orientation) 
into the site formerly occupied by the radius 
(fig. 1). No sutures were required to hold the 
implanted digits in place. After the operation 
the animals were placed in cold water (4-6’0 
for three days, after which time they were 
brought back to room temperature. Animals 
kept in the cold for longer periods of time did 
not always regenerate according to a normal 
timetable, and several experimental groups 
had to be repeated because of this. 

For radioautography, donor animals were 
given IP injections (2.0 pCi/gm) of thymi- 
dine-methyl-H3 (New England Nuclear). Dig- 
its were removed for transplantation four 
hours later. Five-micron tissue sections were 
dipped in Kodak NTB-3 emulsion, stored in 
light-tight boxes for two weeks and developed 
with Kodak D-19. 

In all experiments involving x-irradiation, 
the irradiation was delivered by a Westing- 
house Coronado machine a t  150 kv; 15 ma; 
FSD-28 cm; filter - 0.5 mm Cu + 1.0 mm Al; 
rate - 435 rtmin. 

Many regenerates were fixed in Bouin’s 
fluid, serially sectioned and stained with 
hematoxylin and eosin, Heidenhain’s aniline 
blue stain for connective tissue or Hsu’s (‘71) 
modification of the Palmgren silver stain for 
nerves. 

Other regenerates were prepared as whole 
mounts for skeletal staining, following a mod- 
ification of the toluidine blue-alizarin red 
technique outlined by Burdi (‘65). In newt 
limbs cartilage stained best in 0.12% toluidine 
blue in 70% alcohol and bone in 16 drops of 
0.1% alizarin red S/lOO ml of 5% KOH. 

RESULTS 

I. The inhibition of regeneration by 
an imphnted digit 

Series 1. Simple digital implantation 
In this series, comprising over 150 animals, 

one arm of each animal was amputated mid- 
way between the wrist and elbow as a normal 
regeneration control. The other arm was simi- 
larly amputated, but the radius was removed 
and a digit was implanted in its place as de- 
scribed in MATERIALS AND METHODS. 

A. Gross observations 
During the first couple of days postopera- 

tively, epithelial migration covered the ampu- 
tation surface, and epidermal continuity was 
established between the skin of the stump and 
that covering the digital implant. The digital 
implant remained disconnected from the cir- 
culating blood for about five or six days, and 
during that time healthy implants were 
noticeably less translucent than normal dig- 
its. Eighty-five to ninety percent of the digital 
implantations were successful. Within a few 
days after the return of circulating blood, the 
appearance of most implants resembled that 
of normal digits. 

During the early weeks after digital im- 
plantation, an average of 50% of the cross sec- 
tion of the amputated limb surface was 
covered by a typical early wound epidermis. 
Constriction of the epithelialized wound sur- 
face by old skin did not occur. Typically, the 
wound epidermis of experimental limbs be- 
came thicker and less transparent than nor- 
mal, and for 50 days a smooth pattern of 
wound healing occurred. 

Beyond 50 days, one of two courses followed. 
A substantial percentage of the limbs bearing 
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implanted digits never regenerated. In an ear- 
ly series of 26 limbs, 11 (42.3%) failed to re- 
generate (fig. 3) .  In these cases the wound epi- 
thelium developed into full thickness skin. 
Six long term non-regenerating limbs were 
reamputated through the ulnar side, leaving 
the digital implant intact. Regeneration did 
not occur after reamputation. 

In the remaining limbs, regeneration oc- 
curred from the ulnar side. Full dedifferentia- 
tion began late, often 40 to 50 days after 
amputation, and blastema formation quickly 
ensued. The blastemas were rarely typical in 
form, but rather began as an indistinct swell- 
ing around the ulnar sides of the base of the 
implanted digit. Some limbs that appeared to 
be undergoing dedifferentiation stabilized 
and underwent no further regenerative 
changes. Others that had begun to form blas- 
tema-like structures suddenly stopped pro- 
gressing, and the outgrowth either disap- 
peared or became smaller and remained as a 
small projection. The remaining limbs formed 
hypomorphic regenerates with from one to 
three digits. Four-digit regenerates did not 
form in limbs bearing intact digital implants. 
Two-thirds of the regenerates were single dig- 
it spikes. 

A consistent and unusual feature of the re- 
generates was their orientation. The regener- 
ates in these experiments were sharply devi- 
ated toward the radial side of the limb. The 
angles of deviation commonly ranged from 

B. Histological observations 
During the early phases of wound healing 

and demolition, there was virtually no differ- 
ence between control limbs and limbs bearing 
digital implants (figs. 8, 9). The digital im- 
plants healed in place with remarkably little 
cellular reaction from the surrounding stump 
tissues, and normally there was no ingrowth 
of wound epidermis alongside the implant into 
the deeper tissues of the stump (fig. 9). 

By the period of dedifferentiation the dig- 
ital implants were stabilized, and essentially 
no scarring or other tissue reactions sur- 
rounded the deep part of the implants. 
Although osteoclastic erosion of the metacar- 
pal element of the implanted digit occurred, a 
typical dedifferentiative response was not 
noted in the digit itself. Throughout the dedif- 
ferentiative phase a typical wound epidermis, 
not underlain by dermis or histologically visi- 
ble membranes, was prominent over the ulnar 

45"-90'. 

surface of the limb. During this period the 
wound epidermis of normally regenerating 
limbs consistently undergoes a thickening. 
The wound epidermis of the experimental 
limbs was also typically thickened in areas, 
but the degree and extent of thickening was 
more variable than that seen in control limbs. 

During the early phase of the dedifferentia- 
tive reaction, the histological picture of both 
the bone and the soft tissues of the limb 
stumps was similar in both normal and ex- 
perimental limbs. By the end of the period of 
dedifferentiation (early in the third week in 
these experiments), a divergent pattern of de- 
velopment between normal and experimental 
limbs was emerging. Whereas in control limbs 
the distal soft tissues were in the peak of the 
dedifferentiative reaction and early conden- 
sations of blastemal cells were accumulating 
beneath the wound epidermis, limbs bearing 
digital implants showed signs that the early 
regenerative process was beginning to slow 
down. Although the soft tissues still pre- 
sented the histological appearance of dediffer- 
entiation, blastemal cells did not accumulate 
beneath the wound epidermis to any signifi- 
cant degree. Instead, early traces of tissue 
healing responses began to appear. Equiva- 
lent amounts of osteoclastic activity were 
present in control and experimental limbs. 

By the middle of the fourth week the con- 
trol limbs possessed well-developed, but undif- 
ferentiated blastemas (fig. 10). The experi- 
mental limbs still possessed a prominent area 
of wound epidermis, which was commonly 
thickened. Dedifferentiation still persisted in 
the deeper tissues of the stump, but in most 
limbs there was still no distal accumulation of 
blastemal cells (fig. 11). The digital implants 
were morphologically stable and were well in- 
tegrated with the tissues of the stump. Later 
in the fourth week and early in the fifth some 
experimental limbs contained small distal 
accumulations of blastemal cells whereas in 
others the scarring and tissue healing reac- 
tion was more prominent. 

The difference between normal and experi- 
mental limbs was accentuated during the pe- 
riod of blastemal differentiation (during the 
fifth and sixth weeks after amputation). In 
contrast to the control regenerates (figs. 12, 
14, 161, which demonstrated increasingly 
more complex levels of morphogenesis, the 
contralateral limbs bearing digital implants 
presented a picture of little or reduced epi- 
morphic regenerative activity. The more ac- 
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tive limbs (fig. 15) had a thickened wound epi- 
dermis on the ulnar side of the implanted dig- 
it. Beneath the epidermis was a small to mod- 
erate accumulation of typical blastemal cells, 
and deep in the stump tissue dedifferentiation 
was still in evidence. In a larger proportion of 
cases, the limb stump was characterized by 
the differentiation of a terminal cap of car- 
tilage around the cut end of the ulna (fig. 13). 
Between the cartilagenous cap and the epider- 
mis was a layer of dense collagenous connec- 
tive tissue in addition to the newly differen- 
tiating dermal elements of the skin. The dig- 
its in all long term limbs were well integrated 
with the limb stump (figs. 13, 17). 

Long term experimental limbs could again 
be subdivided into two categories-those that 
exhibited evidence of epimorphic regenera- 
tion (fig. 15) and those that did not (figs. 13, 
17, 18). Nevertheless, all limbs in these two 
categories were organized in roughly the same 
manner. The implanted digits remained in 
good shape and were morphologically stable, 
without evidence of ongoing regenerative 
activity. Likewise, the ulnar borders of vir- 
tually all limbs presented the appearance of a 
completed tissue regeneration process, with a 
prominent fibrocellular mat under what was 
originally wound epidermis (fig. 18). The dif- 
ferentiation of new tissue took place prin- 
cipally in the region between the ulna and the 
digital implant. When epimorphic regenera- 
tion occurred, one or two shortened digits 
could be seen. Small rods of unjointed car- 
tilage were buried within the soft tissues of 
the stump in other limbs, and occasionally 
only small, irregularly shaped masses of car- 
tilage capped the ulna. The association be- 
tween the tissue healing response over the 
lateral side of the ulna and the radial di- 
rection of regenerative growth was striking in 
the histological preparations (figs. 13,181, but 
a t  this point i t  is not possible to say if the 
ulnar scar is a cause or an effect of the radial 
direction of regenerative growth. 

C. Autoradiographic observations 
An important piece of information needed 

to narrow down possible mechanisms respon- 
sible for the inhibition of regeneration in limb 
stumps bearing digital implants is the origin 
of the wound epidermis that covers the ampu- 
tation surface. In order to determine whether 
the wound epidermis arises from that of the 
stump or the implanted digit, a reciprocal 

transplantation experiment of isotopically la- 
belled digits to non-labelled limbs and vice 
versa was performed. 

Four donor newts were labelled with triti- 
ated thymidine as described in MATERIALS AND 
METHODS. Four hours after injection of the 
isotope digits from the labelled donors were 
implanted into 16 freshly amputated recipi- 
ent forelimbs as in typical digital implanta- 
tion experiments. Then both forearms of each 
donor newt were amputated, and unlabelled 
digits were implanted into each stump. In the 
series with labelled digits in unlabelled arms, 
two limbs were fixed for autoradiographic 
analysis each day for eight days. Two labelled 
limbs bearing normal digital implants were 
fixed a t  2, 3 ,5  and 7 days after implantation. 
In the labelled limbs with unlabelled im- 
plants, there were labelled cells throughout 
the wound epidermis whereas the wound 
epidermis in the normal limbs bearing la- 
belled implants was unlabelled. I t  is not possi- 
ble to rule out a contribution to the wound 
epidermis of occasional unlabelled cells from 
the implanted digits, but the results of both 
series of experiments demonstrate that a t  
least the majority, if not all, cells of the 
wound epidermis arose from the epidermis of 
the stump and not from the implanted digit. 

11. Experimental analysis of inhibition of 
regeneration by an implanted digit 

In order to understand the nature of the 
inhibition or retardation of limb regeneration 
by an implanted digit, a series of experiments 
was designed to dissociate non-specific trau- 
matic effects from a non-traumatic biological 
phenomenon. Right and left forelimbs were 
treated differently and the difference in days 
of the appearance of a fixed stage in regenera- 
tion (2-digital primordial was noted. 

In the first group (fig. 2, upper), a digit was 
implanted into the left forearm in each of 16 
animals, and the right arms were amputated 
a t  the same level as the left. No regeneration 
occurred in five (31%) of the experimental 
limbs. In the remaining animals, the forma- 
tion of digits in the left limb was delayed by a 
mean of 21.1 days over that in the right. Such 
inhibition and delay was representative of the 
reactions of the other animals (total of 96) in 
which this design was followed. The re- 
mainder of the animals, however, were not ex- 
amined a t  daily intervals and the mean delay 
could not be accurately recorded. 
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EXPERIMENTAL ANIMALS NO MEAN 

(DAYS) 
REGENERATION RETARDATION 

16 5(3l “/+&I 21.1 f 2.24 

0 (O%o) 4.6 f 1.01 

25 9 (36%) 10.4 f 1.16 

Fig. 2 Experimental design and results of experiments demonstrating the inhibitory effects on regeneration 
of digital implants. The “No Regeneration” column refers to the left limbs in each series. “Mean Retardation” 
refers to retardation of regeneration of left limbs as opposed to the right limbs in each series. 

The next experiment (fig. 2, middle), was 
designed to determine the degree of delay in 
regeneration that could be attributed to the 
deep, implanted part of the digit. In 21 
animals, one forearm was amputated midway 
between elbow and wrist as a normal regener- 
ation control. The contralateral arms were 
amputated and digits were implanted in place 
of the radii as usual. Immediately after im- 
plantation, the digits themselves were ampu- 
tated a t  the level of the amputation surface of 
the forearm. In this experiment any delay in 
regeneration over that in the control limbs 
can be attributed to the trauma of implanta- 
tion or to some intrinsic property of the basal 
part of the digit. 

Histologically, the early stages of regenera- 
tion did not differ significantly from those 
seen after the implantation of entire digits ex- 
cept that the entire limb surface was covered 
with a wound epidermis. In contrast to limbs 
bearing implants of entire digits, regenera- 
tion occurred in all experimental limbs, with a 
mean delay of 4.5 days between the formation 
of digital primordia in the experimental limbs 
over that in the control. Despite the lack of a 
projecting portion of the distal implant, re- 
generates on the experimental limbs were 

sharply deviated from 45-90” radially from 
the longitudinal axis of the limb. 

This experiment shows that the presence of 
the basal part of the implanted digit accounts 
for less than a week’s delay in regeneration. 
In addition to the fairly consistent absence of 
regeneration in about one-third of the limbs 
with entire digital implants, a delay in regen- 
eration of about two weeks appeared to be re- 
lated to the projecting part of the digital im- 
plant. This was tested directly by the next ex- 
periment. 

In 25 newts, both forearms were amputated 
midway between the elbow and wrist, and in 
each arm digits were implanted in place of the 
radius in the usual fashion. On one limb the 
digit was left intact and on the other limb the 
digit was cut off level to the amputation sur- 
face (fig. 2, bottom). Thus the only difference 
between the two limbs was the presence of the 
projecting part of the digit on one side. 

Nine (36%) of the limbs with entire digital 
implants failed to regenerate whereas only 
one limb (4%) bearing an amputated digit did 
not regenerate. Among the 15 animals in 
which both limbs regenerated, a mean delay 
of 10.4 days was associated with the presence 
of an entire digital implant as opposed to a 
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Fig. 3 Newt nine months after bilateral forearm amputation. Left arm, the radius was removed immediately 
after amputation and the left third digit was implanted into its place. The digital implant remained intact and 
projects prominently from the amputation surface of the forearm. No regeneration of the arm occurred. Right 
arm, the radius was removed immediately after amputation. The right third digit was implanted in its place and 
immediately amputated at the level of the limb amputation surface. A somewhat abnormal 4-digit regenerate 
has grown out a t  almost a right angle radial to the normal longitudinal axis of the limb. 

Fig. 4 Ventral view of a skeletal preparation of an 11-month regenerate arising from a limb hearing a n  
amputated digital implant. The regenerate grows out from the limb stump a t  a very sharp angle (arrow). This 
limb is equivalent to the right limb of figure 3. 

digit amputated level with the wound surface 
of the limb (fig. 2, bottom). The regenerated 
limbs were typical of what was seen in the 
previous experiments (figs. 3, 4). This experi- 
ment demonstrated that the delay in regener- 
ation associated with the projecting portion of 
the digital implant was somewhat less than 
two weeks. The results of this experiment, 

along with the previous two, suggests that the 
mechanism of inhibition of regeneration is 
associated with some way in which the pro- 
jecting digit interferes with the wound epi- 
dermis or with events occurring a t  the wound 
surface. 

During the course of the preceding experi- 
ments, it was noticed that when the im- 
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D1 G I TA L 
IMPLANT 

a. 

AM PUTAT I ON 
DIGITAL 
IMPLANT 

b. 
Fig. 5 Two experiments demonstrating (a) the radial deviation of regenerates on limb bearing digital im- 

plants and (b) that the radial deviation is not related to the projecting part of the digit. 

planted digits occasionally became necrotic 
and distal segments fell off, the remainder of 
the digital stump appeared to be covered over 
by a clear wound epidermis. Limb regenera- 
tion, little delayed over normal, soon followed. 
An experiment was designed to test whether 
or not the inhibitory effect of the implanted 
digit required the presence of the terminal 
phalangeal segment. 

In ten animals both forearms were ampu- 
tated, and digits were implanted in the usual 
manner. The terminal phalangeal segment 
was removed from the right digital implants. 
Both implants in eight animals remained 
healthy enough on valid comparison. In two 
animals regeneration failed to occur on one 
limb (one right and one left). The remaining 
six animals showed no significant difference 
in the rate of regeneration between the limbs 
with intact or with terminally amputated dig- 
its. I t  was concluded that as long as the base 
of the protruding digit remains healthy and 
projects noticeably from the amputation sur- 
face, the presence of the terminal segment of 
the digit is not required to produce the inhibi- 
tory effect on regeneration. 

111. Radial deviation in regenerates 
After the initial observation of radially 

deviated regenerates in limbs with digital im- 
plants (fig. 5a), radially deviated regenerates 
were consistently seen to arise from limbs 
with digital implants cut off a t  the level of 
the limb amputation surface. This demon- 
strated that the deviation phenomenon, in 
contrast to the inhibition of regeneration, was 

not related to or dependent upon the project- 
ing portion of the implanted digit. Thus it 
appeared that two fundamentally different 
processes were combining forces to produce 
the retarded, radially deviated regenerates in 
the original digital implant experiment. Sev- 
eral groups of experiments were performed to 
ascertain some of the factors that play a role 
in producing the deviated regenerates. 

The first experiment was designed to de- 
termine whether or not the implanted digit 
played any role whatsoever in the formation 
of radially deviated regenerates. Twenty 
limbs were amputated a t  mid-forearm level 
and the radius was removed in the usual 
fashion. No digital implant was placed into 
the limb stump (fig. 6a). With a couple of ex- 
ceptions, the regenerates were deviated 45- 
90" radially. 

The role of trauma itself was investigated 
in a series of 52 amputated forearms in which 
the radius was removed in the usual fashion, 
but then replaced (fig. 6b). The orientation of 
the majority of regenerates was completely 
normal, but in five cases radial deviations of 
5-15' were present. 

In 20 newts, both arms were amputated a t  
mid-forearm level. As a control, the radius of 
one limb was removed and replaced as previ- 
ously described (fig. 6b). The results of that 
experiment were duplicated in the controls, 
and the regenerates grew out normally or 
were radially deviated less than 15". On the 
contralateral limbs, the radii were removed, 
placed in saline, x-radiated with 2,000 r and 
orthotopically replaced within one and one- 
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REMOVE 
RADIUS 

a. 

REMOVE 8 
REPLACE 
RADIUS 

b. 

X-RAY 
RADIUS & 
REPLACE 

C. 

BOIL RADIUS 
81 REPLACE 

d. 
Fig. 6 A series of experiments demonstrating the relationship between removal of the radius and other ma- 

nipulations on the radius and the orientation of the longitudinal axis of the regenerate with respect to that of 
the stump. 

half hours of removal (fig. 612). Healing was 
uneventful and the regenerates from limbs 
bearing irradiated radii were virtually identi- 
cal with those arising from the contralateral 
control limbs. 

In another experiment, involving 83 newts 
(fig. 6d), both limbs were amputated through 
the mid-forearm. On one side the radius was 
removed and immediately replaced as the 
standard damage control. Normally oriented 
regenerates appeared on the control limbs. 
The radii were also removed from the con- 
tralateral limbs, but were placed in boiling 
saline for five minutes before being reim- 
planted. The boiled bones appeared to be 
treated like foreign bodies by the limb stump, 
and many of them were extruded over a period 
of several weeks. Thirty-nine limbs were 
suitable for analysis, and of these 85% pro- 
duced regenerates that were radially deviated 

by more than 45'. Even in these cases, the 
bone was almost always ultimately extruded 
during the course of regeneration although 
often not until very late in the regenerative 
process, when the regenerate was already 
strongly deviated. 

In some of the previous experiments, the 
rapid tissue healing reactions of the soft tis- 
sues and skin on the lateral position of the tip 
of the ulna necessitated a separate control ex- 
periment in order to ensure that the radial 
deviation of regenerates was not due to a 
pinching off of the ulnar wound surface by old 
stump skin. This would have the effect of forc- 
ing the blastema to grow out a t  an angle to its 
normal axis of growth. 

In 12 newts both arms were amputated 
slightly proximal to the wrist (fig. 7). The 
radii were removed from the right arms in the 
usual fashion. Then a 1.5-mm cuff of skin was 
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END OF STUMP 

Fig. 7 Design and summary of an experiment demonstrating (right arm) that the radial deviation of regen- 
erates arising from limbs lacking the radius is not due to encroachment of stump skin upon the ulnar side of the 
amputation surface. 

removed from the end of both right and left 
limb stumps, and the animals were placed in a 
cold room for a few days before being returned 
t o  normal room temperatures. It was not pos- 
sible for stump skin to be pulled over the 
amputation surface. The denuded tips of the 
limb stumps became epithelialized and regen- 
eration ensued. 

The left control limbs produced normal re- 
generates with no or occasionally 5-10% radial 
deviation. Two of the experimental limbs 
exhibited little axial deviation but the re- 
mainder were radially deviated from 40-85', 
demonstrating that the phenomenon of radial 
deviation is not an artifact caused by selec- 
tive covering of part of the amputation sur- 
face by stump skin. 

Another potential artifactual cause of the 
radial deviation in these experiments is the 
possibility that removal of the radius removes 
a mechanical support for the nerve which 
might itself become strongly deviated in a 
radial direction. Deviation of the nerve could 
potentially result in the formation of an 
eccentric apical epidermal cap and then a 
deviated blastema. To test this possibility, 
both limbs of 39 animals were amputated 
through the mid forearm and the radii of the 
right arms were removed. At  intervals from 1 

to  21 days after amputation both control and 
experimental limbs were removed, fixed in 
Bouin's and stained with Palmgren's silver 
stain to  chart the pathway of the distal nerve 
stumps and fibers. 

No consistent or substantial radial devia- 
tion of nerves was observed in the limbs from 
which the radius was removed. Figure 24 
shows a typical example of an experimental 
limb, possessing both a straight nerve trunk 
and a non-deviated apical epidermal cap. Thus 
there is no apparent causative relationship 
between radially deviated regenerates and 
the orientation of the peripheral nerve 
stumps. 

Removal of other stump bones 
The pronounced radial deviation of regener- 

ates toward the side of the limb from which 
the radius was removed prompted some ex- 
periments to see if a similar deviation of re- 
generation in the direction of removal of other 
bones would occur. 

Twenty forelimbs were amputated and the 
ulna was removed instead of the radius. Only 
one regenerate was significantly deviated 
ulnarly (60'). The remainder of the regener- 
ates grew out straight or with a 10-20' ulnar 
deviation. 
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In 32 animals each hindlimb was ampu- 
tated midway through the zeugopodial seg- 
ment. The tibia was removed on one side and 
the fibula from the other. A pronounced tibia1 
deviation (45-90") occurred in regenerates 
arising from the stumps without the tibia. 
Deviations of similar magnitude, but in a 
fibular direction were seen in all regenerates 
except one (15" deviation) from stumps lack- 
ing a fibula. 

Retardation of rate of growth in radially 
deviated regenerates 

A potential cause of or contributing factor 
to the retardation of regeneration from limb 
stumps bearing digital implants could be 
some retardation associated with the great 
radial deviation of the regenerates that did 
form. In order to control for this, both fore- 
limbs on 20 newts were amputated midway 
between the elbow and wrist. One limb served 
as a normal regeneration control whereas the 
radius was removed from the other. Regener- 
ates from the control limbs formed digital pri- 
mordia approximately three days earlier than 
the strongly deviated regenerates arising 
from limb stumps without the radius. 

As a control for effects of trauma, both 
forearms of 20 newts were amputated midway 
between the elbow and wrist. The radius was 
removed from the experimental limbs as 
usual, and on the control side the radius was 
removed, but then immediately replaced. In 
this experiment both experimental and 
trauma control limbs formed digits a t  about 
the same time despite the fact that the regen- 
erates from the experimental limbs were devi- 
ated and those of the trauma controls were 
not. These experiments demonstrate that only 
a slight delay, a t  most, in the rate of regenera- 
tion could be attributed to the axially devi- 
ated growth pattern of the regenerates. 

DISCUSSION 
The experiments described above have 

brought to light two means by which profound 
alterations in the limb regenerative process 
can be produced. One is the inhibition or 
retardation of regeneration from the mid- 
forearm level by means of a digit implanted 
into the limb stump. The other is the produc- 
tion of axially deviated regenerates by re- 
moval of the radius in an otherwise normal 
forearm stump. The mechanism accounting 
for neither of these disturbances in regenera- 
tion is understood. Both are highly repeatable 
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phenomena, and control experiments have 
shown that these disturbances in regenera- 
tion cannot be ascribed to inconsistencies or 
unexplained vagaries in technique. I t  is likely 
that these phenomena are independent, be- 
cause experimental analysis showed that the 
inhibition of regeneration could be attributed 
to the presence of projecting portions of the 
digital implant whereas axial deviations of re- 
generates don't require the digit a t  all, but 
can be obtained by removing the radius from 
the limb stump. 

Retardation of regeneration by digital implant 
In their experiments on regression of 

injured denervated limbs and subsequent 
regeneration following re-innervation, Thorn- 
ton and Kraemer ('51) concluded that when 
differentiated distal structures Le., digits) 
are present in a regressed limb, blastema for- 
mation and subsequent regeneration does not 
occur. 

During the next decade, Rose ('57, '621, 
largely on the basis of experiments conducted 
on Tubularia, formulated the concept of distal 
control, according to which the most distal 
structure in a regenerating system permits 
the differentiation only of structures more 
proximal to them. Indirect evidence in favor 
of this system of control in the regenerating 
amphibian limb was presented in a review 
(Rose, '62). 

In 1967, Shuraleff and Thornton reported 
experiments designed to test Rose's concept of 
distal dominance in the regenerating hind- 
limbs of the axolotl. They amputated legs 
through the mid-femoral region and trans- 
planted a foot over part of the amputation 
surface. In their experiments inhibition of re- 
generation did not occur. They were carried 
out along the regenerating limb until they 
reached a level homologous with the most 
proximal level of the foot graft. Although the 
authors did not discuss their findings, the re- 
sults of their experiments do not necessarily 
constitute a refutation of Rose's concepts be- 
cause a large number of variables remained 
untested. 

The recent demonstrations of intercalary 
regeneration in urodeles (Iten and Bryant, 
'75; Stocum, '75) have established that regen- 
eration can occur between a proximal ampu- 
tation surface and a regeneration blastema 
taken from a more distal level if the trans- 
planted blastemas are not too highly de- 
veloped. In Ambystoma larvae, Stocum ('75) 
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showed that intercalary regeneration did not 
occur when advanced 4-digit regenerates were 
transplanted, whereas intercalary regulation 
did occur proximal to notch stage blastemal 
grafts. On the other hand, Iten and Bryant 
(‘751, working with adult newts, obtained in- 
tercalary regulation between proximal limb 
stumps and distal blastemas in the early dig- 
its stage. 

Why a differentiated digit, implanted into 
a fresh amputation surface, significantly 
retards or inhibits limb regeneration is not 
known although there are several possible 
directions in which explantations can be 
sought. On the basis of the control experi- 
ments, there is little reason at  this point for 
considering surgical trauma or a disruptive 
influence of the deep part of the implanted 
digit as a major factor. Instead, one must look 
to the projecting part of the digital implant 
for the answer. 

According to one option, the implanted digit 
could act as an apical inhibitor as postulated 
by Rose (‘62). A problem with this interpreta- 
tion is that  in two-thirds of the cases the re- 
generation of hands and digits, albeit abor- 
tive, ultimately does occur. Similarly, regen- 
eration regularly occurs when part of a hand 
or foot is amputated, leaving the remainder of 
the digits intact (Tornier, 1896). One could 
postulate that in the distal part of the limb 
these are multiple centers of apical inhibition 
corresponding to the digital rays and that 
complete inhibition does not occur if the 
wound surface and the remaining digit (s) is 
out of line. The phenomenon of intercalary re- 
generation, however, weakens the argument 
for apical inhibition as a control mechanism 
in amphibian limb regeneration. These digi- 
tal implantation experiments provide no evi- 
dence for or against an hypothesis of chem- 
ical inhibition of regeneration by an apical 
structure. 

Because both the species and the experi- 
mental systems were different, i t  is hard to 
compare the lack of effect upon regeneration 
of the foot graft in the experiments of 
Shuraleff and Thornton (’67) and the retard- 
ing of inhibiting effect exerted by digital im- 
plants in the work described here. One signifi- 
cant variable is the mode of attachment of the 
graft to the amputation surface. Shuraleff 
and Thornton (’67) apparently placed their 
foot grafts on the amputation surface and 
allowed them to heal in place without sutures 
(Connelly, personal communication). In con- 

trast, the digital implants in the newt were 
tightly fixed to the limb stump by the deeply 
implanted metacarpal element. Firm fixation 
of the digital implant to the stump might con- 
ceivably interfere with intercalary regenera- 
tion, but i t  would be less likely to  affect the 
regenerative process that often ultimately 
takes place on the ulnar half of limbs bearing 
digital implants. 

A possibility worthy of close examination is 
that the projecting part of the digital implant 
interferes with regeneration not by anything 
intrinsic to the digit itself, but by some inter- 
ference with the normal spatial pattern of epi- 
thelial healing of the amputation surface. I t  
is well known that in normal regeneration the 
presence of a wound epidermis is a necessary 
condition for blastema formation (Mescher, 
’76; Stocum, ‘75; Thornton, ’68). In the past, 
most workers in regeneration have considered 
the wound epithelium to  be a morphogenet- 
ically neutral structure. More recently, how- 
ever, i t  has been recognized that the pattern 
of epithelial migration, particularly the point 
a t  which migrating epithelial sheets from 
opposite sides of the limb meet, may be of crit- 
ical importance with respect to  fulfilling nec- 
essary morphogenetic boundary conditions. 
Lheureux (’75) in urodeles and Chandebois 
(’76) in planaria have attributed great signifi- 
cance t o  the meeting of tissues from opposite 
sides of the amputation surface with respect 
to  the initiation of regeneration. If a similar 
mechanism can be confirmed in the newt, the 
digital implant could be looked upon as a 
means of preventing or retarding such a meet- 
ing. According to a similar line of reasoning 
(Bryant and Iten, ’76), the digital implant 
may prevent the immediate filling in of the 
“full circle” of positional values that is pos- 
tulated to be a necessary pre-condition for 
outgrowth. I t  is possible that the delay in re- 
generation of limb stumps bearing implanted 
digits represents the time required to 
reorganize the morphogenetic relationships 
required for outgrowth to  occur. 

The formation of axially deviated regenerates 
The radial deviation of regenerates was due 

to removal of the radius in the limb stump 
rather than the presence of a digital implant. 
Operative trauma to the radius or surround- 
ing tissues is a most unlikely cause of radial 
deviation in view of the experiments reported 
here. 

Another possibility is that the amputation 



234 BRUCE M. CARLSON 

surface in a forelimb stump lacking a radius is 
no longer perpendicular to the long axis of the 
limb. According to “Barfurths rule” (Morgan, 
’01: pp. 44-52), a regenerate grows out perpen- 
dicularly to the wound surface. Thus, a regen- 
erate growing out from an oblique amputation 
surface would be deviated away from the long 
axis of the stump. A limb stump lacking one of 
the zeugopodial elements does have a degree 
of obliquity to its amputation surface (up to 
10-20°), but Barfurth’s rule cannot account 
for the frequent regenerates that grow out a t  
right angles to the long axis of the limb stump 
or are even directed slightly toward the base 
of the limb (100’ or more radial deviation). In 
addition, axially deviated regenerates that 
grow out from oblique amputation surfaces 
commonly straighten out nearly completely 
by the end of their growth period. 

A similar possible mechanism is the devia- 
tion of the cut end of nerves in a radial di- 
rection, thus causing an eccentric blastema to 
form. Histological examination of many limbs 
did not reveal significant deviations of the cut 
ends of nerves. 

The experiment on reimplantation of boiled 
radii was difficult to interpret. The regener- 
ates were typically radially deviated, suggest- 
ing that boiling destroyed some property of 
the radius that keeps normal regenerates 
growing out in line with the long axis of the 
limb. Two main interpretations of this experi- 
ment are possible. One is that boiling de- 
stroyed some intrinsic property of the radius 
and that the physical presence of the boiled 
radius was insufficient to prevent radial 
deviation. The other is that from a physical 
standpoint the boiled radius is not the equiva- 
lent of a viable bone. In virtually all cases, the 
boiled bone was apparently considered to be a 
foreign body by the limb stump and was even- 
tually extruded from the limb. Often, how- 
ever, the regeneration blastema was strongly 
deviated before extrusion of the radius oc- 
curred. Because of the unanswered questions 
concerning the degree and kind of integration 
of the boiled bone with the surrounding stump 
tissues, critical inferences should not be made 
from this experiment. 

From morphological observations alone, one 
might be tempted to attribute the radial devi- 
ation of regenerates to the riding up of stump 
skin over the ulnar half of the limb, thus forc- 
ing the regenerate to grow in a radial di- 
rection. Tissue healing responses over the 
ulna are certainly prominent. There are su- 

perficial similarities between the deviated re- 
generates reported here and those pictured by 
Mescher (’76, his fig. 61, who obtained strong- 
ly deviated regenerates in newts after sealing 
the amputation surfaces with partial skin 
flaps. The regenerates in Mescher’s experi- 
ments, however, usually showed imperfect 
morphogenesis whereas the deviated regener- 
ates reported after radial removal were other- 
wise almost always morphologically normal. 
This possible explanation was eliminated by 
the experiment in which the distal skin was 
stripped from a radius-less stump. The 
appearance of radially deviated regenerates 
in this case also leads to the conclusion that 
the tissue healing reactions over the postaxial 
side of the ulna are probably symptoms and 
not causes of the axial deviation. 

Axial deviation of regenerates toward the 
side of the limb from which one of the paired 
zeugopodial bones was removed is not unique 
to forelimbs lacking a radius, for similar 
deviations occurred consistently in legs from 
which either the tibia or fibula was removed 
a t  amputation. Surprisingly, significant ulnar 
deviation does not occur in regenerates aris- 
ing from forearm stumps lacking an ulna. No 
explanation can presently be made for the 
lack of axial deviation in the latter case. It is 
noteworthy that Goss (’57, his fig. 4) illus- 
trated a newt forearm regenerate with a pro- 
nounced ulnar deviation. In this case, how- 
ever, the ulnar half of the limb was removed 
rather than the ulna alone. 

Deviation of regenerates from the longitu- 
dinal axis is commonly seen in half-limb or 
limb splitting experiments. Weiss (‘26) and 
Lomovskaya (‘48) have each illustrated hand 
regenerates from the ulnar halves of longitu- 
dinally split limbs, and these deviated sharply 
in a radial direction. In both cases, the regen- 
erates growing from the radial halves of the 
limbs were illustrated as simple spikes. In his 
half limb experiment, conducted on both the 
arms and legs of newts, Goss (’57) found 
deviation of the regenerates toward the side 
of the limb that was removed. During the 
course of her experiments on the effect of 
bone removal in the stump on morphogenesis 
of regenerates, Bischler (‘26) found frequent 
instances of deviation of the entire regenerate 
toward the ulnar side from which the bone 
had been removed. The common factor in all 
of these experiments is that the regenerates 
grew out toward the side of the limb from 
which some structure or tissues had been re- 
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moved. In all of these defect experiments it is 
possible that the altered wound surface re- 
sults in an abnormal pattern of epithelial 
healing, such as displacement of the site of 
joining of the advancing edges of the wound 
epidermis. This might result in the setting up 
of an eccentric focus of regenerative activity. 

Some indication that the fundamental mor- 
phogenetic defect demonstrated in these re- 
generation experiments might be a general 
one can be gained by observations on con- 
genital limb defects. Commonly, when one of 
the zeugopodial bones is reduced or missing, 
the hand or foot is strongly deviated toward 
the side of the limb with the missing bone. A 
good example of this is seen in figure 102-14 
from Warkany’s book (‘71), which shows club- 
foot associated with tibia1 shortening in a tha- 
lidomide-treated rabbit embryo. 

An interesting example of axial deviation 
during regeneration was recently reported by 
Globus and Liversage (’751, who implanted 
dorsal root ganglia into the base of blastemas 
grown in culture. They noted that “a con- 
spicuously dense population of blastema cells 
accumulated around the implanted gangli- 
on, and subsequent orientation of pro-carti- 
lage formations favored the eccentrically im- 
planted neurons.” Comparison of their figure 
14 and figures 13 and 18 of this paper reveals 
a striking similarity in morphology. Because 
the main mass of nerves in the forelimb lies 
between the radius and the ulna, removal of 
the radius would not bring a major nerve 
mass any closer to the ulna than before, but 
the morphological balance of nerves and skel- 
eton would be altered. 

At this point it is only possible to say that 
axial deviations of regenerating or developing 
limbs toward an area of tissue deficit is a com- 
mon and perhaps general phenomenon. The 
next major step in uncovering the underlying 
mechanism should be to dissociate purely me- 
chanical effects that lead to disturbed mor- 
phogenesis because of a change in geometry of 
the stump from morphogenetic tissue interac- 
tions that might be altered by tissue removal 
or by displacement of other tissues subse- 
quent to tissue removal. 
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PLATE 1 

EXPLANATION OF FIGURES 

8 Normal 8-day regenerate. The amputation surface is covered by a somewhat 
thickened wound epidermis and the dedifferentiation phase is just beginning. The 
level of amputation is indicated by arrows. H & E. 

9 Contralateral limb of that  shown in figure 8, eight days after amputation. This limb 
contains a digital implant (arrow, and all skeletal structures shown). The implant is 
well integrated into the limb, with very little cellular reaction around it. The muscle 
fibers alongside the deep parts of the implant are  somewhat disoriented. The ulnar 
side of the limb (right) is covered by a wound epidermis (e). H & E. 

10 Normal 25-day forearm regenerate, showing an undifferentiated cone regenerate. 
H & E. 

11 Contralateral limb of the same newt shown in figure 10. This limb has a prominent 
digital implant that is well healed in place. On the ulnar side of the digit is a n  area of 
thickened wound epidermis (between arrows). Beneath it there are no indications of 
epimorphic regenerative activity, but rather prominent tissue healing reactions. 
H & E. 
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PLATE 2 

EXPLANATION OF FIGURES 

12 Normal 32-day forearm regenerate showing the early differentiation of skeletal ele- 
ments. Prominent cuffs of well oriented periosteal cartilage surround the distal 
radius and ulna. H & E. 

13 Amputated forearm from the same newt as that shown in figure 12. This limb con- 
tains a digital implant (d). A blastema has not formed. Instead, a fibrocellular scar 
has formed beneath the ulnar wound epidermis. In addition, the cartilaginous callus 
forming distal to the ulna is radially deviated (arrow). H & E. 

Normal 39-day forearm regenerate, showing good differentiation of the skeletal ele- 
ments and early differentiation of muscle. H & E. 

15 Contralateral limb to that in figure 14. On the ulnar side of the digital implant (d) is a 
thickened wound epidermis (e) with a small aggregation of blastemal cells (b) 
beneath it. H & E. 

14 
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PLATE 3 

EXPLANATION OF FIGURES 

16 Normal 41-day forearm regenerate, showing all four digits and the differentiation of 
muscle fibers throughout the palmar area. H & E. 

17 Contralateral limb to that  shown in figure 16. The digital implant (d) is well healed in 
place. Despite the presence of a large expanse of wound epidermis (between arrows), 
the limb shows no signs of epimorphic regenerative activity. H & E. 

Non-regenerating forearm stump, bearing digital implant (d), 66 days after amputa- 
tion. A fibrocellular scar ( 8 )  has formed between the distal end of the ulna and the 
overlying wound epidermis. A cartilaginous mass (c) has grown out perpendicularly 
to the ulna, toward the radial side of the limb. H & E. 

Nineteen-day regenerate in forearm from which the radius was removed. All regener- 
ates in this series were deviated sharply toward the radial side. Neither the regener- 
ating nerve trunk (n) nor the apical epidermal thickening (el showed significant 
radial deviation. Palmgren’s silver stain. 

18 

19 
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