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It is known that nerves are particularly critical during the early
or dedifferentiative phase of limb regeneration. During this period in
the innervated 1imb, cells just proximal to the amputation surface de-
diffefentiate, migrate to the limb tip, and undergo mitosis. These
processes give rise to a population of undifferentiated mesenchymatous
cells capable of redifferentiating into the miésing components of the

newly forming regenerate. The consequences of denervation stand in



stark contrast to the normal events occurring in the innervated limb,
because neither a blastema nor a regenerate forms.

Results from this study indicate that during the early portion of
éhe dedifferentiative phase in.:egenerates less than 2 3/4. days old the
nerve apparently has little or no effect on the internal stump tissues.
Of considerable interest in this regard is this study's documentation of
a lack of neural influence on Dﬁ%»syn;hesis and thus the cell cycle dur;
ing the early dedifferentiative phase. Subsequently, during a transition
period represented by 2 3/4 to 5 1/2 days.regenerates there is some evi-
dence for a neural influence on DNA synthesis in cells of the limb
stump. Finally, on days 6 through 8, DNA synthesis is clearly nerve
dependent. Since DNA synthesié is a prerequisite for mitosis, the
depressed synthesis in-a denervated limb precludes mifotic activity
during the nerve-dependent, later portion of the dedifferentiative phase.
Therefore, this research supports Athe idea .that during the late de-
differentiative phase, including mouné and early cone blastemal stages,
there is a neural influence on fhe Gi or S phases of the cell cycle.

This conclusion thereby makes progress toward explaining earlier ob-

servations of depressed mitotic activity during this period.
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INTRODUCTION

Urodele amphibians are cafable of limb regeneration, but this capa-
city is dependent on adequate innervation. Spinal nerves 3, 4 and 5 in-
nervate the forelimbs, and if these nerves are severed at the shoulder
(denervation) p?ior té the nintﬁ day of regeneration, regenerative acti-
vity slows or stops for as long as nerves are prevented from reinnervat-
ing the limb (Schotte and Butler, 1941, 1944). The nature of the in-
fluence of nexrves on developmental aspecté of regeneratién may vary dur—
ing different periods of regenerative activity, but there is a definite
need for the nerve during the dedifferentiative phase. Furthermbfé,
there‘appears to be a general infiuence of the nerve on cell division
at a variety of stages~(Dresden, 1969; Sperry, 1971;'Ke11y and Tassava,
1973). o | '

It is known that nerves are critical for the normal succession of
morphological events occurringﬂduriné the early or dedifferentiative
phase of limb regeneratiop. For the first 24 to 48 hours following
limb amputation in the salamander, there isslittle mitotic aétivity in
the proximal tissues other than in the epidermis, and during this period
of time the epidermal cap is forﬁing (Hay and Fischman, 1961). ‘In the
following 72 hours (days 2 to 5) the internal stump tissues just proximal
to the plane of amputation begin to undergo dedifferentiation. Finally,
from day 6 to 10 dedifferentiation continues, and the mitotic index
rises rapidly (Sperry, 1971; Kelly and Tassava, 1973) as a definite bud
of cells, the blastema, is formea at the limb tip. The blastemal cells
constitute a population of undifferenfiated mesenchymatous cells capable

of redifferentiating into the requisite components of the limb regenerate.

The events occurring in an amputated, denervated limb, stand in stark
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This study is concerned with the relationship between innervation

and cellular aspects of limb regeneration in urodeles. .



METHODS AND MATERIALS

LaBoratory reared Ambystoma mexicanum of 50-80 mm were ﬁsed in this
experiment. Animals were maintained in individual finger bowls at 21°C
* 0.5°C in aged tap water which was changed on alternate days. They
were fed strips of beef liver for the duration of the experiment, except
that no animal was fed for a minimum of 40 hours prior to injection of
tritiated thymidine.

One forelimb of each animal was denervated, the contralateral limb
serving as the normally innervated control, and both forelimbs were
amputated to initiate regeneraﬁion. The operations were performed as
follows: animals were anesthetized'in a 1:3,000 solution of MS222 (Tri-
caine methanesulfonate, Sandoz); an incision was made through the skin
over the sc#pula at the right shoulder joint using sharpened watchmaker's
forceps; spinal nerves 3, 4 and 5 to the right limb were resected; and
both forelimbs were amputated just proximal to the elbow. All operatioms
were performed at the same time of day in order to standardize diurnal
influences on mitotic events. 1In order to maintain limbs in a dener-
vated state, it Was-necessary to perform a second denervation procedure
on the fifth day of regeneration for any limb allowed to regenerate six
days or more. Sham denervgtion operations were not performed, since no
difference has been found between sham-operated limbs and control limbs
with respect to rate of regeneratién, DNA synthesis, and mitotic index
(Kelly and Tassava, 1973; Dresden, 1969).

A The animals were divided into four groups, each group being de-
nervated and amputated a specific number of hours prior to injection of
tritiated thymidine (see Table I). All animals were injected on the same

day with methyl—3H—thymidine (New England Nuclear, specifié activity 6.7
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curies per milli mole).

The total dose of tritiated qhymidine was 5 ﬁq/gm of body weight,
given in three injections of one-third the total dose each, injected
intraperitoneally at 6-hour intervals using a 10 ﬁl Hamilton Syringe.
This 6-hour interval was selected because there is a major peak of cir-
culating tritiated thymidine in serum at 1 hour, followed by a rapid de-
crease in the circulating level of isotope during the next five héurs
post-injection to a level approximately one-third the amount measured at
one hour post-injection (Steen, unpublished). This initial decrease is
in sharp contrast to the relatively slow decrease in the circulating

level of tritiated thymidine during the ensuing 42 hours. Control ex-

periments using either unlabeled thymidine or distilled water in place

of tritiated thymidine were considered unnecessary since it has already
been demonstrated that the isotope has no significant éffect on regenera-
tion (Steen, 1968).

As the dedifferentiative processes in the limb stump were to be
studied, it was necessary not only to inject at several different inter-
vals following denervation and amputation, but also to remove the limb
stumps for study at more than one time following injection. Both fore-
limbs of a given animal were removed and placed in fixative at either 6,
24 48 or 72 hours following the third injection (experimental parameters
are summarized in Table I and II). Limbs were fixed in Clark's fixative
(absolute ethanol-glacial acetic acid, 3:1) for 24 hours, embedded in
paraffin, and sectioned longitudinally at 10 p. Sections were affixed to
slides with 1% fresh egg albumin and allowed to dry for two weeks before

being run through radioautography.
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In preparation for radioautography, slides were deparaffinized in
two changes of toluene, transferred through p&o changes of absolute
ethanol, placed in absolute ethanol-diethyl ether 1:1, then intc 100%
diethyl ether, and allowed to air dry. The dried slides were then taken
into the dérkroom and placed on a warming tray at 40°C. Illumination was
from a safelite with Wratten #2 red filter placed 4 feet above the counter.
The slides were dipped for one to two seconds in Kodak NIB-3 at 40°C,
positioned vertically for drying, and placed in a controlled humidity
chamber at 28°C with a relative humidity of 80% for 30 minutes. They
were then placed in a hydrogen pe:dxide atmosphere for 5 hours to mini-
mize Eackground silver grains (Caro, 1964) and aired to rid them of the
peroxide. Following this treatment, slides were transferred to é light-
tight receptacle containing a silica gel-drierite mixture and stored at
4°C for 7 days. All slides were developed in Kodak D-19 at 18°C for
four minutes (agitation 5 seconds of every 30 seconds), followed by a
one-minute water rinse, then four minutes in Kodak fixer, a second one-
minute water rinse, treated with Permawash for one minute, and finally
ten water rinses of omne minuteveaéh. All slides, except the initial
nerve Eontrol group, WereAstained in Azure B according to Flax and
Himes (1952).

The-presence or absence of nerves in denervated limbs was deter-
mined by means of three tests. first, each animal was observed for the
ability to move the denervated limb; secogdly,‘the denervated limbs were
touched with the sharpened points of watchmaker's forceps to observe‘any
reaction to tactile stimulation. As a third test, randomly selected

sections of tissue from the area between the humerus and the epidermis of



9
each limb were stained to reveal nervous tissue according to the method
of Samuel (1953). However, since nerves are not randomly placed in a
1imb, and éince data from the 2 to 6 day regenerates raised some doubt as
to the effectiveness of the denervations, the selected sections were
finally deemed to provide inadequate evidence of denmervation. There-~
fore, all the radioautographs of 32 limbs which had previously been
stained using Azure B were restained with nerve stain according to the
method of Samuel (1953). With these preparatioﬁs, it was possible to
observe all tissue sections for the presence or absence of nerves.

Observations of nuclear DNA synthetic activity as evidenced by

the incorporation of tritiated thymidine, consisted of counting all in-

ternal.tissue cells and'simultaneously recording all iabelled cells
located in the limb tip. The 1limb tip portion of a given section was
defined by measuriﬂg 0.5 mm ﬁroximal to fhé site of amputation and in-
cluded all cells distal to that line. The area counted in each section
coﬁtained between 400 and 1,500. cells, depending on the locétibn of the
section as well as the age and size of the regenerate. A cell was con-~
sidered labeled if a minimumiof seven silver grains were located over
the nuéleus. From this.data, it was possible to determine the percentage
of cells labeled in each tissue section. For most limbs a minimum of
eight sections were counted, except .for a group of six animals in which
foqr gectioné were counted from éach limb (see Table III).

| All mitotic figures occurring in the limb tip area of each tissue
section were counted, and each mitotic figure was recorded as either
labeled or unlabeled. The tendency for the silve grains to obscure the

nuclear area and the difficulty with which early prophase and late
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11
telophase figures are identified necessitated the inclusion of these
cells among those counted as interphasic cells. Cells in telophase
were counted as one mitotic figure. The mitotie indei was caleulated
by dividing the total number of.cells counted in a given limb into the
total number of mitotic figures occurring and multiplying that number

by 1,000 (Hearson, 1966).



RESULTS

The operations to denervate limbs were successful as judged by:

a loss of directed movement; a lack of sensitivity to tactile stimula-
tion; and an appropriately low number of nerve fibers in the nerve
stained tissue sections. The survey of all sections in each denmervated
limb is of particular interest. It revealed that the limbs were nerve-
less or contained only a small quantity of nerve fibers, the majority
of which were within degenerating nerves (Figure 1). The denervated
limbs used in this study are therefore clearly free enough of nerves to
block regeneration, since at least 1/3 of the total nerve §u§p1§ ﬁust
remain ‘to permit regeneration (Singer, 1952).

A linear regression analysis was performed in order to test the
null hypothesis that the mean percent labeled cells (from 8 tissue
sections pei 1imb) were similar in both innervated and denervated limbs.
Since it was expected that dénervation would decrease the percent
labeled cells in the denexrvated limb, a one-tailed test was utilized for
tigs d.f. and under these conditions the null hypothesis was rejected.
It was further determined that 62.77 of the variation in the mean of the
labeled cells in the control (innervated) limb is attributable to time
(R2 = ,627) whereas in the denervated limb only 0.36% of the variability
is due to increased labeling with time (R? = .00363) (see Figure 1). It
should be noted that part of the increase in the percent labeled cells
would be due to the increase in the time interval between injection and
fixation.

In our analysis of the relationship between time and labeling, two

different grouping of animals need to be considered. Our experimental
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design utilized a matrix in which aniﬁals can be grouped on a horizontal
axis according to the age of the regenerate at injection and also be
grouped on a vertical a#is according to the interval between injection
and fixation (see Table II and III)., When we observe limbs from a group
of animals injected at the same time, increases in the percent labeled
cells in the first 24 hours following the final injection can be con-
sidered to represent an actual increase in uptake; whereas, the longer
a limb is allowed to regenerate, the greater will be the probability
that an increase in the percent labeled cells will be due to mitotic
division occurring among the available populaticn of previously labeled
cells, Thus, when animals fixed at 24 hours after the final injection
showed an increase in the uptake of tritiated thymidine over those
fixed at 6 hours, it seems reasonable to assume sufficient tritiated
. thymidine was available to label cells during this period, because serum
levels‘of isotope remain at a level nearly 10% of the post-injection
peak levels during this period. Comparing animals fixed 48 and 72 hours
after the final injection, any increase in the percentage of labeled
cells should be due to a relative increase in the mitotic index for
labeled cells relative to that of unlabeled cells, since little tritiated
thymidine is available during this period. A farticularly striking in-
crease in mitotic index is apparent in the group of animals injected
during the sixth day, see especially the increase in percent label be-
tween 5 3/4 and 8 1/2 days in group 4 animals as presented in Table III.
In contrast wiéh the above, we can consider groups of limbs fixed at the
same time relative to their last injection but injected at different

ages, the vertical axis of Table II. Thus, looking at progressively



15
older regenerates fixed at 6 or 24 hours after their final injection,
increases in the percent label reflect increased synthetic capacity in
the limb stump at later stages of regeneration. As will be given in more
detail below, both dedifferentiating stump and accumulating blastemal
cells show increased synthetic activity in older regenerates.

An additional statistical analysis was considered desirable to
determine the effect of denervation in each individual animal. The non-
parametric Mann-Whitney U was selected because the measurement used in
this data is ordinal rather than interval scale, which makes a parametric
test such as the t unsuitable. The Mann-Whitney U is an alternative to
the parametric t test and is superior because it avoids the assumptions
inherent in the t test. . In addition it is eminently suitable to experi-
ments in which a small number of samples are to be analyzed in the pro-
cess of comparing a given pair of populations (Siegel,-1956). Thus, the
Mann-Whitney U provides a means forAstatistically determining the simi-
larity or dissimilarity of labeling in the populations of cells from
the pair of limbs of a given animal.

Sixteen animals were used to study DNA synthesis during the early
dedifferentiative period and of these, four were injected with tritiated
thymidine during the second day following denefvation and amputation.
They were ailowed to continue regenerating for an additional period of
time of up to 72 hours (see Table III, group 1l). For these group 1
limbs an analysis of the perceﬁt labéled cells in eight tissue sections
per limb for each limb pair representing a given animal indicates there
is no éignificant difference in the incorporation of tritiated thymidine

in contralateral limbs (p = .164 to p > .557), see Table III. The
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group 1 limbs, therefore, provide clear evidence for a lack of neural

influence on DNA synthesis during the early period of cell dedifferentia-

tion. Considering an additional nine animals of group 2, injected dur-
ing the third day but otherwise treated identically to those above, the
probability that the percent labeled cells is similar in contralateral
limbs is variable (p = .002 to p = .557). For one of the nine animals
in group 2 the null hypothesis‘was rejected and the percent labeled
cells were considered to be dissimilar; in addition, the difference be-
tween limbs in two of the animals was considered marginal; while the
remaining 6 of 9.pairs of limbs were considered to be not significantly
different (p > .10). Part of the variation between the means of the
percent labeled cells in this group is due to an incréase in number of
labeled cells related to the increase in the length of interval between
injection and fixation. Anofher coﬁtribﬁting factor to the divergence
in percentage of labeled celis is variability among animals. As an
example of group 2 results, animal #14 may be cited (see Figures 1, 2
and 3). This animal was injected during the second day, and limbs were
removed for study after 3 1/2 days of regeneration, 24 hours‘after the
last of 3 injections. It should be emphasized that the denervated 1limb
of animal #14 contained virtually no nerves, see Figure 1, While the
contralateral iimb contained aﬁundant nerves, see Figure 3. Figure 2,
also illustrating animal #14, shows a level of label typical for group
2 limbs, Note that animal #14 is an example of a case where the de-
nervated limb had a greater percent labeled cells than theAinnervated
1imb, but yet the difference between limbs was not statistically

significant (see Table III).
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Among the group 3 animals, injected on day 4 of regeneratfon, there

was great variability among limbs fixed for study at 6, 24 and 48 hours
- post-injection. Two of these animals provide examples which illustrate
the disparity of response in this group. In animal #4 limbs were fixed
at 48 hours post-injection, and the mean percent labeled cells indicated
similarity in uptake of tritiated thymidine with a value of 20.667% in
the innervated limb and a value of 22.30% for the denervated limb. By
using the Mann—Whitney'U for a statistiéal analysis of all sixteen
sections studied, the indication of similarity (p > .520) was sub-
stantiated. An examination of all sections in the denervated 1limb de-
monstrated there were no nerves present. In contrast, animal #15 had
limbs fixed at 6 hours post-injection, and a mean percent label of 22.66%
was computed for the innervated limb whereas in the denervated limb the
mean was 12.21%. A Mann—whitney U test ferformed on the data from the
8 sections per limb in this animal establishes that the percent labeled
cells in the contralateral limbs is dissimilar (p = .001). Nerve stain-
ing indicated there was a very small nerve supply to the denervated
1imb; howéver, this small quantity was apparently insqfficient to affect
the regenerative processes in that limb. Consequently, two of the three
animals in #3 group represent very divergent reactions to denervation.
0f the animals from grohp 3 discussed above, animal #15 had regenerated
a total of 3 3/4 days‘following denervation and amputation, whereés
animal #4 was a 5 1/2 day regenerate when fixed. It should be noted
that for the denervated limb of animal #4 the humerus was not adequately
trimmed and this was likely to have retarded the rate of regeneration,

making it more comparable to a younger regenerate.
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In the animals from groups 2 and 3 discussed above, the reaction
to denervation was variable. In some regenerates of 2 3/4 to 5 1/2
days, innervated and denervated limbs contained statistically similar
percentages of labeled cells, even though the denervated limbs contained
clearly sub~threshold numbers of nerves. In other cases, limbs were
affected by denervation, i.e., the percentage of cells labeled was de-
pressed in the denervated liﬁbs. Thus, there is an apparent transition
occurring‘from nerve independent to nerﬁe—dependent DNA synthesis during
this time period.

The absence of neural influence in the early period of dedifferen-—
tiation and the increasing variability of reaction to denervation with
time, created the conéern that some animals were not adequately denervated.
After successfully restaining sections originally stained with Azure B
by using Samuel's nervevstaiﬁ tecﬁniqpe tl953), observation of all
tissue sections for each denervated limb indicated the concern was need-
less. The nervous tissue remaining in denervated limbs was of small
quantity and usually consisted of a few fibers remaining in a degener-
ating nerﬁe as in Figure 1.

The fourth group consisted of three animals injected on the sixth
day following denervation and amputation, with limbs allowed to continue
regeneration fér an additional 6, 24 or 72 hours. In each of these
animals the means of the percent labeled cells were significantly dif-
ferent when contralateral limbs were compared (see Table III). The
mean in the innervated limb iﬁ case #17 was slightly lower than ex~
pected, which could have been due in part to individual animal vari-

ability; however, it is also possible some of the tritiated thymidine
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was expressed back out through the route of injection following with-
drawal of the needle and thus was unavailable for incorporation. In
each of these three cases the null hypothesis that the percent labeled
cells in contralateral limbs was similar, and thus that DNA synthesis was
similar, was rejected at an extremely high level of significance (p <
.001). See Figures 4 and 5 for an illustration of the differing levels
of uptake in contralateral limbs of this group.

It might be possible that the percent labeled cells in the entire
limb tip is not a true measure of DNA'synthesis in the case of older re-
generates. In regenerates of more than 5 days, mesenchymatous cells are
accumulating in the tip of the innervated but not the denervated limb,
and these accumulating cells would be included in the computation of
percent labeled cells, thereby possibly distorting the data. In view
of this, the following hypotﬁesis was teéted: if the nerve has no
effect on DNA synthesis, the percent labeled cells in the dedifferen-

tiating stump tissue should be equal in both innervated and denervated

1imbs. Consequently, additional counts were done of proximal, non-
mesenchymatous cells for animals regenerating 5 3/4 and 6 1/2 day;. The
percent labeled cells for individual sections as well as the means for
these limbs were determined for both pairs of contralateral limbs and a
statistical anélysis compariﬁg innervated to denervated limbs was per-
formed using the Mann-Whitney U. The values for percent labeled cells

in proximal tissues for both ages showed a significant difference ( p =
.002) between innervated and denervated limbs., Therefore, DNA synthesis
appears to be generally influenced by the nerve during this later portion

of the dedifferentiative phase represented by group 4.
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Denervation not only alters cellular caﬁacity to synthesize DNA,
but it may also affect mitosis, depending on the age of the regenerate.
A comparison of the mitotic index in denervated and innervated limbs of
regenerates of less than 5 days shows no significanf difference; whereas,
in the three cases allowed to regenerate more than 5 3/4 days a signifi-
cant difference is noted. Thus, one of the likely effects of denervation
is a depression of the mitotic index in the denervated limb of regener-
ates of approximately 6 days or more (see Figure 6). Similar results
have been reported by Kelly and Tassava (1973) as well as Sperry .(1971).

IA addition to the basically quantitiative feature of uptake, it
is important-to note and take advantage of the spatial and morphological
potential of the radioautographic‘technique used in this study. With
this technique it is possible to determine the involvement of epidermis,
muscle and connective tissue (soft tissues), as well ;s cartilage in
the dedifferentiative processes. Muscle and connective tissue are the
first of the internal stump tissues to show an uptake of tritiated
thymidine; at 1 3/4 days there are labeled cells in the soft tissues of
the stu@p. In contrast, incorporation of tritiated thymidine in carti-
lage does not occur until later. Regenerates injected during day 3 and
fixed 6 hours subsequent to that time contain'scattered labelled carti-~
lage cells indicating that the DNA synthesis associated with dediffer-
entlation is finally Beginning to occur in this tissue. In the epidermal
cap or the epidermis covering the distal portion of the limb tip, scat-
tefed labeled cells are visible in all limbs from this study. This ob-
servation is in agreement with Hearson's (1966) finding that tritiated

thymidine directly labels cells at a variety of locations in the distal

portion of the epidermis in the axolotl.
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DISCUSSION

The dedifferentiative phase of regeneration in the innervated
limb may, for convenience be divided into two parts; during the early
portion, dedifferentiation and DNA synthesis begin and the mitotic index
remains low; whereas in the later portion, dedifferentiation and DNA
synthesis continue but the mitotic index increases in the forming
blastema. Radioautographic data from limbs of animals injected with
tritiated thymidine at various times during the dedifferentiative phase
of 1limb regeneration indicates thét time is an extremely important
factor when the effects of denervation are studied. Time is also an
imporfant parameter in an investigation of the effect of demervation on
mitosis.

DNA synthesis precedes mitosis in the cell cycle, and it has been
demonstrated that synthesis must be complete before a cell is competent
to enter the mitotic phase of the cycle (Hartwell, Culotti, Pringle and
Reid, 1974). Conseque&tly the low mitotic index found concomitantly
with depressed DNA synthesis in denervated limbs could be attributed to
cause and effect. That is, if a cell is incapable §f synthesizing DNA,
then the cell cycle is interrupted -and mitosis cannot occur. Thus, the
low mitotic index observed in this study would be expected during the
late portion of the dedifferentiative phase of limb regeneration in a
denervated limb. '

Basing their hypothesis on observations of mitotic activity only,
Kelly and Tassava (1973) have postulated that DNA synthesis iﬁ the early
denervated'iimb would be depressed. However, in the present study, the
early group of limbs injected during the second day of regeneration shows

that absence of nerve tissue has little or no effect on the ability of
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stump cells to synthesize DNA. Synthesis is occurring at significant
levels in both muscle and connective tissue during this early period,
thus laying the foundation for future mitotic activity. This early DNA
synthesis also reflects on their suggestion that regeneratiom is not
initiated in the denervated limb because the nerve is necessary for the
normal early increase in mitotic activity (Kelly and Tassava, 1973).
Since this study shows that DNA synthesis and thus the potential for
mitosis is equal in denervated and innervated limbs, it appears that
regeneration may be initiated in a normal manner in the denervated limb
at least with regard to the internal stump tissues. Thus, we should
consider the epidermal cap in our explanation of the failure of de-
nervated limbs to regenerate (see below).

Limbs labeled on days 3 and 4 show a variable reaction to de-
nexrvation. During this transition period,~most of the limbs are un-—
affected by denervation, whereas in a:few DNA synthesis' is depressed in
the denervated limb, indicating a transition from nerve independent to
nerve-dependent DNA synthesis. This dissimilarity in DNA synthesis
when comparing innervated and denervated limbs would indicate that DNA
synthesis is depressed by denervation and therefore, as synthesis pre-
cedes mitosis, the decrease in mitotic activity observed in thié study
would be anticipated. Similar findings of decreased mitotic activity
in denervated limbs of regnerates of more than 5 days are reported by
Sperry (1971) as well as by Kelly and Tassava (1973).

The work of Dresden (1969) on older regenerates also indicates
DNA synthesis is nerve dependent. Dresden used biochemical methods to

demonstrate that denervation depresses synthesis at the palette stage
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of regeneration in the adult newt. In the palette stage there is a vast
population of cells available to take part in synthetic activity. Using
biochemical methods it is possible to determine that synthesis is
occurring to a lesser degree in denervated than innervated limbs, but

it is not possible to determine whether this disparity is dwe to a de-
creased rate of synthesis in each cell or whether fewer cells are parti-
cipating. The present study extends our knowledge of events occurring
in the denervated limb. It has been pessible to establish not only that
there are fewer cells demonstrating a synthe£ic capacity, but that the
cells undergoing synthesis are primarily dedifferentiating cells in the
proximal stump tissues, at least dufing the late dedifferentiative phase
of regeneration in the axolotl. It should be noted that‘Dresden's work
and this study differ in the species of salamander used, the age of the
animal, and the phase of regeneration. While each of these factors has
an influence, the reaction to denervation at the cellular level should
be comparable. Nerve dependent DNA synthesis during this later stage
wag further substantiated by this study's observations indicting a
significant difference in DNA synthesis between innervated and denervated
limbs when proximal tissue is examined.

It seems, therefore, since DNA synthesis is similar in innervated
and denervated limbs up to about the fourth day of dedifferentiation,
there should be a population of cells available that have gone through
synthesis and which could continue through G2 and into the mitotic
phase of the cell cycle. This population of cells apparently is avail-
able in the innervated limb as indicated by the accumulation of mesen-

chymatous cells beneath the epidermal cap (see Figure 7). However, in
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the denervated limb this does not seem to be the case (see Figure 8).
Animals injected with tritiated thymidine on the fourth day show that
DNA synthesis is ocecurring, and the presence of dissociated cells in-
dicates dedifferentiation is also progressing. However, in a 6 day
denervated regenerate tissue sections of the limb stump do not show the
presence of these dedifferentiated mesenchymatous cells, even though by
this much later stage such cells should be evident. Thus, there is no
accumulation of mesenchymatous cells beneath an epidermal cap in de-
nervated ltmbs.

The epidermal cap is a prominent feature of the dedifferentiative
phase and is critical for the aggregation of the dedifferentiated cells
from the stump tissue at the tip of the 1imb (see Figure 7). An epidermal
cap does not usually form on a denervated limb (Thornton, 1954; 1956;
1968; Singer, 1959), and it has been demonstrated that the presence of
the epidermal cap is a.prerequisite to the aggregation of célls for
blastemal férmation (Thornton, 1954, 1956, 1657). Furthermore, using
the technique of a deviated epidermal cap, Thornton and Steen (Thornton,
1960; Thornton and Steen, 1962; Steen and Thornton, 1963) demonstrated
a clear cap influence on the amassing of the mesenchymal cells. A variety
of influences on cell accumulation at the 1im5 tip have been consiaered.
In the innervated limb, nerves from the proximal tissue pass through the
dedifferentiating portioﬁ of the stump and are seen to continue into the
epidermal cap (Thornton, 1954). It has been postulated, therefbre, that
the nerves could be providing a substratum on which the mesenchymatoﬁs
cells could travel and would thus tend to accumulate beneath the cap

(Singer, 1959; Thornton, 1960). However, as some of the experiments
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involving the deviation of the epidermal cap utilized aneurogenic animals
(Thornton and Steen, 1962; Steen and Thornton, 1963) contact guidance of
mesenchymatous cells by nerve fibers seems unlikely. It seems more
tenable to assume that a chemical interaction occurs between the nerve
and the surrounding tissue (Singer, 1952; Singer and Salpeter, 1961) and
tﬁat, perhaps, a postulated 'trophic factor' (Singer, 1952, 1959; Singer
and Mutterperl, 1962; Thornton and Thornton, 1965; Schmidt, 1962;
Thornton, 1970) from the nerve influences the'formation of the epidermal
cap., Therefore, the main thrust of the influence of the nerve during
the early portion of the dedifferentiative phase of limb regeneration
could be an influence on the epidermis‘and not on the internal stump
tissues., Observations of the epidermal area in the course of this study,
along with evidence presented by Hearson (1966) collectively suggest
that the nerve influence on the cap is not exerted via DNA synthesis or
mitosis itself,

Finally, in contrast, animals allowed to regenerate more than five
days before labeling show a definite dissimilarity between innervated
and denervated limbs with respect to ability to synthesize DNA in cells
of the whole 1limb tip. During the later portion of the dedifferentiative
phase, that is from approximately the 6th to the 10th day of regenera-
tion, it appears the nerve has a pfofound effect on cellular capacity
to synthesize DNA. Thus, during this later portion of the dedifferentia-
tive phase, DNA synthesis is apparently nerve;dependent. Since inter~
ference with DNA synthesis, as observed in this work, precludes con-
tinuation of the cell cycle, an additional effect of denervation is a

depressed mitotic index in the denervated limb. This conclusion, derived
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from the present study, is in agreement with the findings of earlier
workers in which they found the mitotic index in innervated and de-
nervated limbs to be similar up to about the 5th day (Kelly and Tascava,
1973) and exceedingly dissimilar between the 6th and 10th days (Sperry,
1971). Thus, the present work extends our knowledge of the effect of
the nerve on the conjoined roles of DNA synthesis and mitosis during
the dedifferentiative period of 1limb regeneration.

In summation, it appears that the primary influence of the nerve
during the first 4 days of limb regeneration is on epidermal cap forma-
tion. Béginning on approximately the 4th day the nerve influence shifts
from the epidermis to the internal stump tissues as there is an increas-
ing level of dependence of DNA synthesis on the nerve influence. During
-the remainder of the dedifferentiative phase DNA synthesis is highly
nerve dependent and is therefore substantially depressed in the de-
nervated limb. Since the nerve has been observed to exert definite in-
fluence on DNA synthesis during the cell cycle in regenerates late in
the dedifferentiative phase, this study. documents a basis for the neural
influence on mitotic activity that has been observed by other workers

studying 1imb regeneration.
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