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ABSTRACT
The effects of dibutyryl cyclic 3’, 5'- 
adenosine monophosphate and related com
pounds on -%-thymidine and ^C-leucine 
incorporation by newt limb regeneration 
blastemas in vitro.

By
George L. Babich

1. An organ culture system is described as a convenient
method for studying the effects of cyclic AMP and compounds related 
to its metabolism on protein synthesis by newt forelimb regeneration 
blastemas. Preparations of limb blastemas grown in a modified 
Lebowitz L-15 medium exhibit similar biochemical responses to cyclic 
AMP as have been reported in other biological systems. A neurochem
ical has been implicated in the partial maintenance of protein 
synthesis in the regenerating limb, normally a nerve dependent sys
tem. During the early mound stage, a time of critical neural 
dependency, supplementing the explanted, hence denervated, limb 
blastema with exogenous dibutyryl cyclic AMP or sodium fluoride 
significantly enhances leucine incorporation over the level 
observed in contralateral controls from the same animal. In older 
palette regenerates, a stage of suspected neural independence, the 
dibutyryl cyclic AMP-induced incorporation of leucine is somewhat 
less than that observed in the mound stage but still about 
double the control value. Sodium fluoride, a stimulator of 
adenylate cyclase, increases the rate of leucine incorporation 
at the later stage as well. During extended denervations (72 
hours before explantation) mound stage blastemas cultured in the 
presence of exogenous dibutyryl cyclic AMP also exhibit increased 
levels of leucine incorporation. Sodium fluoride, on the other

vi



hand, caused a decrease In protein synthesis In older palette stage 
blastemas which had been denervated prior to explantation. This 
could conceivably be Interpreted as due to a time-dependent loss 
of adenylate cyclase activity. Theophylline, imidazole, and 
cyclic phosphodiesterase, all reported to affect the level of 
cyclic AMP in other systems, were ineffective in altering leucine 
incorporation by cultured blastemas.
2. The effects of dibutyryl cyclic AMP and other agents 
related to cyclic AMP metabolism on DNA synthesis by cultured 
newt limb regeneration blastemas were studied. Dibutyryl cyclic 
AMP stimulated thymidine incorporation in both early and late 
stages of regeneration, although the effect was more pronounced 
in the latter. It also increased DNA synthesis in regenerates 
which had been maintained nerveless for 72 hours prior to 
explantation, although the effect was significant only in the 
later stage of regeneration. Theophylline significantly in
creased thymidine uptake by early regenerates, whereas sodium 
fluoride was effective in the later stage only, and had no 
significant effect on blastemas previously denervated. Neither 
imidazole nor cyclic AMP-phosphodiesterase had a significant 
effect in the concentrations used.
3. Cultured amphibian limb blastemas at both the early 
and late stages of regeneration were treated with acetylcholine. 
Incorporation of radioactive leucine or thymidine was measured 
after 24 hours of Incubation. A significant reduction in 
leucine incorporation was observed in experimental cultures, 
particularly at the earlier stages of regeneration, whereas

vli



DNA synthesis was apparently unaffected. It Is suggested that 
acetylcholine may be Involved in the regulation of protein 
synthesis during regeneration of the newt limb in vivo.
4. The data obtained from the above experiments were
Interpreted to support the hypothesis implicating the adenylate 
cyclase-cyclic AMP system in amphibian limb regeneration.
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INTRODUCTION
Limb regeneration In urodele amphibians requires the accumu

lation of mesodermally-derived cells Into a regeneration blastema. 
Following amputation, lysis of the internal stump tissues releases 
mesenchymal cells, which accumulate at the tip of the stump and 
below the apical epidermal cap (Butler and O'Brien, 1942; Hay, 
and Fischman, 1961). The dedifferentiated cells proliferate, 
then later redlfferentiate to form a functionally competent limb 
(Thornton, 1938; Scfrnidt, 1968).

Neural, epidermal, and hormonal tissues have been shown 
to influence signficantly the processes of regeneration in the 
limb (Schotte' and Butler, 1941; Rose, 1944; Singer, 1952;
Thornton, I960, 1970). Schotte' and Butler (1944) observed that 
the presence of nerve tissue is required throughout the mound stage 
of regeneration. Singer and Craven (1948) demonstrated that dener
vation 17 days post-amputation (ie. between the mound and the cone 
stage) inhibited the proliferation of blastemal cells in the adult 
newt. It was Singer (1952) who later concluded that the type of 
nerve was unimportant, but that the essential neural requirement 
was a threshold ratio of nerve fiber diameter to amputation surface 
area. This observation was later supported by Rzehak and Singer 
(1966). Dresden (1969) proposed that nerve tissue may be intimately 
involved in the control of protein, DNA and RNA synthesis in the 
regenerate. Lebowitz and Singer (1970) observed that a particular 
fraction of spinal nerve homogenate was responsible for forty per 
cent of the nerve directed protein synthesis in the early blastema 
(12-14 days post-amputation), at a time when the suspected neuro-
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trophic factor exerts much of its Influence. The proposed neurotrophic 
factor which stimulates regeneration has not been identified but is 
thought to be of high molecular weight (Deck and Futch, 1969). Singer 
and Inoue (1964) observed that the nerves of the stunp rapidly enter 
the overlying epithelium becoming intimately associated with it. Motor 
fibers do not enter the wound epithelium (Singer, 1959; Thornton, 1960)̂  

however, a limb stunp innervated only by motor fibers can regenerate 
(Singer, 1946), The observation of neural invasion of the epidermis 
of the regenerate suggested that nerve infiltration may reflect an 
interaction between nerve and epidermal tissue. The same group^along 
with others, reported that there is a continual distal flow of materials 
toward the apical epithelial cap, which may indicate a possible mode 
of information transport from limb stunp to epidermal cells. Because 
of the reports of distal information flow by Becker (1972), and those 
of Singer and Inoue (1964) reporting intimate contact between nerve 
fibers and epithelial cells,. one can propose an information exchange 
system based on the proximity of the cells involved. Recently, Carlson 
(1969) and Dresden (1969) reported that interruption of either inner
vation or of apical cap metabolism will disrupt the normal redifferen
tiation of blastemal cells.

In addition to innervation, limb regeneration is normally 
dependent upon the presence of an overlying apical cap. Stevens 
et al.(1965) emphasized that blastemal aggregation occurs only when 
there is intimate contact between the thickened apical epithelium of 
the limb and the mesodermal cells inferior to it. Both nerve fibers 
and apical cap cells presumably secrete substances that are trophic in 
nature. The identity of these trophic substances is currently the object
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of investigation by many groups but is yet unknown. Thornton (1965) 
proposed that the apical cap dictates the proper gecmetry and spatial 
relationships of the advancing, redifferentiating tissues.

Tassava (1969) reported that the endocrine system influences 
the continued development and maintenance of the newt limb regenerate. 
Other studies have shown that interruption of the adrenocortico- 
hypothalmic-pitultary axis will inhibit limb regeneration in the adult 
newt (Schotte* and Hall, 1952). In addition, Schotte* (1961) reported 
that the stress of amputation triggers the release of ACTH from the 
pituitary gland which mediates the release of adrenal hormones. In 
the absence of these hormones there Is no blastemal development and 
regeneration is aborted. Hypophysectomy of adult urodeles has been 
shown to decrease the level of RNA in the tissues of the amputated limb 
(DeConinck et al., 1956). This decrease in RNA level could be 
attributed to the decrease in STH (Talwar et al., 1965). Future studies 
must now be directed towards re-investigating the influence of hormones 
on limb regeneration in view of recent advances in biochemistry and 
endocrinology. Recent reports reviewed by Hardman et al., (1971) 
indicate that in many biological systems, hormonal and humoral activity 
is consistently related to the intracellular levels of adenosine 3',
5'-monophosphate (cyclic AMP). Since many hormonal actions involve 
increased or decreased levels of cyclic AMP, the latter compound seems 
to be involved in a generalized control mechanism for many of the systems 
thus far investigated. As a result Robison, Butcher, and Sutherland
(1968) proposed that cyclic AMP acts as a "second messenger" in hormone 
action. According to this concept, hormones or other factors can be 
termed first messengers. After their release from the cells of origin
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and transport to the target cells these interact with the membrane-bound 
enzyme, adenylate cyclase. Rail and Sutherland (1962) reported that 
adenylate cyclase catalyzes the formation of cyclic AMP from ATP. This 
interaction between the first messenger and the adenylate cyclase system 
results in an altered level of intracellular cyclic AMP, the "second 
messenger", which may affect a number of cellular processes. The exact 
relationship between cellular receptors and adenylate cyclase is still 
unknown (Hardman, 1971).

Sutherland, Rail, and Menon (1962) noted that cyclic AMP as 
well as adenylate cyclase are found in relatively high concentration 
in the central nervous system, especially at synaptic junctions 
(DeRobertis, et al., 1967). These compounds may also be associated with 
the neuromuscular junction (Goldberg and Singer, 1970). Since limb 
regeneration is normally a nerve dependent process, cyclic AMP might 
be involved in limb regeneration. Furthermore, Konijn (1970) demon
strated the presence of cyclic AMP in early amphibian embryos, thus 
suggesting the possibility that the compound might be associated with 
a variety of developmental processes. Foret (personal communication) 
has recently obtained evidence of relatively high levels of adenylate 
cyclase activity in regenerating newt limbs.

Cyclic AMP is now recognized as the mediator of a variety of 
hormonal effects. Activation or inactivation of adenylate cyclase by 
the first messenger results in drastic alterations in cyclic AMP levels 
within the cell (Sutherland, et_ §1., 1965). In addition, cyclic AMP 
levels can be altered by affecting its rate of degradation. Cyclic 
AMP is rapidly degraded to non-cyclic 5’-AMP by one or more cellular 
phosphodiesterases which are specific for 3’, 5’-mononucleotides 
(Butcher and Sutherland, 1962). This enzymatic hydrolysis is the only
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reported mechanism for inactivating cyclic AMP. The phosphodiesterases 
are inhibited by a number of agents, Including metbylxanthines 
(e.g. theophylline), certain antibiotics, papaverine, and a number of 
unrelated substances as well. Cheung (1966) reported enzyme inhibition 
with ATP. Butcher and Sutherland (1962) reported that Imidazole 
stimulates the activity of phosphodiesterase thus lowering the level 
of cyclic AMP. Phosphodiesterase inhibitors which are able to pene
trate into cells have been found to be potent lipolytic agents 
(Vaughan and Steinberg, 1963; Butcher et al., 1965)* Another method 
of increasing intracellular levels of cyclic AMP is by exposing cells
to exogenous cyclic AMP or derivatives of the compound. Dibutyryl

P1cyclic AMP (N , O -dibutyryl adenosine 3', 5'-cyclic monophosphate)
is routinely used in scxne laboratories because it readily penetrates
cell membranes (Postemak et al., 1962; Rosen et al., 1970). This
attempt to control the level of cyclic AMP is considered drastic since
nucleotides are primarily intracellular compounds. However, in certain
experimental situations it has been possible to mimic the effects of
first messengers or phosphodiesterase inhibitors by using physiological

-2 7concentrations of cyclic AMP, ranging from 10 to 10“' molar (Butcher 
et al., 1965). In addition, Meester (1967) and Murad et al. (1962) 
inhibited adenylate cyclase with choline esters and caffeine. Recently, 
Van DeVeerdonk (1971) inhibited with acetylcholine the cyclic AMP- 
dependent effects of MSH on melanocytes in Xenopus laevis.

Foret (personal comnunication) presented evidence suggesting 
a possible role of cyclic AMP in amphibian limb regeneration. This 
proposal is compatible with the work of Konijn (1970) who demonstrated 
the presence of cyclic AMP in amphibian gastrulas, an interesting
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observation because of the similarities between ontogeny and limb 
regeneration. In view of the presence of cyclic AMP in amphibians, 
and the nerve-dependent process of limb regeneration as well as the 
possible implications of cyclic AMP in neural function, we thought it 
worth-while to study what effects, if any, dibutyryl cyclic AMP or 
related agents might have on the metabolism of the isolated limb 
regenerate.

An approach to determining the nature of the neural influence 
in regeneration was introduced by Singer (195̂ 0 who utilized the 
micro-infusion of microquantities of test substances into the intact 
regenerating limb. This approach provides a relatively constant 
exposure of specific target tissues to the test agent without resorting 
to the in toto innersion of the animal or injection of the test 
compounds into the entire circulatory system. Organ culture would seen 
preferable, however, to the above approaches, because the concentration 
of test substances at the target organ can be more critically controlled. 
Technical difficulties of the organ culture procedure were surmounted 
by Stocum (1968) and later modified by Dresden (1969) and Sooy (1970). 
Isolating the blastema in vitro precludes limb stump influences and 
permits a replacement type of experimental design. Thus the blastema 
can be cultured at a time of neural dependency, while replacing the 
neural influences with the proposed neurotrophic factor(s).

In this study, the Trowell grid technique (Trowell, 1959) is 
used. The blastema is oriented so that the mesodeimally-derived cells 
are exposed to the medium and to the additives. This type of blastema 
orientation on a Millipore filter allows the test agent and nutrient to 
pass through the tissues thus approximating the pre-explantation
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environment. The early blastema is used to test a stage which is 
clearly nerve dependent (Schotte' and Butler, 19*+**; Singer and Craven, 
19^8; Chalkley, 195*+; Powell, 1969). The later paddleform blastema 
was used to investigate the role of cyclic AMP during a stage of sus
pected neural independence and high mitotic activity (Hay and Fischman, 
1961).

Singer and Craven (19*18), Chalkley (195*1) and Rzehak and 
Singer, (1966) observed that the early phases of regeneration are 
characterized by increased protein and nucleic acid synthesis, both 
requiring a threshold level of neural tissue to maintain this level 
of synthesis. Bodemer and Everett (1959) reported that protein 
synthesis is augmented in the vicinity of the cut brachial nerve and 
suggested that this phenomenon is related to a neurotrophic effect. 
Overton (1950) demonstrated that neural tissue transplanted beneath 
amphibian skin will stimulate mitotic activity. Hay and Fischman 
(1961), studying changes in DNA activity in the blastema, observed that 
in the early blastema (10-15 days post-amputation) the apical cap cells 
cease to synthesize DNA. The cap increases in size primarily because 
the limb epithelium proximal to the amputation surface is actively 
synthesizing DNA, proliferating, and supplying cells to the apical cap. 
Since these apical cap cells were not synthesizing DNA, Hay and 
Fischnan (1961) speculated that these cells may be involved in some 
specific function in regeneration. With the earlier information on 
nerve and apical cap dependency, and the data of Singer and Salpeter 
(i960) and Hay and Fischman (1961) on the close relationship between 
blastema cells with nerve and the apical cap, it is possible to propose 
an interaction between apical cap cells, blastema cells, and some 
unknown mediator which controls blastemal cells' behavior. Cyclic AMP
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has been Implicated as the mediator of various regulatory activities 
in other physiological systems (Greengard and Costa, 1970). Cyclic 
nucleotides appear to control the early steps in a series of events 
which activate protein kinases (Walsh, 1968; Kuo, 1969; Soldering, 1970; 
Gill, 1970; Klein, 1971) and may be involved in nucleic acid metabolism 
(Malamud, 1969). Therefore, the two parameters that were used in this 
study as criteria for possible cyclic AMP interaction in the regenerating 
limb were changes in the level of ^C-leucine and %-thymidine incor
poration.

The nervous system is involved in growth and the maintenance 
of structural integrity, in addition to the function of information 
transmission. Singer (195*0 was first to suggest the possibility that 
nerve fibers emit trophic chemicals from their distal endings. In a 
nerve-dependent system such as the regenerating limb, the neurotrophlc 
theory has been tested at both the morphological level (Butler and Schotte1, 
1949; Schotte1 and Butler, 1944; Singer, 1949; Bryant, 1970) and the 
biochemical level (Lebowitz and Singer, 1970; Dresden, 1969). Rail
(1969) examining the action of cyclic AMP on humoral transmission, 
reported that cyclic AMP alters the level of synaptic activity by 
acting as an intracellular messenger for humoral agents. Recent 
evidence of Goldberg and Singer (1970) clearly showed that cyclic AMP 
is the intermediate in a system that controls the release of acetyl
choline at the neuromuscular junction. Kmjevic and Meledi (1958) 
reported that epinephrine, which is controlled by cyclic AMP, mediates 
the release of acetylcholine released by nerve-muscle and sympathetic 
ganglion preparations. Singer et al. (i960) found that agents which
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inhibit the action of acetylcholine suppress regeneration. Later, the 
results were held in question by the authors. Murad (1962) and Meester 
et al., (1967) reported that choline esters will depress adenylate cyclase 
activity, thus decreasing the ambient level of cyclic AMP. It has been 
suggested by Katz (1966) that acetylcholine interacts with receptor 
molecules at the post-synaptic membrane, altering it so that it becomes 
more permeable to small cations, and, therefore, decreasing the mem
brane resistance. Rasmussen (1970) reviewed the reports of numerous 
contractile and secretory phenanena and proposed a close relationship 
between the calcium ion and cyclic AMP activity in the cell membrane.
This was later followed by a report by McLennan (1970) which demonstrated 
that the calcium ion Is essential for the release of acetylcholine from 
nerve tissue.

The primary object of this study was to analyze the effects of
denervation and cyclic AMP replacement on protein and DNA synthesis in
the regeneration blastema grown in vitro. The index of the agents1

1*1 3effect on regeneration is the alteration in C-leucine or H-thymidine 
incorporation, which presumably is correlated to changes in protein or 
DNA synthesis. The results suggest that in the early bud and paddleform 
stage, there Is a close relationship between protein and DNA synthesis 
and cyclic AMP levels. The results therefore support the hypothesis 
that the cyclic AMP-adenylate cyclase system is involved in amphibian 
limb regeneration, and is perhaps related to the neurotrophic factor 
emitted by nerve endings within the regeneration blastema.
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Materials and Methods 

Adult newts, Notophthalmus (= Trlturus) vlrldescens, were 
obtained from local supply houses and from ponds In the vicinity of 
Durham, New Hampshire. The animals were reared In large aquaria con
taining dechlorlnated tap water. The newts were fed and the water 
changed twice weekly. Regenerating animals were kept at 20°C.
Blastema preparation:

Both forellrribs were amputated through the distal third of the 
humerus with fine Iridectomy scissors, thus providing a flat surface 
from which the regenerated portion of the limb was later removed. The 
animals were maintained post-operatively in distilled water without 
antibiotics. Two stages of blastemal development were studied. The 
early mound stage regenerate (14-16 days at 20°C) consists of a low 
mound of accumulated mesenchyme-like cells covered by a thickened 
apical epithelial cap (Fig. 1.). The late or palette stage of regen
eration (26-28 days at 20°C), a phase of high mitotic activity just 
before eytodifferentiation, consists of a flattened distal growth 
(Fig. 2.). If the regeneration plane was not clearly defined, dif
ferences in limb pigmentation served as a rough guideline for blas
temal removal.
Preparation of the blastemal explant:

At the appropriate stage the regenerates were excised after a
2̂ 1-hour period in which the animals were immersed in distilled water
containing penicillin (0.4gm/l), streptomycin (10^ units/1), and 

3mycostatin (10 units/1). The limbs were removed at the shoulder.
Using the stump as a handle the blastemas were then easily removed.
The blastemas, including epidermis, were washed several times in a
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Pig. 1. Section through the regenerating early mound stage 
blastema (100X). The limits of the blastema are indicated by 
the dotted line just superior to the dedifferentiating humerus 
(H).
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Fig. 2. 26 day blastema explanted onto a Millipore
filter strip (MFS). Apical Cap (AC). 100X.
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sterile antibiotic-antimycotic (Glbco #524) Holtfreter's solution 
(BSS). In studies requiring longer periods In the nerveless state, 
bilateral resections were performed on spinal nerves 3,4, and 5 
(Singer and Sidman, 1951). This procedure effectively removed motor 
and sensory nerve connections to the stunp while leaving the blood 
supply intact. To check the lack of innervation, stimulations were 
routinely performed on the regenerating limbs.
Culture procedures:

The blastemas, including epidermis, were explanted cut surface 
down onto small squares of millipore filter (type HA) supported on 
stainless steel grids In Falcon organ culture dishes (Falcon Plastics). 
The explant was oriented so that the interna , mesodermally-derived 
cells were exposed to the medium and to any additives therein (Fig. 3.). 
The medium, a modified Lebowitz L-15 Incorporating the changes intro
duced by Stocum (1969), 0.5 ml per culture dish, contained 0.5 juCi/ml
thymldlne-methyl-^H, specific activity 6.7 Ci/mM (New England Nuclear)

14or 1.0 uCi/ml DL-leucine-1- C, specific activity 2-10 mCi/mM (New 
England Nuclear). The pH was 7*35 ± .05 and the average osmolarity was 
263 milliosmols. The culture time in all cases was 24 hours. The 
culture environment was a humidified atmosphere maintained at 23°C.
It was considered unnecessary to change the medium during the 24 hour 
incubation period. Experimental cultures also contained the agent 
to be tested; control cultures consisted of contralateral blastemas 
from the same animals and were treated identically to the experimentals 
except for the addition of the test agent to the latter.

Dibutyryl cyclic adenosine 3*, 5'-monophosphate (Calbiochem),



Pig. 3. Explanted blastema (arrow) on a Millipore
ofilter strip (25 mm ) in a Falcon Plastics culture 

dish.
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-5when added to cultures, was used at a final concentration of 10 M. This
-4concentration was determined to be optimal within the range of 10 to 

-710 M (Fig. 4). The other agents tested singly for their effect on 
protein and DNA synthesis were: sodium fluoride (10-2M), cyclic AMP-

_5phosphodiesterase (0.1 mg/ml; Sigma), Imidazole (10 M), theophylline
-3 -4(10 M) and acetylcholine chloride (10 M). A total of 300 pairs of

blastemas were used; control and experimental pairs were always pro
cessed simultaneously.
Tissue Measurements:

Following the 24-hour culture period the blastemas were 
individually rinsed, then air dried, weighed, and homogenized in 0.2 ml 
cold 5% trichloroacetic acid (TCA). The microhomogenizer was rinsed 
with additonal cold TCA to yield a final volume of 1.0 ml TCA-hcmogen- 
ate. The solution was allowed to precipitate for 30 minutes at 0°C., 
then after resuspension, a 0.2 ml aliquot was spotted onto a Millipore 
filter disc (type HA; 0.45ju porosity), and washed twice with 10.0 ml 
cold TCA under mild suction. Additional washes with hot or cold TCA 
or ether-ethanol do not appreciably alter the level of incorporation 
(Lebowitz and Singer, 1970). The discs were air dried and measured 
for TCA-precipitable radioactivity by liquid scintillation specto- 
metry. The scintillation fluid consisted of 4.0 gms Cmnifluor (New 
England Nuclear) per liter toluene. The counting was done on a 
Packard Tricarb Liquid Scintillation Counter, the only correction 
being for background. All samples were counted at 0°C. for at least 
1000 counts. The data were calculated as CPH/mg dry weight tissue, 
then converted to percent of control value. The difference in isotope 
incorporation between each member of a pair of blastemas from the same 
animal was treated as a single non-independent observation and analyzed
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for significance, with the aid of an IBM 360 computer, by the "t_" test 
for paired observations.
Histological Preparation:

Several cultures were examined histologically to Insure the 
exclusion of stump tissue and as a check on the viability of the 
cultures. The blastema-fliter assembly was rinsed several times In 
BSS, then fixed In Bouin's solution and stored in 70% ethanol. The 
tissues were embedded in Paraplast and sectioned at 10ju. The sections 
were stained with Delafield’s hematoxylin and eosin.
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RESULTS
1. Studies on protein synthesis.

a. Relationship between dlbutyryl cyclic AMP concentration and 
protein synthesis In early and late stage blastemas.

Regenerates reaching the mound stage (1*1-16 days post
amputation at 20°C.) were removed and cultured In the presence of 
various concentrations of dlbutyryl cyclic AMP. Since preliminary 
studies with the naturally-occurring cyclic AMP produced no significant 
alteration In leucine incorporation, this study was performed so that in 
future Investigations a concentration of nucleotide which would yield
maximum response and reproducibility could be used. The concentration

”it -7range investigated was 10 to 10 M. The extreme concentrations pro
duced insignificant changes in label incorporation (Pig. *1 and 5), 
while a dose of 10“%  provided a significant stimulation (P<.01; 
n = 5*0 of protein synthesis compared to control blastemas from the
same animal. As a result of this study the concentration of dlbutyryl

-5cyclic AMP used in subsequent studies was 10 M. This concentration 
provided maximum stimulation of protein synthesis with no pathology 
noted during histological examinations.

b. The effects of dlbutyryl cyclic AMP and NaF.
Incubation of mound and palette blastemas cultured in the 

presence of dlbutyryl cyclic AMP showed a significant increase in the 
level of isotope incorporation (Table 1.). In the presence of the 
fluoride ion, which has been reported to enhance the activity of 
adenylate cyclase, protein synthesis was increased slgnfleantly in 
both the mound and palette stage and closely approximated the extent 
of synthetic activity observed in the presence of dlbutyryl cyclic AMP 
(Table 1.).



Fig. 4. Dosage Study. Effects of various concentrations of dlbutyryl
cyclic AMP on C-leuclne Incorporation by 14-16 day limb regenerates.

14The differences In C-leuclne Incorporation were significant in blas
temas treated with 10-^M and 10”^M concentrations (P^.05). The mean 
control value (10”5m ) was 131 ± 20 CPM/mg tissue. Solid line 
represents experimental values. Open circles represent control values. 
Brackets indicate S.E.M.
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Pig. 5* Dosage Study. The effect of various concentrations of 
dlbutyryl cyclic AMP on C-leuclne incorporation by 26-28 day 
linib regenerates. Mean control CPM/mg tissue (10” M̂) was 290 ±35. 
The difference in "^C-leuclne incorporation was significant in 
blastemas treated with 10~'Vl dlbutyryl cyclic AMP. The solid line 
represents experimental values. Open circles represent control 
values. Brackets represent the S.E.M.
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14
liable 1. The effects of various agents on C-leuclne incorporation 
by cultured amphibian forelimb regeneration blastemas. Mean control 
CPM/mg tissue ± 1 S.E.M. was 729 ± 46 (n = 125).

Treatment C-leucine incorporation P value
{% of control value)

14-16 day regenerates
-510 M dlbutyryl cyclic AMP

10_2M NaF
10 Theophylline
10-5M Imidazole
0.10 mg/ml phosphodiesterase

26-28
-510 M dlbutyryl cyclic AMP 
-210 M NaF

10~^M Theophylline 
-510 M Imidazole

0.10 mg/ml phosphodiesterase

244 <.01
181 <.01
59 >.05
88 > 0 5
122 >>.05

day regenerates
196 <.001
173 <-01
98 .>.05
76 > 0 5
112 >.05
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c. The effects of agents which alter phosphodiesterase activity.

Theophylline, at a concentration of 10“%, was used as an 
inhibitor of phosphodiesterase action (Butcher and Sutherland, 1962).
The action of phosphodiesterase is to convert cyclic AMP into the in
active non-cyclic 5'-AMP. Swislocki (1970) reported that the dlbutyryl 
derivative is converted very rapidly into the non-cyclic N^-monobutyryl 
form, which is homologous to the physiologically inactive form of non- 
cyclic AMP. Inhibition of phosphodiesterase normally raises the intra
cellular level of cyclic AMP and therefore potentiates the responses 
elicited by the nucleotide. Mound and palette blastemas cultured in 
the presence of theophylline showed no significant change in the level 
of protein synthesis. Imidazole at a concentration of 10”%  was 
added to the medium to stimulate the activity of phosphodiesterase, 
which should reduce the level of cyclic AMP in the absence of exogenous 
nucleotide (Robison, Butcher, and Sutherland, 1972). In the early and 
late blastemas no significant change in protein synthesis due to treat
ment with imidazole was observed (Table 1.). Phosphodiesterase, iso
lated from beef heart, was tested to determine whether or not exogenous 
enzyme, which should decrease the level of ambient cyclic AMP, had any 
effect on the limb regenerate. No increase was observed with the 
addition of 0.1 mg phosphodiesterase/ml medium.

d. Cyclic AMP and NaF effects on denervated limbs.
The addition of exogenous dlbutyryl cyclic AMP to the med

ium of cultured mound blastemas denervated for 72 hours before explanta- 
tion signficantly stimulated the total C-leucine incorporation, while 
in the palette stage no apparent increase in protein synthesis was
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observed (Pig. 6). NaF, which stimulates adenylate cyclase activity, 
failed to increase significantly the level of protein synthesis in 
limbs (mound stage) maintained nerveless for 72 hours, while in 
palette regenerates the level of protein synthesis in the presence of 
NaF was below the level observed in controls.



- 1 JlFig. 6. Effect of dlbutyryl cyclic AMP and NaF on C-leucine 
incorporation by early and late regenerates denervated 72 hours 
prior to explantation. Mean control CPM/mg tissue was 339 (early) 
and 187 (late). The differences in ^C-leuclne incorporation were 
signficant in early regenerates treated with dlbutyryl cyclic AMP 
and in late regenerates treated with NaF. (P <.05).
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2. Studies on DNA synthesis.

a. Effects of dlbutyryl cyclic AMP and NaF.
Prom previous studies described above on the effects of

dlbutyryl cyclic AMP on protein synthesis, it was found that a 10'
solution of dlbutyryl cyclic AMP provided maximum stimulation. This
concentration was therefore chosen to test the effects of dlbutyryl
cyclic AMP on DNA synthesis. In both the mound and palette stage
regenerates exposed to exogenous dlbutyryl cyclic AMP there was a

osignificant increase in H-tbymidine incorporation (Table 2.). NaF, 
which potentiates the action of adenylate cyclase, producted no effects 
in early blastemas but did significantly enhance H-tbymidine incor
poration in the late (palette) stage blastema. This increased NaF- 
induced incorporation of isotope in the palette stage exceeded the 
level observed following treatment with exogenous dlbutyryl cyclic AMP.

b. Effects of agents which alter phosphodiesterase activity.
In the mound blastema the addition of theophylline, an 

inhibitor of phosphodiesterase, produced a significant increase in 
DNA synthesis. This effect was not observed in the palette stage.
The addition of the xanthine derivative, imidazole, a potentiator 
of phosphodiesterase, produced no observable change in DNA synthesis 
in either the mound or palette stage. The addition of phospohodiesterase 
did not affect the level of synthesis in palette regenerates but caused

3an increase in H-tbymidine incorporation in early stages of regeneration 
(Table 2.).

c. The effects of dlbutyryl cyclic AMP on denervated blastemas.
The addition of either exogenous dlbutyryl cyclic AMP or

3NaF did not alter the total H-thymidine incorporation in mound



3liable 2. The effects of some agents on H-thymidine Incorporation 
by cultured amphibian forelimb regeneration blastemas. Mean control 
CFM/mg tissue + 1 S.E.M. was 649 ± 129 (n = 99).

Treatment "IJ-thymidine incorporation P value
(% of control value)

14-16 day regenerates
-510 M dlbutyryl cyclic AMP 125 <.05
-310 M Theophylline 160 < 0 5

10_2M NaF 119 >*05
10“^M Imidazole 103 >.05
0.10 mg/ml phosphodiesterase 151 < • 0 5

26-28 day regenerates
10~^M dlbutyryl cyclic AMP 139 <•052
10” M NaF 291 <  .00!
10 M Theophylline 72 > . 0 5
10~^M Imidazole 94 > . 0 5
0.10 mg/ml phosphodiesterase 117 > . 0 5
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stage blastemas previously denervated for 72 hours (Pig. 7*) However, 
in late blastemas (palette) denervated for the same period, a signifi
cant increase in isotope incorporation was observed in the presence of 
dlbutyryl cyclic AMP but not with NaP (Pig. 7).



Fig. 7. Effect of dlbutyryl cyclic AMP and NaF on H-thymidine 
incorporation by early and late regenerates denervated for 72 hours 
prior to explantation. Mean control CPM/mg tissue was 368 (early) 
and 396 (late). The difference in %-thymidine incorporation was 
significant in late regenerates treated with dlbutyryl cyclic AMP 
(P<01).
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3 143. The effects of acetylcholine on H-thymidine and C-leuclne

Incorporation.
The addition of acetylcholine chloride at a concentration

_ 2 jof 10 M to the culture medium signficantly depressed the level of 
■^C-leucine Incorporation in both the mound and palette stages of 
regeneration (Pig. 8.). The depression was more pronounced In the 
mound stage blastema, a time of critical neural dependency. DNA 
synthesis, however, was unaltered at both stages of regeneration.

Histological examination (Pig. 9*) revealed that most cells 
in the blastema appeared normal, except for infrequent pycnotic nuclei 
in the periphery of some sections. Since DNA synthesis was unaffected 
by the acetylcholine treatment, and since histological examination 
showed no substantial difference between experimental and control 
cultures, it was concluded that the significant decrease in protein 
synthesis was not due to acetylcholine toxicity.



14 3Pig. 8. Effect of acetylcholine on C-leucine and “̂ H-thymidine
incorporation by early and late lirrib regenerates. Mean control
CPH/mg tissue was 456+37 (protein), 7261152 (DNA). The differences
in ^C-leucine incorporation were significant (P^.01).
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Pig, 9. l4~day blastema explanted onto a Millipore 
filter strip and grown in the presence of acetylcholine 
chloride (MFS-Millipore filter strip; arrow-mitotic 
figure; 900X).
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DISCUSSION
I. Studies on protein synthesis.

Using the organ culture system described, forelimb blastemas 
can be maintained successfully for several days and will exhibit 
similar changes In development to those observed in vivo (Stocum,
1968). The present study demonstrates that dlbutyryl cyclic AMP

llistimulates incorporation of C-labelled amino acid, which indicates 
that protein synthetic activity within the cells has increased.
This increased synthetic activity was observed in both mound and 
palette blastemas.

Cyclic AMP is generally reported to be relatively Ineffective 
in intact cell preparations, a conclusion also drawn during our own 
initial studies. To overcome this limitation Postemak et al. (1962) 
have prepared analogs and derivatives of cyclic AMP to obtain sub
stances that would readily penetrate the cell membrance or offer a 
greater resistance to the action of phosphodiesterases, or both.
In this investigation the dlbutyryl derivative was used (N^-2'-0- 
dibutyryl cyclic AMP), and was more active than the naturally 
occurring cyclic AMP molecule.

Blastemas grown in the presence of imidazole and phospho
diesterase, pharmacological agents that presumably decrease the 
level of cyclic AMP, did not show any increase in isotope incorporation 
into protein. Addition of NaF, which should stimulate adenylate cyclase, 
produced almost identical increases in protein synthesis to those 
observed in blastemas cultured in the presence of exogenous nuc
leotides. These results are compatible with those obtained by other 
investigators using different biological systems. Rail and Sutherland
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(1958) reported that fluoride Ions have been observed to stimulate 
adenylate cyclase In many diverse tissue preparations. However, there 
are systems such as In bacteria (Tao and LIpman, 1969) or developing 
rat brain (Schmidt, et al., 1970) in which there Is no fluoride-induced 
stimulation of the enzyme. The underlying mechanism of fluoride 
stimulation is still not understood.

If regeneration Is dependent upon a trophic chemical emitted 
from neural tissue, then there could conceivably be a time dependent 
loss in the level of metabolic stimulation since during the process 
of explantation the blastema Is, in effect, totally denervated 
(ie. all nerve connections have been obliterated). The possibility 
exists that the neurotrophic factor of some related substance 
may still be present within the blastema at sufficient levels to 
elicit a short-term maintenance of protein synthesis. To test 
the possibility of a time-dependent loss of this postulated factor 
necessary for protein production, limbs were denervated 72 hours 
before explantation. The results demonstrate that the addition 
of exogenous dlbutyryl cyclic AMP provides significant stimula
tion of protein synthetic activity at early stages. This stimu
lation corresponds to that observed in blastemas not denervated.
In the palette stage, incorporation is increased in the presence of 
dlbutyryl cyclic AMP, but to a lesser degree than in the mound stage.
The results suggest that the addition of exogenous dlbutyryl cyclic 
AMP supplements the time-dependent loss of the factor(s) proposed by 
others. Adenylate cyclase increases the level of Intracellular 
cyclic AMP, therefore the addition of fluoride, which stimulates the 
enzyme, significantly Increased the level of protein synthesis. After ex-
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tended denervations, the fluoride ion was unable to elicit increased 

l4incorporation of C-leucine and, in fact, caused a depression of 
incorporation in the later stage of regeneration, which suggests a 
diminished level of adenylate cyclase in the regenerate.

Exogenous phosphodiesterase was expected to lower isotope 
incorporation below control levels as was the addition of phospho
diesterase potentiators such as imidazole (Cheung, 1967)* The 
results indicate that phosphodiesterase, in the concentration used, 
had no effect on protein synthesis within the time limits of the 
experiment. It is possible that the large enzyme molecule did not 
penetrate the blastema to an appreciable extent. It is also 
thought that several forms of the enzyme exist (Hardman, Butcher 
and Sutherland, 1971); perhaps imidazole is relatively ineffective 
in potentiating the urodele enzyme, if the enzyme is present.

The location of cyclic AMP action in the blastema is cur
rently under investigation. Foret (personal communication) has 
obtained morphological evidence which lends support to the results 
discussed here. He has observed that limbs infused with theophylline, 
an inhibitor of phosphodiesterase, produced occasional 'supernumerary, 
ectopic blastemas. He also observed a mitogenic effect on regenerating 
limbs treated with dlbutyryl cyclic AMP. This agrees with the evi
dence reported here that cyclic AMP is involved in anabolic processes 
which are necessary for growth in regenerating tissues.

The primary objective of this study was to analyze the effects 
of denervation and cyclic AMP replacement on protein synthesis in the 
regenerating blastema grown in vitro. Bodemer and Everett (1959) 
collected evidence which showed that protein synthesis is augmented



In the vicinity of the brachial nerve In the regenerating limb. The 
results reported here Indicate that In the limb blastema an adenylate 
cyclase-cyclic AMP system may exist and may represent an intrinsic 
component of the neurotrophic factor or at least may be involved in 
its expression.



2. Studies on DNA synthesis.
In previous studies on limb regeneration in vivo, Foret 

(personal communication) obtained seine evidence for a mitogenic effect 
of cyclic AMP and its analogue, dibutyryl cyclic AMP. Those results 
have been strengthened by the data obtained in the present study. One 
must, of course, use caution in extrapolating from an organ culture 
system to that which occurs in the intact animal. Nevertheless, the 
results observed, both in vivo and in vitro, are complementary and in 
agreement. A stimulation of mitosis by cyclic AMP is not surprising, 
for similar effects of this nucleotide on DNA synthesis and mitosis 
have been reported to occur in a number of other cell types. For 
example, bone marrow, normal thymus, and leukemic thymus cells (Burger 
and Knyszynski, 1971; MacManus and Whitfield, 1969; Rixon, Whitfield, 
and MacManus, 1970) are all stimulated into DNA synthesis or mitosis 
by cyclic AMP. Cyclic AMP nay be involved, as well, in the regulation 
of growth and contact inhibition in both normal and transformed cells 
(Otten, Johnson, and Pastan, 1971; Sheppard, 1971). That a stimulatory 
effect of the nucleotide on growth is not universal, however, is 
suggested by work reporting an inhibition of %-thymidine incorporation 
by normal embryonal cells (Frank, 1972) as well as neoplastic cells 
(Yang and Vas, 1971). Our results are somewhat paradoxical, however. 
Stimulation of DNA synthesis by dibutyryl cyclic AMP was apparently 
as easily accomplished during the late stage in regeneration (palette), 
a phase of rapid cell multiplication. If this period of rapid growth 
is regulated, at least in part, by an adenylate cyclase-cyclic AMP 
system, then the pronounced amplification of DNA synthesis produced 
by sodium fluoride is a reasonable response, for fluoride has fre
quently been observed to stimulate adenylate cyclase activity (Robison,



Butcher, and Sutherland, 1971). It has not, however, previously been 
observed to stimulate cyclic AMP formation in Intact cells. Furthermore, 
If the adenylate cyclase system Is well developed In the later stage of 
regeneration, one could expect theophylline, an Inhibitor of cyclic 
phosphodiesterase, to cause an accumulation of endogenous cyclic AMP 
and thus an increase in %-thymidine uptake. Such an effect was observed
only In early stages of regeneration, however.

Finally, if adenylate cyclase were associated with nerve 
terminals in the regenerate, a working hypothesis now under investiga
tion in some laboratories, it might be expected that denervation of 
the limb several days before excission of the blastema would result 
in a somewhat lower concentration of the enzyme in the region of the 
blastema. However, no information is available concerning the stability 
of adenylate cyclase in this system. If this were the case then the
early regenerate should still respond to exogenous dibutyryl cyclic AMP
but show no significant response to fluoride. Such an effect was in
fact observed: the fluoride treated "normal" late regenerate showed

3nearly a 300$ increase in H-thymidine incorporation, coirpared to 
the control, whereas uptake by denervated, fluoride treated regenerates 
of the same stage was only about 115$ of the control value and was 
not statistically significant.

Although the results reported here do not prove a role of 
cyclic AMP in the regulation of limb regeneration, they are suggestive 
of such a function. Preliminary unpublished observations by Foret 
(personal communication) have, in fact, demonstrated a relatively high 
adenylate cyclase activity in regenerating newt limbs. It Is believed, 
therefore, that additional investigations will confirm and elucidate 
the mechanism by which the process of regeneration is regulated.
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3. ' • The effects of acetylcholine on ^H-thymldlne and ~^C-leucine 
Incorporation.

These results suggest that protein synthesis In the 
regenerating limb may be, at least in part, regulated by acetylcholine. 
Acetylcholine does not, however, mimic the observed effects of the 
nerve in vivo (Gutmann, 1970; Singer, Davis and Scheuing, I960;
Taban, 1955)* Furthermore, its effect on protein synthesis is 
opposite to that of the high molecular weight neural factor (Lebowitz 
and Singer, 1970). Finally, if acetylcholine were the only regulatory 
factor in limb regeneration then denervation would be expected to 
produce an increase in protein synthesis rather than the decrease 
observed by Dresden (1969). There would appear, however, to be a 
variety of substances involved in the regulation of regenerative 
growth since it has recently been shown that only about 40 per cent 
of protein synthesis in the regenerating amphibian limb is nerve 
dependent (Lebowitz and Singer, 1970). Undoubtedly, then,the total 
synthetic activities involved in limb regeneration are mediated by a 
variety of humoral and hormonal factors of which acetylcholine may 
be but one.
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APPENDIX



14Experimental data - C-leucine Incorporation
CPM + 1 S.E.M./mg tissue

Treatment Expt'l Control % Control P value
................  Activity________

14-16 day regenerates
Dibutyryl cyclic AMP 319 ± 34 131 + 20 244 .006
Imidazole 267 ± 45 303 ± 32 88 .10
Phosphodiesterase 433 ± 51 356 + 55 122 .26
Theophylline 321 + 52 548 ± 111 59 .07
NaF 461 ± 38 255 ± 30 l8l .007

26-28 day regenerates 
Dibutyryl cyclic AMP (run 1) 282 ± 45 128 ± 17 220 .02*
Dibutyryl cyclic AMP (run 2) 519 ± 54 290 ± 35 179 .003*
Imidazole 204 ± 51 269 ± 38 76 .06
Phosphodiesterase 185 ± 19 166 + 25 112 .60
Theophylline 224 + 31 229 ± 27 98 .90
NaF 4l4 ± 69 239 ± 36 173' .004

14-16 day
Dibutyryl cyclic AMP

denervated regenerates 
277 ± 37 131 ± 15 211 .01

NaF 64l ± 69 547 ± 31 117 .29

26-28 day denervated regenerates 
Dibutyryl cyclic AMP 208 + 34 177 ± 32 118 .59
NaF 99 ± 8 196 ± 12 50 .004

*
P (combined) = .001



3Experimental data - H-thymidine Incorporation 
CPM + 1 S.E.M./mg tissue 

Treatment Expt'l Control % Control P.value
Activity

14-16 day regenerates
Dibutyryl cyclic AMP 332 ± 71 265 ± 48 125 .05
Imidazole (run 1) 233 ± 18 476 + 129 49 .19
Imidazole (run 2) 2342 ± 362 1804 ± 276 130 .18
Phosphodiesterase 819 ± 120 543 ± 88 151 .03
Theophylline 608 ± 106 380 ± 83 160 .02
NaF 690 ± 175 579 ± 181 119 .60

26-28 day regenerates
Dibutyryl cyclic AMP 233 ± 38 168 ± 27 139 .05
Imidazole 824 + 62 881 ± 325 94 .87
Phosphodiesterase l6l ± 25 138 + 16 117 .57
Theophylline (run 1) 1853 ± 455 2554 ± 335 73 .30*
Theophylline (run 2) 309 ± 80 428 + 83 72 .13*
NaF 1169 ± 115 402 + 63 291 .001

14-16 day denervated regenerates
Dibutyryl cyclic AMP 323 ± 59 274 ± 40 118 .13
NaF 668 ± 89 463 ± 60 144 ,06

26-28 day denervated regenerates
Dibutyryl cyclic AMP 466 ± 81 236 ± 64 197 .005
NaF 643 i 153 556 ± 129 116 .22

*
P (combined) = .16
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