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A Histochemical Study of Succinic and Lactic Dehydrogenases in the 
Regenerating Forelimb of the Adult Newt, Triturus.*t (29488) 

ELEANOR A. JOHNSON AND MARCUS SINGER (Introduced by H. A. Schneiderman) 
Department of Anatomy, School of Medicine, and Developmental Biology Center, Western 

Reserve University, Cleveland, Ohio 

There are few biochemical or histochemical 
studies on the metabolism of regenerating tis- 
sues in amphibians. Okuneff ( 1 )  and Vladi- 
mirova( 2 )  demonstrated that lactic acid in- 
creases in the early regenerate and then de- 
clines to normal during differentiation. Asso- 
ciated with the increase in lactic acid is a 
decrease in pH ( 3 )  and respiratory quotient 
(4). 

In  the absence of oxygen, pyruvic acid 
formed during glycolysis is reduced to lactic 
acid by lactic dehydrogenase instead of being 
converted to acetyl CoA, one of the first 
compounds in the Krebs Cycle. The accu- 
mulation of lactic acid in the regenerate bud 
suggests that glycolysis is the principal source 
of energy and would explain the lowered RQ 
and pH of these tissues. However, Gezsik 
and Wolsky(5) found that after an initial 
decline in the levels of succinic, malic and 
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t The present work was presented at  Am. SOC. of 
2001. meetings (Johnson, E. A., Singer, M., Am. 
Zool., 1963, v3, 511). On reading the abstract of 
the presentation, Dr. Anthony Schmidt kindly sent 
us the manuscript of his unpublished paper dealing 
with histochemical tests for oxidative enzymes in 
the regenerating limb, among which glucose-6-phos- 
phate dehydrogenase increased and dehydrogenase 
and aldolase decreased in the blastema. 

lactic dehydrogenases in early tail regener- 
ates, the activities rose during “progressive” 
stages of tail regeneration, particularly for 
succinic dehydrogenase, indicating that res- 
piratory metabolism via the Krebs cycle 
might be important. Furthermore, Niwelinski 
(6) found that the blastemal cells of the re- 
generating forelimb of the newt reacted in- 
tensely when tested histochemically for suc- 
cinic dehydrogenase and DPNH diaphorase 
and reached adult levels by the fourth week. 

On the other hand, in a more recent study 
published after the present work was com- 
pleted, Wolfe and Cohen(7) reported that 
little or no succinic dehydrogenase and iso- 
citric dehydrogenase were present in the un- 
differentiated blastema but appeared during 
later differentiation. However, the blastema 
reacted strongly for DPNH diaphorase, lactic 
dehydrogenase and malic dehydrogenase. 
Furthermore, they reported increased levels 
of glucose-6-phosphate dehydrogenase and 
TPNH diaphorase during the undiff erenti- 
ated blastemal stages. 

In the present study several stages during 
the regeneration of the forelimb were tested 
his tochemically for succinic dehydrogenase 
(SDH) and lactic dehydrogenase (LDH) , 
the former because of its significance in the 
respiratory Krebs cycle, and the latter be- 
cause of its role in glycolysis. 
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Materials and methods. Adult 'I'riturus 
kept at 25OC were anaesthetized in a chlore- 
tone solution and their forelimbs amputated 
just proximal to the elbow. At selected days 
after amputation and in subsequent selected 
regenerate stages (8, p. 170), the right stumps 
with the regenerate were removed and the 
bone of the stump excised; the tissues were 
quick frozen, and then sectioned in a cryo- 
stat a t  10 p.  The method of Nachlas et aZ(9)  
was used for histochemical demonstration of 
SDH; and for LDH that of Nachlas, Walker 
and Seligman( lo ) ,  and Hess, Scarpelli and 
Pearse( 1 1 ; see Pearse, 12). The left stump 
and regenerate served as a control in which 
the sections were incubated in the same man- 
ner as the experimental but without the sub- 
strate. In some cases the stump and regen- 
erate of the same stage as the experimental 
were taken from another animal to serve as 
control. At least 4 animals were used to test 
the activity of each enzyme a t  a given stage 
of regeneration. Activity wa s recorded ac- 
cording to the relative number of cells and 
to the number and intensity of stained sites 
in each cell. 

Results. By 5 days after amputation, the 
amputation surface is cover13d by a layer of 
epidermis and is underlaid 1)y a fibrocellular 
scar. The wound epidermlis was heavily 
stained for SDH and was sharply distin- 
guished from the less reactive normal epi- 
dermis of the stump. Connective tissue cells 
of both the stump and the wound site were 
weakly reactive while the nerve showed little 
or no reaction. Stump muscle was highly re- 
active with a pattern of formazan deposits 
corresponding to the pattern of mitochondria1 
distribution. The distal stump muscle and 
both stump and wound epiderniis stained 
heavily for LDH while. proximal muscle, 
nerve and connective tissue cells of both 
stump and wound stained lightly. 

Seven days after amputation the charac- 
teristic histolysis of wound tissues that pre- 
cedes blastema formation was already notice- 
able but scar tissue was still present. The 
stump muscle was heavily stained for SDH 
although the more distal dedifferentiating 
portions were noticeably lighter. The linear 
orientation of dye deposits characteristic of 

proximal stump muscle was seen distally in 
various stages of disarray. Connective tissues 
of both the stump and wound site stained 
lightly and nerve showed no changes in stain- 
ing. Both stump and wound epidermis were 
heavily stained although that of the wound 
was more active. As for LDH, distal muscle 
reacted more intensely than the more proxi- 
mal portions; there was no notable change 
in the activity in the nerve; connective tissue 
cells of the scar were somewhat more heavily 
stained than those of the 5-day animals. 
Stump and wound epidermis were heavily re- 
active with no sharp distinction between the 
two. 

By 10 days after amputation, histolysis is 
far advanced; scar tissue is largely dissolved 
as are muscle and connective tissue of the 
stump near the wound; accumulation of mes- 
enchymatous cells of regeneration forming 
the blastema under the epidermis is obvious 
at  this time. The regenerate cells showed 
little or no SDH activity but pronounced 
LDH activity. The wound epidermis now 
appeared less intensely stained for SDH than 
that of the stump but no changes in intensity 
were seen for LDH. Connective tissue cells 
of the stump reacted weakly for SDH and 
somewhat more strongly for LDH. Proximal 
muscle stained more heavily than distal mus- 
cle for SDH while just the opposite was true 
for LDH. 

Moderate early regenerate bud stages of 
10-12 days in which the blastemal accumula- 
tion is definite but not voluminous showed 
considerable SDH activity in the stump 
muscle. Stump connective tissue and nerve 
showed no changes in reaction; and the epi- 
dermis was similar to the preceding stage. 
Blastemal cells distal to the amputation line 
showed no SDH activity at all while morpho- 
logically similar cells proximal to the line of 
amputation had some small scattered for- 
mazan deposits. There was very little LDH 
activity in the proximal muscle at this time. 
More distal portions showed some activity 
while nerve and connective tissue were only 
slightly reactive. Stump and wound epider- 
mis were as active as in previous stages. The 
blastema, however, was heavily stained while 
mesenchymatous cells proximal to the level 
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of amputation appeared somewhat less ac- 
tive. 

The pattern of SDH in the early bud of 
about 12 to 14 days resembled that of the 
moderate early, except for a decline in activ- 
ity of the wound epidermis. The pattern of 
LDH activity was unchanged. This level of 
SDH activity persisted until the enlarged 
and rapidly growing medium bud stage when 
a slight amount of activity confined to a few 
cells was detected in the blastema of some 
animals. Lactic dehydrogenase showed no 
changes in activity from that of earlier 
stages . 

The late bud, 18 to 24 days after amputa- 
tion, when histogenesis first appears, showed 
a positive reaction for SDH in the early dif- 
ferentiating cartilage. The reaction declined 
radially from the core of cartilage. In  the 
case of LDH the intensity of staining faded 
noticeably in most blastemal cells although 
the core of precartilage was still quite active. 

The palette stage 26 to 30 days after am- 
putation, during which histogenesis is in full 
swing, was marked by a further increase in 
SDH activity in the central area of differen- 
tiating cartilage. There was some activity 
in adjacent surrounding cells where muscle 
was about to differentiate although the activ- 
ity was still slight in relation to adult stump 
tissues. There was further decrease in LDH 
except in precartilage. 

Controls for both the succinic and lactic 
dehydrogenase series were negative. 

Conclusions and discussion. At 5 and 7 
days after amputation, the wound epidermis 
exhibited high SDH and LDH activity. Pro- 
viding there are no other blocks in the res- 
piratory pathways, the epidermis is probably 
actively respiring as is proximal muscle. 
However, in the case of distal sarcolysing 
muscle a decrease in SDH paralleled by an 
increase in LDH appeared, indicating a de- 
creased Krebs cycle metabolism and perhaps 
an increased reduction of pyruvic acid. The 
changes in LDH and SDH in the connective 
tissue of the wound were similar to the sarco- 
lysing portions of the muscle and therefore 
their metabolism may be interpreted similar- 

By 10 days, the mesenchymatous accumu- 
1Y * 

lation of the blastema had no detectable SDH 
activity but LDH was very active. Morpho- 
logically similar cells proximal to the ampu- 
tation line did show some SDH activity; per- 
haps, they are dedifferentiating cells in a 
transitional state. Thus, the blastemal cells 
appear to receive their energy from sources 
other than the Krebs cycle while morphologi- 
cally similar cells more proximally are respir- 
ing at a low level. Furthermore, the high 
level of LDH in the blastema may indicate 
an increased lactic acid production due to 
pyruva te reduction. 

This pattern, suggesting high glycolysis 
and energy sources other than from the 
Krebs cycle, persisted among blastemal cells 
until the time of first histogenesis in the 
medium or late bud stages. The change was 
not sudden, but gradually increased in in- 
tensity, suggesting that metabolism via the 
Krebs cycle increases with differentiation. An 
exception was that LDH activity remained 
high in the precartilage cells, perhaps due to 
the fact that cartilage lacks a blood supply 
and chondrocytes may metabolize glycoly- 
tically. In contrast to this cycle of change in 
the blastemal cells, proximal muscle not un- 
dergoing sarcolysis and epidermis appeared 
to respire relatively normally. 

The main pathway of carbohydrate me- 
tabolism and energy production in most nor- 
mal tissues is that of glyco-lysis and the Krebs 
cycle. Glycolysis can occur either anaerobic- 
ally, in which glucose is broken down to 
pyruvic acid which is then reduced to lactic 
acid, or it can occur aerobically, in which 
pyruvate is oxidatively decarboxylated to 
acetyl CoA which is fed into the Krebs cycle. 
Although aerobic glycolysis as described oc- 
curs in most normal cells, the term is cur- 
rently used to describe increased glycolytic 
metabolism in systems with decreased res- 
piratory metabolism but in which oxygen is 
available. Anaerobic glycolysis refers to gly- 
colytic metabolism due to a lack of oxygen. 
In general, respiratory metabolism refers to 
metabolism via the Krebs cycle and electron 
transport system and to any catabolic path- 
way dependent on the electron transport sys- 
tem and oxygen for its functioning. 

The functioning of the Krebs cycle de- 



30 DEHYDROGENASE ACTIVITY IN REGENERATION 

pends on the supplies of pyruvate, oxygen, 
ADP and phosphate and on the presence and 
activity of the enzymes and co-factors of the 
Krebs cycle and electron transport system. A 
block at  any step in the Krebs cycle or the 
electron transport system due to the lack or 
inactivity of any of the above would result 
in the accumulation of products of earlier re- 
actions in the pathway. Since the system 
tends to go to equilibrium, a block would 
shut down the system and pyruvic acid would 
accumulate even in the presence of oxygen. 
Furthermore, if pyruvate were not shunted 
into other pathways, glycolysis would be 
similarly blocked. One alternative to the 
Krebs cycle in the utilization of pyruvate is 
its reduction to lactic acid in the presence of 
lactic dehydrogenase. If the block were other 
than the lack of oxygen, for example the ap- 
parent absence of succinic dehydrogenase in 
the undifferentiated blastema, aerobic glyco- 
lysis would be the result. If the block were 
due to lack of oxygen, glycolysis would then 
be anaerobic. 

Carbohydrates can also be broken down by 
the pentose phosphate pathway which by- 
passes many glycolytic steps. The sugars 
necessary for nucleic acid synthesis may be 
produced via this system and one would ex- 
pect that during regeneration there must be 
a continuous synthesis of nucleic acids and 
that therefore the pentose phosphate path- 
way would be operative. In fact, Wolfe and 
Cohen(7), and Schmidt (see footnote t )  re- 
ported increased levels of glucose-6-phosphate 
dehydrogenase, one of the enzymes of this 
pathway, during those stages of regeneration 
when succinic dehydrogenase and other oxida- 
tive enzymes appear to be absent. This may 
indicate an increased role of this pathway 
during regeneration. 

The presence of high lactic dehydrogenase 
activity in the blastema a t  the same time 
that succinic dehydrogenase is apparently ab- 
sent may indicate an increase in the amount 
of pyruvate being converted to lactic acid 
and perhaps a relative increase in glycolysis. 
However, the pentose phosphate pathway 
produces 3-phosphoglyceraldehyde. This com- 
pound is also produced by glycolysis and 
through a series of reactions is converted to 

pyruvate. It is possible that excess 3-phos- 
phoglyceraldehyde produced by the pentose 
pathway is converted to pyruvate and hence 
to lactic acid. This appears even more likely 
in light of the finding by Schmidt of a de- 
crease in the activity of blastemal aldolase. 
This glycolytic enzyme is necessary for split- 
ting fructose-l,6-diphosphate to 3-phospho- 
glyceraldehyde and dihydroxyacetone phos- 
phate. Its absence would block the glyco- 
lytic production of 3-phosphoglyceraldehyde, 
and therefore the glycolytic production of py- 
ruvate and lactic acid. The reverse reaction 
is also catalyzed by this enzyme and is im- 
portant in completing the pentose pathway 
cycle. Normally 3-phosphoglyceraldehyde 
would not accumulate as a product of the 
pentose pathway. Isomerization of 3-phos- 
phoglyceraldehyde to dihydroxyacetone would 
be followed by condensation of the 2 trioses 
in the presence of aldolase, to form fructose 
1,6-diphosphate. Its hydrolyzation by fruc- 
tose- 1,6-diphosphate to give fructose-6-phos- 
phate would complete the cycle. However, 
the absence of aldolase, although not block- 
ing the pentose pathway in general, would 
block this particular step, accounting for the 
accumulation of 3-phosphoglyceraldehyde. 
This could then be converted to pyruvate 
and, if the Krebs cycle were not operating, to 
lactic acid. 

While glycolysis is not dependent on the 
presence of oxygen, due to the cycling of 
DPN and DPNH, the pentose pathway prob- 
ably depends on the electron transport sys- 
tem since 2 TPNH are formed in the cycle 
while none are used. I t  should be noted that 
TPNH diaphorase was reported to increase 
in the blastema( 7 ) .  If oxidative metabolism 
in general were shut down, one might expect 
to see changes in the cellular mitochondrial 
pattern since the mitochondria are the site of 
the electron transport system. However, if 
the pentose pathway is predominantly in- 
volved, one would not expect mitochondria1 
changes. While some changes have been re- 
ported for larval Amblystoma( 13), no un- 
usual or obvious ultrastructural differences 
have been seen in the mitochondria of the 
adult newt’s regenerate that could not be 
due to fixation( 14). 



TISSUE CATECHOLAMINES 

Summary. Succinic (SDH) and lactic 
(LDH) dehydrogenase activity was studied 
histochemically in the regenerating forelimb 
of adult Triturus. During the stages of 
wound healing and of blastemal cell accumu- 
lation, SDH activity decreased in the tissues 
underlying the wound epidermis while LDH 
increased. During stages of rapid growth of 
the regenerate, SDH was not histochemically 
demonstrable in the mesenchymatous tissue ; 
but LDH activity was high. As the tissue 
differentiated in later stages of regeneration, 
SDH activity increased while LDH in gen- 
eral declined. The wound epithelium showed 
both LDH and SDH activity throughout re- 
generation with variations in intensity less 
striking than in underlying parts. The re- 
sults of our work and of others indicate that 
in the stages of appearance, accumulation and 
proliferation of the blastema, metabolism via 
the Krebs cycle is replaced by glycolytic 
and/or the pentose pathway metabolism. 
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Changes of Tissue Catecholamines in Thiazide-Fed Rats. (29489) 

P. A. SERRANO AND L. B. CHAVEZ (Introduced by W. Raab) 
Department of Endocrinology, Znstituto Nacional de Cardiologia, Mexico City 

The hypotensive action of thiazides has 
been previously established both in the ex- 
perimental and therapeutic fields. No satis- 
factory explanation has been found to ac- 
count for the prolonged hypotensive mecha- 
nism of action of these compounds ( 1 ) . 

During the initial period of treatment with 
thiazides, the decrease in blood pressure can 
be explained on the basis of the known 
change in electrolytes( 1-4), as well as on 
the observed diminution of plasma volume 
and cardiac output caused by these sub- 
stances( 5) ; the hypotensive effect after long- 
term treatment cannot be explained on this 
basis, as the lowering of blood pressure per- 
sists even after the electrolyte changes, the 
decrease of cardiac output and the decrease 
of plasma volume have disappeared or have 
been compensated ( 5-9) .  

A possible connection between the hypo- 
tensive effect of these drugs and the action 
of amines has been suspected. It has been 
shown that administration of the thiazides 
decreases the hypertensive response to infu- 
sion of epinephrine ( 10- 1 1 ) . Hollander and 
co-workers ( 12) , found that the diminished 
reactivity to intravenous administration of 
noradrenaline disappeared after 2 0  days 
treatment with these drugs. Previous com- 
munications from our department ( 13-14) re- 
ported a diminution of urinary catecholamine 
excretion in a group of hypertensive patients 
who had been treated with thiazides. Diazox- 
ide, a compound with hypotensive effect, 
which on several trials displayed the ability 
to retain sodium and water ( 15-1 7 )  , clearly 
shows the dissociation between natriuretic 
and hypotensive effects of thiazides. 


