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Abstract-The skin of neotropical poison frogs of the genus Dendrobates and Phyllo- 
bates presents a series of unique poisons containing decahydroquinoline and perhydro- 
cyclopentanophenanthrene nuclei respectively. Examples of each class are pumiliotoxin C 
(2-n-propyl-Smethyl-cis-decahydroquinoline) and batrachotoxin. The biosynthesis of 
these poisons has now been investigated in Dendrobates pumilio, D. aurafus and 
Phyllobutes aurotuenia, using as possible precursors radioactive cholesterol, mevalonate 
and acetate. Even over periods of up to 14 weeks, significant incorporation of radio- 
activity into the poisons was not observed. Both acetate and mevalonate were, however, 
converted to cholesterol and cholesterol acetate. 

THE NEOTROPICAL family of dendrobatid frogs has been found to contain unusual 
alkaloids as yet unknown from other natural sources. The extremely potent poison 
of the CoIombian arrow poison frog, P~yl~~~a~es ~~ru~ae~j#, has been identified as 
batrachotoxin {I, Fig. I), a steroida alkaloid with unique effects on ion permeabiiity.z 
Frogs of the related genus, Dendrobates, contain poisonous decahydroquinoline 
alkaloids of which the simplest member is pumiliotoxin C (II, Fig. 1).3 Nothing is 
known of the biosynthetic pathwaysinvolved intheformation of these novel poisons.* 
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H 

CHz-CHz-CH3 

FIG. 1. Structures of poisonous alkaloids from dentrobatid arrow-poison frogs. (I) Batrachotoxin; 
(II) pumiliotoxin C. 

*Note added in proof: A third class of novel alkaloids, the his~ioni~to~Rs have now been 
isolated from another species of dendrobatid frog (J. W. DALY, I. KARLE, C. W. Myers, 
T. TOKUYAMA, J. A. WATERS and B. WITKOP, Proc. natn. Acad. Sci. U.S.A., in press). 
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Earlier studies had shown that cholesterol can serve as a precursor of poisons in 
certain amphibians as for example with the cardiotoxic bufodienolides4-7 of toads 
(Bufo) and the neurotoxic samandarine alkaloid? of the European fire salamander 
(Salamandura maculosu). The reports on biosynthesis of bufodienolides from choles- 
terol in toads are, however, conflicting. Porto and Gros4p5 found that mevalonate and 
pregnenolone were inefficient precursors of the bufodienolides. Chiadao and 0such6 
reported a small but detectabIe amount of marinobufagW4C after injection of 
radioactive cholanates, but found that cholesterol-14C was a very poor precursor. This 
is in contrast to a 2 per cent conversion of cholesterol to bufodienolides reported by 
Siperstein et aL7 For the present studies on the biosynthesis of the poison alkaloids 
in dendrobatid frogs, radioactive cholesterol, mevalonate and acetate were adminis- 
tered by intraperitoneal injection to Dendrobates pumilio, D. auratus and Phyllobates 
aurotaenia for an extended period of time, and the radioactivity in skin extracts was 
analyzed for incorporation into the alkaloid poisons. 

MATERIALS AND METHODS 

Experiments in vivo. Frogs collected in Panama (D. aura&s, D. pumjl~o) and Colom- 
bia (P. a~~ot~~~a) were maintained in terrariums in laboratories at the National 
Institutes of Health and were fed fruit flies and Tenebrio larvae ad lib. They were injec- 
ted intraperitoneally at l-week intervals for a total of 6 weeks with 50 ~1 of solvent 
(15 % ethanol in water for the cholesterols and water for mevalonate and acetate) 
containing cholesterol-4- 14C!, cholesterol-2W4C, dl-mevalonic acid-2-14C or sodium 
acetate-2-14C. The radioactive compounds were from commercial sources. Injections 
with sodium acetate-2J4C were carried out for 14 weeks. At the end of the period of 
injection, frogs were sacrificed and skinned. The skins were minced and suspended in 
methanol overnight. The methanol extracts were decanted, filtered through sintered 
glass filters, concentrated to a small volume, and mixed with 3 x 50 ml CHCl, 
and 50 ml water. The aqueous layer was re-extracted with 3 x 50 ml CHCl,. 
The combined CHCI, extracts were then extracted with 3 x 50 ml of 0.5 N HCl. 
The remaining CHCl, extract containing the neutral and acidic fraction was evapor- 
ated to dryness under vacuum. The acidic aqueous phase was made basic with 1 N 
NH40H and extracted with CHCl, to give a basic fraction. Each fraction, including 
the original and final aqueous phases, was counted in a scintillation spectrometer. 

Thin-layer chromatography (TLC), Aliquots of the various residues were analyzed 
on silica gel-G thin-layer chromatopIates using three solvent systems: CHCl,-MeOH 
(9 : 1); benzene-ethyl acetate (3 : 1); and cyclohexane~thyl acetate (3 : 2). Radioactive 
zones were detected in a strip scanner and mobilities were compared with standards. 

RESULTS 

Table 1 shows the number of frogs injected, species, the total radioactivity of each 
substrate used in the studies in vivo, and the distribution of total radioactivity in the 
neutral and basic fractions for each series of experiments. The per cent of total injected 
radioactivity recovered in the neutral fraction after injection of cholesterol-4J4C in 
P. aurotaenia was considerably higher than in the similar experiment with D. auratus. 

The neutral fraction yielded sufficient radioactive material for detailed anafysis. 
Each of the neutral extracts from the in v&o injections of mevalonate-2-14C, sodium 
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acetate-2-14C, cholesterol-4-14C and choIesterol-26-14C was analyzed by TLC in the 
solvent systems described under Methods. Three zones of radioactivity were found on 
TLC in CHC&-MeOH (9: 1) for each substrate. The two least polar compounds in 
this system had the same mobility as standard cholesterol and cholesterol acetate. 
Their identity was established by comparison with standards in two other solvent 
systems and by conversion of each into either free or acetylated compounds. The 
more polar third constituent was present in only a minor amount (2%) and was not 
identified. Table 2 shows the relative amount of free versus acetylated cholesterol in 
each experiment. From the standpoint of comparative biochemistry, it is of interest 
that the per cent of acetylated cholesterol is significantly higher in the experiment 
with P. ~~r~?ae~ia than with D. auratus or ~.~~~ji~~. 

Negligible amounts of radioactivity were found in the aqueous phases of the extrac- 
tion procedure. Thus, only O-1-0+2 per cent of the radioactivity in the mevalonate 
experiments was found in the original aqueous discard and similar small amounts were 
found in the cholesterol-14C experiments. Despite the large total amount of radioactive 
sodium acetate used, only 0.2 and O-01 per cent, respectively, were found in the aqueous 
phases. 

The basic fraction, which contains the alkaloid poisons, presented very low amounts 
of radioactivity (Table 1). Thin-layer analysis of these fractions indicated that they 
contained small amounts of radioactive cholesterol and cholesterol acetate carried 
over from the neutral fraction during extraction. No radioactivity could be detected 
in the alkaloid poisons by thin-layer chromatographic analysis. Recovery of batra- 
chotoxin, pumiliotoxin and related compounds through the extraction procedure and 
thin-layer chromatography is greater than 75 per cent.1*3 

DISCUSSION 

The toxic alkaloids isolated from skin extracts of various dendrobatid frogs are 
unique to this group of frogs and have, in all likelihood, been developed for use as a 
chemical defense against predators. Because of unique structural features and possible 
phyllogenetic implications, their biosynthesis is of some interest. Nothing was known 
of the turnover rate of these poisons or of the biosynthetic pathway involved in their 
formation. In the case ofP. aur~taenia, batrachotoxin had been detected both in young 
frogs and in adults, but not in tadpoles (J. Daly, unpublished results). The present 
investigation had employed radioactive cholesterol, mevalonate and acetate as poten- 
tial precursors. During the course of these experiments, incorporation of radioactivity 
from these precursors into the alkaloids was not detected. These negative results 
indicate either that: (1) none of the compounds tested is a precursor; (2) the precursors 
did not reach the skin glands that are presumably the site of synthesis of the alkaloids 
or (3) the rate of formation and turnover of the alkaloids is extremely slow. It seems 
quite unlikely that mevalonate or cholesterol, or both, would not serve as precursors 
for the steroidal alkaloids of the batrachotoxin class and that acetate would not serve 
as a precursor for the pumiliotoxin alkaloids. In addition, the high incorporation of 
radioactive cholesterol, mevalonate and acetate into skin cholesterol and cholesterol 
acetate demonstrates that the precursors are indeed rather selectively concentrated in 
the skin. It is therefore most probable that biosynthesis of these toxins has not been 
demonstrated because their rate of formation and turnoverin the adult frog is extremely 
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slow. Preliminary studies on biosynthesis of these alkaloids in vitro with skin 
minces have also been unsuccessful. 

Cholesterol is found as a major constituent in extracts from frog skins including 
those from dendrobatid frogs (J. Daly and J. Waters, unpublished observations). 
For example, the skin of a large dendrobatid frog such as D. auratus has a wet weight 
of 250-300 mg and contains slightly more than 1 mg cholesterol. Cholesterol has 
also been isolated from liver and muscle of frogs9 and both cholesterol and cholesterol 
acetate were isolated from frog ovaries. lo Esterified and free cholesterol have been 
reported in a variety of organs, in blood and in skin of toads.‘l-13 The ratio of free to 
esterified cholesterol in toads decreases in brain, heart, muscle and skin in the active 
season and increases during the dormant season.” The reverse occurs in lung, spleen, 
kidney and adrenals. The present studies demonstrate that radioactive cholesterol and 
mevalonate administered interperitoneally to dendrobatid frogs are incorporated to a 
surprisingly large extent into cholesterol and cholesterol acetate in the skin. Radio- 
active acetate is also incorporated to a significant extent into these skin sterols. The 
ratio of radioactive cholesterol to cholesterol acetate is near unity in P. aurotaenia, while 
in the two species of Dendrobates, radioactive cholesterol is predominant (Table 2). 

Parallel experiments with P. aurotaenia with dl-serine-3-14C over a period of only 
2 weeks did not result in measurable incorporation of radioactivity into the 7-mem- 
bered 14j3-18/3-heterocyclic ring of batrachotoxin (D. F. Johnson and J. W. Daly, 
unpublished results). Neither pregnenalone-4-14C nor progesterone-4-i4C was con- 
verted to batrachotoxin over a period of 6 weeks of injections with P. a~rotaenia, nor 
were they concentrated to a measurable extent in skin during this period (D. F. 
Johnson and J, W. Daly, unpublished results). 
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