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Toxicity of Panamanian Poison
Frogs (Dendrobates): Some
Biological and Chemical Aspects

Abstract, A swmall Neotropical frog,
Dendrabates pumilio, wadergoes inter-
popalational variation in color, degree
af toxiciiy, size, and habirs. Differences
in body coloration encompass the visible
spectriten from ved jo blue. ag well as
achromaric Mack and whire. There are
wide variations in the depree of toxicity,
hut these variaifons are ot correlaied
with suppozed warning coloes. FExivacis
foxfe cenmpontids
characrerized ay steroldal alkaloidy with
molecular formulae O, NO, and
OGO The rapid rate of diver-
gent evolition among popnlations of
thiy Jrog may vesult from isolation and
chance resiviction of ariging! heirrnzy-
gosio, with subweanent selection aciing
on different and preathe lintred -
tures of alleles.

aof shkin  yield two

Many amphibians produce irvifating
and unpleasant skin scoeretions thal, in
some cases at least, provide partinl de-

fense against  predation;  compotnds
solated  from such amphibians often
possess remarkable  pharmacological

activity (Tahle 1). Some vividly pig-
mented frogs in the Neotropical family
Dendrobatidae are zenerally presumed
to be poisonous and, hence, to have
wurning coloration. Certainly, the only
dendrobatid  heretofore investigaled in
detaill has bright coleration, and also
an extremely active poison, hatracho-
toxin {Table 1}, Recent discovery, in
northwestern Panama, of an  extra-
ordinary populational complex of the
genus Oepdrobares Taises some interest-
ing guestions related to natural selee-
tion and toxicology (7,

In the Archipelago of Bocas del Toro
and on the adjacent mainfand of Almi-
rante Bay and Chiriqui Lagoon, no
fewer than 16 pepulations of small,
rotund Dendrobates exhibit astonishing
geographic variation in color, The basic
dorsal coler is red, orange, green, olive
green, blue, or black; venters are vel-
low, red, white, or blue: the limbs are
frequently black or blackish; the dor-
sums are unicolored, speckled, boldly
spotted with black, or, in one instance,
black with whitish longitudinal marks.
These frogs differ not only in color and
patlern but in size, in habits, and, less
noticeably, in their cricket-like voices.
Average body length varies from about
17T toe 200 mm. Individuals at some
localities confine their activity to within
several inches of ground level and

scurry into leaf liter when pursued;
at other places there are distinct ar-
boreal tendencies, with the individuals
singing and foraging at heights up to
6 m and more, FEven different demes
of a single insular population vary in
extent of arborealism. That there is
an  interpopulational  sheffling and
combining of these wvarlous attributes
suggests that but o single species is in-
valved,  All populations  are  tenta-
tively allocated to Dendrobates prmilio
Schmide, 1858 (2 this species exhibits
relatively  little  variation  outside  of
Panama, an arca [rom which it ranges
north  in the  Atlantic  lowlands  to
Nicaragua as a red-bodied frog (3, In
northwesiern Panama, many  of  the
populations occupy similar microhabi-
tats, and it is diflicult to think of
selective agents that can produce such
extreme variations in color,

To learn whether the various popu-
lations  alse  differ  with  respect 1o
toxicity  and, if so, fo delermine  if
higher degrees of toxicity are associated
with the brighter or supposed warning
colers, we fested, in the perfod from

January to March 1966, s¢ven popu-
lations (representing all basic ground-
cotors save black) for toxicity, Al
though  intrapopulational variation  in
color iz normally  slight, the dorsal
volor in a pepulation on Bastimen-
tos Island ranges from pale green to
red; samples of green and  reddish
orange frogs from this population were
tested separately (Table 2). For cach
sample 11 or 12 frogs were pithed and
immediately  skinned; the skins were
extracted three times with five volumes
of 80 percent buffered methano]l (pH
7.4). The methano] extracets were con-
centrated, and portions were assaved for
toxicity after subcutaneocus  injection
intey 20-p white mice (NIH, general
purpese ). The time of death as a func-
tion of concentration is shown in Fig, |
for the reddish orange Bastimentos
sample, The amount of toxic principle
that causes death in 9 minutes was
arbitrarily assigned the value of one
standard dose. After the mice were
injected, they had locomotor difficulty
with partial paralysis of the hind limbs,
Pilperection, =alivation, extensor move-

Table 1, Examples of pharmacologically active compounds from zmphibiane,

Compownd Genus

Minimum

2% 1 : kg
Activity ethal dose

{melkg
mause)
Mitropenous bases
H:ar::mchu:?xin Phyliohares (4, 5, 22) Cardio- and nenrotoxin 0.002
Samamedarine Salarmandrg (6 ) Centrally active 0.3
FPrewdophryne (7 ) convulsant
Tetrodoioxin
{tarichataxing Faricha ¢4) Meuratoxin 0, 008
Compound &
(0 H N Drendrobaies Merve-musele activity 2.5
Compound B
(e HuN Oy Bendrobates Merve-musels activity 1:5
Indale-alkylamines
Serotonin Bigfor (9 ), Vasocanstrictor 300
Lemodact vlis (10 )
Diehydrobufotenine Muefo £31 ) Corvalzant [
fr-Methylbufoienine Mfo ¢i2 ) Hallucinogen 75
Phenclic and catechal amines
Mesepinephring Hyfe (132 Hypertensive agent 5
Candicine ) Leptodactvlus (14) Cholinergic agent =10
Leptodactvline Leptadaetyliuy {15 ) Chalinergic agent 10
Imidieole-alkvlumines
Histaming Lepfodaceying (10, 16) Local irritant 13, 000
Spinaceamine: Leptodacrylus §16 )
Carnosine Eleurheradactylus (17 )
Bufogening and bufoloxins
Buforalin Hufir (18 F Cardioloxin
Buloloxin Ritfo F18 ) Cardioioxin 0.4
Einins
Lradvkinin Rang {19) Lacal irritant
Physalaemin Physolgemps (20 ) Hypotensive agent
Ciher Kinins Aseaphg (19 ),
Fhyllemednsa (19)
Proteins
Hemalysing Triturns (18 ) Hemolytic agents 0002

'Po_: comparison, the minimum lethal dose of curare and stoychnine i3 05 meske; that of sodism
cyanide is 10 e kg The compounds were administeced 1o mice subc utaneously.
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Fig. 1. Assay of toexic principles in skin
extract of Dendrobetes pumilio (reddish
orange frogs of Bastimentos Island ), show-
g relationship of dose (suboutancouns in
mice) to survival time. Each pomnt 13 an
average of three trials,

ments of the hind limbs, and, finally,
clonic convulsions and death occurred.
Apparent irritation at the site of injec-
tion was chserved at the lower dosages,
but was not noted at higher doses, Al-
though methanol itself s toxic at suffi-
ciently high dosage, controls that were
injected with methanol showed no il
effects.

While is considerahle  inter-
populational range in toxicity, there is
nir apparent correlation between toxicity
and the color of the frogs {Table 2.
Thus, the reddish oranpe frogs and the
green frops of the Bustimentos popula-
tion are equally toxic. Dark blue frogs,
difficult to see under shaded forest con-
ditions, are considerably more toxic
than several samples of conspicuous
red frogs. When all populations  are
considered, there is no obviens correla-
tion of cither coeloration or toxicity
with environmental factors or behavier.

Al least two principles are involved
in the toxicity, and these were partially
purtficd 1o the following manner. Con-
centrated methanol extracts from 20
skins  were partitioned between  ten
vislumes of (LIN hydrochloric acid and
ten volumes of chloroform. The non-
hasic chloroform extract contained pig-
ments and other compounds, including
cholesteral,  bBut was not toxic. The
aguecus acid wos adjusted to pH 9 and
extracted twice with two volumes of
chloroform. Maost (70 to 80 percent) of
the toxicity was. found in this basic
chloroform extract. The aquecus layer
was not studied further. Figure 2 shows
a thin-layer chromatograph of the basic
chloreform  extracts  oblained  [rom
populations sampled in this study., The
relative  toxicitics of crade  extracts
from these same populations (Table 2)
are comparable Lo the amounts of com-
pounds A and B seen in the partially
purificd extracts (Fig, 23, Compounds
A and B, detected through use of iodine
vapor (Fig. 2), could also be detected

there

with the alkaloid
ivdoplatinate.
Further purification of compounds
A and B was carried our with column
chromatopraphy  on neutral  alumina.
Compound A was eluted with chloro-
form; compound B owas cluted with a
mixture of six parts chloroform and
one part methanol. Approximately 1.3
mg of each substance was isolated by
this method. The estimated minimum
lethal dose as judged by subcilaneous
injecticn of the compounds in mice is
2.5 mefke for compound A and 1.3
mgd kg for compound B, One standard
dose (Fig, 1) corresponds to 100 pg of
a mixture of equal parts of compounds
A and B, The purificd compounds
elicited pharmacological effects similar

reagent  potassium

4
i\ vt T e

to those caused by crude methanol ex-
tracts, except that the salivation and
piloerection were now minimal,

The ultraviolet absorption spectra of
compounds A and B showed only end
absorption, while the charasteristics of
the infrared spectra  precluded  the
presence of carbonvl groups, Jdouble
bonds, or the oxazolidine group of the
salamandra alkalomds (6). The nuclear
magnetic resonance (NMR)  spectra
(CDCL )Y showed peaks at 5.5, 4.0, and
2.82 & (parts per million) and a pen-
eral profile suggestive of a steroid ring
system with two angular methy] groups.

The mass spectrum of compound A

a maolecular ion
{calculated  molecular
307251 found molecular

(Fig. 3) indicated

of C,,H;NO,
welght,

3

e ﬁ'ﬁﬂ.-m'\r'"' 1: Ll ""'"

Fig. 2. Thin-laver chromatography (silica gel-G; solvent was a mixture of 50 parts
methanol, § parts chloreform, and 0.5 part 68 ammoniem hydroxide; detection with
iodine wvapor) of compounds A and B in partially purified skin extracts from sarmples of
Dendrobares pumilio, The sample designations {1-%) correspond in order with the
populstions listed in Table 2. Concentrated samples with the equivalent of 5 mg of
skin were chromatographed.
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Fig. 3. Mass spectrum of compound A from Dendrobates prmilio 1ABLMS-9 mass spectrometer. dircet infer, 70 v,

weight, 307.251), whereas compound
B vielded a similar spectrum with one
additional oxvgen in the molecular
ion O, H.,NO, {caleulated miolecular
weight, 323246 found molecular
weight, 323244}, The nitrogen and
one oxygen atom are part of a car-
binolamine functien as deduced from a
CHNO fragment and from the {acile

conversion  of  both  compounds  to
Eemethyl ethers with methanolic hyvdro-
gen chioride. The NMR  spectrum

(CIMCL,) confirms this carbinolamine
grouping with 1 proton at 5.5 & units.
Two protons in the NMR spectra repre-
sented by a multiplet at 2.8 § in con-
junction with the lerze fragment ©,H.O
for both compounds A and B supgests
the presence of a -CH.-NH-CHOH-
CH.- grouping, while a multiplet due
to one or two protons (compounds A
or B at 4.0 § suggests the presence
of one or two secondary alechol groups,
Acetylation of compounds A and B
afforded neutral Meacetyl  derivatives
with, respectively, 1- and 2-C-acetvl
groups as shown by their mass spectra.,

Compounds A and B seem thus to he
related in structure to the foxic alka-
loid  samandarine I{C,,_.HMN'D._.], first
isolated from the European fire sala-
mander and more recently reported in
an Australian anuran (Table 1), Alka-
loids of the samandarine tvpe are
examples of convergent chemical evolu-
tion in diverse amphibians, demonstrat-

ing that malecular dala are oot inher-
antly better than any other kind for
the classification of animals. Ancther
mitrogenows  substance,  tetrodoloxio,
provides an even better example, as it
is more complex and it evolved sep-
arately in a family of fishes and in one
of salamanders (&) The biclogical func-
tion and significance of such toxic com-
pounds are net, however, always casily
demonstirated.

The insular populations of Deadeo-
Bates punilio probably originated dur-
postglacial rise in sea  level,
wherens the equally numerous main-
land populations are possibly separated
by areas of swamp forest, a hahitat not
wsually cccupied. The regional popila-
tion is thus broken into local units by
terrestrial conditions and by strais of
open water. This is trae of other orga-
rsms too (for example. Phyvllobares
fngubeis,  another  dendrobatidy,  buc
only in 0. puselio have the isolalions
resulted in exlensive change. That ran-
dom events in the founding and in the
density fluctuations of small populations
have plaved a part seems likely; but
there are factors which suggest that
selection is also in force. On the main-
land near Chirigui Grande, a popula-
tion of red frogs having cither red or
Blwe venters occupics ground slighely
clevated from adjacent swamp forest; a
population of green frogs having blue
or yellow venlers occurs in the swamp,

ing 2

Table 2. Belative lethality of skin exrracts of Trogs from various populations of Dexdrobares pumifio.

Locality

Relative

General deseriprion® i
Jenc SEripion lethality f

Tsla Rastimentos

Isla Rastimentas

Mainland near Isla Splic Hill
Cayo Maney

I5la San Cristobal

Mear Almirante, mainland
Tgla Shepherd

Isla Colén

Reddish oranse; white; spotted

Pale green; white: spotted

Dark blus; powder blue; unicolar or speckled
Dright red: same; unicalar

Bright red; same; speckle:d

Dull red; red; unicolor

Olive green; vellowish: speckled

Crreen ;) yellow: spotied

VM = o

A
A
v

[
(R IR T N S )

"

* In order: [rorsnl color; veniral celor; presence or absence of dorsal hlack spetting (large) or

speckling (Necks to small spots),

# Standord doses contained in methanol extract of 100 mg of

wet skin, (Frogs averaged K0 te WP myg skin per individuoal frog in the cight sarmples.)

where the individuals show a decided
tendency towards arborealism, This is
the only instance vet discovered where
two populations cceur virtually together,
where a marginal habitat (swamp forest)
is ugilized by one population,  and
where the color variation cxceeds even
that of the frogs of Isla Bastimentos
{Table 2, first two samples). The over-
lap of wventral colors suggests  some
penetic exchange, but the carrelation of
two color {ypes with different hahitats
indicates that natural selection is op-
erating and maintaining the differences,
Whether selection works  directly  on
either ¢olor or toxicity is not known,
but theoretical considerations suggest
that it should, Beight hues, at least of
divrnal animals, eenerally only evolve
when positive selective values are con-
ferped, That Brilliant coloration is rare
in the mostly color-blind Mamimalia
contrasted  with (he thit
colors are important in many flower-
bird, insect-bird, and intraspecific hird
coactions  convincingly  supports  this
generalization. Moest bhirds are thought
to have color vision, and some doubt-
lessly include small fropgs in their diets:
in the presence of avian predation it
is unlikely that small frogs
wolld evolve bright coloration unless
for the function of advertisement,
Thus, & warning role scems the most
likely function of hright coloration
when it occurs in diurnal frogs, al-
though coloration might also serve for
ntraspecific recopnition in view of evi-
dence (27} that some frogs possess colaor

fact vivigl

diurnal

vision. Individuals from each population
tested for toxicity were found to secrete
an unpleasant tasting, toxic, milky Quid
when injured or when pressure was
applicd on the skin. The substance re-
sponsible for the taste was lost in puri-
fication, but small quantities of the puri-
fied toxic principles cause the human
throat to tighten; the substance batra-
chotoxin from a Colmmbian dendro-
batid (Phyllobates) (4, 5, 22} s more



active and numbs the mouth, The sensi-
tivity of buccal tissue to such secretions
should offer these frogs partial protec-
tion against certzin kinds of predators.
Caonscqgently, within a species that tends
toward bright coloration and which is
likely the prey of diurnal birds, selec-
tion might result in & combination of
aposematic coloring and a high level of
toxicity. Therefore, the chaotic inter-
populaticnal  wariation of coler  and
loxicity in [, poediie seems at first
paradoxical. Some of the hoes seem
cryptic and others flamboyant, and the
various populations uppear o be evoly-
ing different ways of life, Conceivably,
any protective aspects of the loxic com-
pounds might be secondary, with the
true physiological function entirely un-
related to toxicity,

With all its intraspecific dilfcrences—
as in appearance, habits, and chemi-
cal composition of skin—Dendrobares
pukailion s the most variable species of
vertebrate known to us. A tentalive
hypothesis would contain the several
interacting factors that must be in-
volved, namely, isolation  and  small
population  size, inherent varability,
chance, and selection. A map of At-
lantic-side Costa Rica and Panama
reveals that opportunities for Isolation
are grester along some of the flooded
coastal reaches of the latter country
than elsewhere. This partly explains the
chaotic  variation of [ pumilie in
northwestern Panama;, the variation in
Costa Rica (3}, on the other hand,
seems largely clinal in nature. Presum-
ably the predecessor of existing popu-
lations had a high mutation rate and
harbored tremendous genetic variabil-
ity, making the frog potentially ca-

pable of adjusting to diverse conditions
in a forest environment. Either the
chance fragmentation of this stock, or
the chance founding of new colonies
in & geographic mosaic, resulted in
small populations each of which
possessed a unique and greatly limited
mixture of alleles on which selection
could operate, Thers was consequent
adaptation of different populations not
only to different micro- and macro-
habitats, but seemingly even to differ-
ent ways of avoiding predation.
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Drendvodates pumiliv, originally  col-
lecred on Bastimentos [siand, Pana-
ma. The color of the dorsal surface
of this population of [rops ranges
from pale green to red, with varving
degrees of black spotting. The ventral
surfaces are usually white, but an oo-
casional frog has blotches of arange,
The toe pads allow the [rog to climb
well, but only  certain populations
have adopted an arboreal life, The
extreme variations in color and mark-
urgs, habits, and roxicity of skin secre-
tions makes D pumilio one of the
most wvariable species of wvertebrates
known (average body length, 17 mm.)
See page 370. [Frank T. Caporael,
NIH]
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