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How do batrachotoxin-bearing frogs and birds avoid

self intoxication?

Roberto Marquez"*@®

Naturally occurring toxins have been linked to human activities
since prehistory. From pest control (Dev and Koul, 1997) and
weapon enhancement (Posada Arango, 1869; Bisset, 1989) to
disease treatment (Petrovska, 2012; Kapoor, 2010) and rituals
(Schultes, 1998; Hoffman, 2019), modern humans, and perhaps
even Neanderthals (Solecki, 1977), have found endless uses for
natural toxins. Throughout the last century, biologists have
studied natural toxins and their action mechanisms to address
subjects across fields, from systematics, ecology, and evolution
(Mebs, 2001; Berenbaum, 1995; Myers and Daly, 1976) to mo-
lecular physiology and drug design (Lee, 2021; Keller et al.,
1986). An especially informative aspect of toxicity is toxin re-
sistance. Several distantly related species often evolve resistance
to the same toxin, for example when predators evolve to resist
toxic prey (which must also resist their own toxins), or when
multiple species consume the same toxic food items. Such in-
stances of replicated evolution provide excellent opportunities
to draw generalities about the evolutionary processes and
functional mechanisms underlying toxicity and toxin resistance,
as well as the biochemical and physiological properties of toxins
themselves. In an earlier issue of the Journal of General Physiol-
ogy, Abderemane-Ali et al. (2021) address the physiological
mechanisms through which frogs and birds that secrete the
deadly neurotoxin batrachotoxin (BTX) are able to resist its nox-
ious effects. Their results challenge previous ideas on BTX resis-
tance and provide exciting new hypotheses and future directions.

Batrachotoxin is a steroidal alkaloid that binds to voltage-
gated sodium channels, reducing their ion selectivity and pre-
venting pore closure, which renders them unable to produce
action potentials (Daly et al., 1965; Wang et al., 2006; Warnick
et al, 1975). It is found in frogs of the genus Phyllobates
(Myers et al., 1978), birds in the genera Pitohui and Ifrita
(Dumbacher et al., 1992, 2000), and beetles in the genus Chor-
esine (Dumbacher et al., 2004). BTX was discovered indepen-
dently by the precolonial inhabitants of the Northwestern Andes
(present day Colombia), who obtained it from Phyllobates frogs to
poison their blowgun darts (Posada Arango, 1869; Wassén, 1957),
and the native inhabitants of New Guinea, who recognized the

similarly noxious and uncomfortable effects of handling and
eating BTX-bearing birds and beetles (Majnep and Bulmer,
1977; Dumbacher et al., 2004). Later, in the mid-20th century,
chemists were able to isolate BTX from Phyllobates aurotaenia
skins and characterize its chemical composition (Marki and
Witkop, 1963; Tokuyama et al., 1968; Daly et al., 1965). The no-
toriously high lethality (LDs, = 2 pg/kg subcutaneous in mice;
Tokuyama et al., 1968) and biomedical potential of BTX moti-
vated a sizable body of work spanning several aspects of BTX
chemistry and biology, such as its mode of action on sodium
channels (e.g., Green et al., 1987; Warnick et al., 1975; Trainer
etal., 1996), or the chemical ecology of BTX-bearing species (e.g.,
Myers et al., 1978; Dumbacher et al., 2004; Protti-Sanchez et al.,
2019).

Although it was established early on that isolated muscles of
Phyllobates terribilis and Ph. aurotaenia resist high concentrations
of BTX (Albuquerque et al., 1973; Daly et al., 1980), the mecha-
nisms underlying resistance in BTX-bearing species remain
unknown. Work on isolated mammalian and insect sodium
channels identified the binding site of BTX at the inner pore of
the channel, and showed that amino acid replacements at or
near the binding site can result in BTX-resistant channels
in vitro (e.g., Wang and Wang, 1999; Wang et al., 2007; Du et al.,
2011; Linford et al., 1998). With these results in mind, initial
attempts to understand BTX autoresistance in natural pop-
ulations focused on identifying putative resistance-conferring
mutations on muscular voltage-gated sodium channels of Phyl-
lobates frogs using reconstructions of sequence evolution and
molecular docking simulations. Five candidate mutations at sites
involved in BTX binding were identified by initial studies
(Tarvin et al., 2016; Marquez et al., 2019), yet only one of them
provided BTX resistance to rat sodium channels in follow up
electrophysiological experiments (Wang and Wang, 2017). This
result, together with the fact that this mutation was found
segregating at low frequencies in only one of the five BTX-
bearing species of frogs (Marquez et al., 2019), hinted that
mutations at target sites alone may not tell the whole story be-
hind BTX resistance in Phyllobates.
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Abderemane-Ali et al. (2021) conducted BTX resistance as-
says on voltage-gated sodium channels of Pitohui uropygialis and
Ph. terribilis. Mammalian channels, as well as those of Den-
drobates tinctorius—a poison frog that does not secrete BTX—
were tested as controls. Their results were unexpected; none of
the tested channels showed signs of BTX resistance. Adding the
putative resistance-conferring mutation identified previously
(Tarvin et al., 2016; Wang and Wang, 2017) generated partially
resistant bird and mammal channels, albeit at a high functional
cost, since mutant channels were harder to open and easier to
inactivate. Frog channels with this mutation also suffered con-
spicuously negative effects, but did not exhibit resistance. Tests
on live frogs, however, confirmed that Ph. terribilis are resistant
to high concentrations of BTX, and revealed that they also resist
saxitoxin (STX) and tetrodotoxin (TTX), two other neurotoxic
alkaloids that target voltage-gated sodium channels, which are
not found in Phyllobates. Surprisingly, other poisonous frogs that
do not secrete BTX, TTX, or STX (D. tinctorius and Mantella
aurantiaca) were also resistant to all three toxins, and one
nonpoisonous frog (Polypedates leucomystax) was partially re-
sistant to BTX and resistant to TTX. Xenopus laevis, which does
not secrete alkaloids, was susceptible to all toxins. These results
suggest that perhaps a more generalized mechanism for neu-
rotoxin resistance may have evolved in alkaloid-bearing frogs
(but see Albuquerque et al., 1973, who showed that Ph. aurotaenia
muscles are susceptible to TTX) and provide strong evidence
against the idea that sodium channel mutations are central to
autoresistance in BTX-bearing vertebrates.

The notion that mutations at BTX target sites are not the
main mechanism responsible for BTX resistance in Phyllobates
and Pitohui may initially come as a surprise. However, in ret-
rospect, this scenario may not be the most likely from an evo-
lutionary perspective: although mutations that confer target-site
insensitivity are a commonly invoked mechanism for neuro-
toxin resistance (e.g., Geffeney et al., 2005; Zhen et al.,, 2012;
Martinez-Torres et al., 1999), they are often accompanied by
functional costs since they involve meddling with functionally
important regions of highly fine-tuned proteins (Hague et al.,
2018). This was made evident by the functional costs observed in
BTX-resistant bird and mammalian channels generated by
Abderemane-Ali et al. (2021). Since BTX is able to modify many
of the different voltage-gated sodium channels encoded in ver-
tebrate genomes (e.g., Bosmans et al., 2004; Wang and Wang,
1998; Li et al., 2002; Linford et al., 1998; Wang et al., 2007), self-
resistance through target-site insensitivity at multiple channels
could potentially result in major functional tradeoffs at the or-
ganismal level. In poison frogs, this effect could be further am-
plified by the fact that most species accumulate dozens of
different neurotoxic alkaloids (Daly et al., 2005), many of which
target several different ion channels (Santos et al., 2016).

How do Phyllobates and Pithohui species resist BTX then? A
second mechanism of toxin resistance that is frequently ob-
served in nature is preventing toxin molecules from interacting
with their targets, for instance through compartmentalization in
specialized glands or organelles (e.g., Zhou and Fritz, 1994;
Reinhard et al., 1987), or through sequestration by “toxin
sponge” molecules that bind toxins to impede target binding. A
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famous example of the latter is STX resistance in American
bullfrogs (Rana catesbaiana), where saxiphilin, a protein in the
transferrin family, binds STX in the frogs’ tissues, protecting
voltage-gated sodium channels from intoxication (Mahar et al.,
1991; Morabito and Moczydlowski, 1994). Abderemane-Ali et al.
(2021) proposed that a similar mechanism involving toxin
sponges may underlie BTX resistance in Phyllobates and Pitohui.
As an initial step toward testing this hypothesis, the authors
exposed Ph. terribilis sodium channels to STX and found that
they are readily inactivated by STX, despite live frogs being
resistant the toxin. They then showed that exposing the chan-
nels to a mixture of saxiphilin and STX or adding saxiphilin after
STX exposure resulted in fully functional channels, demon-
strating that saxiphilin protects Ph. terribilis channels from STX
intoxication, likely by outcompeting them for STX binding.
Whether proteins with high affinity for BTX and other alkaloids
are present in poison frog or poison bird tissues, and whether
they produce toxin resistance through a similar mechanism,
however, remains unknown.

Although yet to be tested, the toxin sponge hypothesis pro-
vides a putatively simpler scenario for the evolution of BTX self-
resistance than the fixation of resistant (and potentially costly)
mutations at multiple voltage-gated sodium channels. Neither
poison frogs nor poison birds are able to synthesize BTX and
must instead obtain it from dietary sources and transport it to
specialized glands in the skin (Daly et al., 1994; Dumbacher et al.,
2009). Throughout this process, BTX comes in contact with
multiple tissues (e.g., gut, liver, muscle, skin; see Dumbacher
et al, 1992; O’Connell et al.,, 2021; Prates et al., 2012), and
therefore has the opportunity to interact with several sodium
channels, each encoded by a different gene. Considering the
costs often associated to neurotoxin-resistant sodium channel
mutants, it seems unlikely for resistance to evolve through in-
dependent mutations at each of these genes, since this could
easily result in considerable functional costs at the organismal
level. In contrast, a scenario where one or a few transport pro-
teins (e.g., transferrins) acquire the ability to sequester BTX in
the gut and prevent it from binding sodium channels as it is
transported to the skin, would involve changes at a smaller
number of genes, and potentially less drastic functional trade-
offs. Since toxin transport proteins do not play such demanding
and physiologically essential roles as ion channels, function-
altering mutations should carry a smaller risk of functional
costs. Furthermore, since BTX is obtained from dietary sources,
resistance must evolve either prior to or in tandem with the
ability to sequester and accumulate it. A protein that binds BTX
with high affinity would provide a unified physiological mech-
anism for both sequestration/accumulation and resistance, fa-
cilitating the coordinated evolution of these two traits.

Overall, the paper by Abderemane-Ali and colleagues (2021)
challenges previously established ideas on the physiological
underpinnings of BTX resistance in frogs and birds, and focuses
our attention on alternative mechanisms that may facilitate the
evolution of this complex trait, opening an exciting avenue of
research questions: are there toxin sponge molecules that can
bind BTX and/or other alkaloid neurotoxins in addition to STX
and TTX? How did they acquire toxin-binding capabilities? Does
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evolving resistance to some toxins (via toxin sponges or other-
wise) result in resistance to others? If sodium channel mutations
do not underlie BTX resistance, what is the role (if any) of the
multiple sodium channel mutations that coincide with the evo-
lution of toxicity in poison frogs? Future work aimed at under-
standing the pharmacokinetics of alkaloid sequestration and
accumulation, as well as the evolutionary history of the proteins
involved and their functions, will certainly contribute to our
understanding of how and why so many different taxa across the
tree of life have evolved to sequester and secrete defensive
neurotoxins.
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