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1 Introduction

Research on the nature, structure and biological activity of the
toxins present in the skin of poison-dart frogs of South America
began in the Laboratory of Chemistry at the National Institutes
of Health in the mid-1960s. The presence of toxins in the skin
of such frogs had been discovered long ago by Indians of
Western Colombia, who to this day use skin secretions from
three Colombian species of dendrobatid frogs (genus Phyllo-
bates) to poison the grooved tips of blow darts used in hunting
small game and birds. Initial field work on a poison-dart frog of
the Rio San Juan drainage, and preparation of extracts was first
conducted by F. Mé&rki in 1962 and then by Daly in 1964 and
1966. The toxic principles were isolated and proved on
structural analysis to be steroidal akaloids, which were named
batrachotoxins.! These were then shown to be specific and
potent activators of sodium channels.2 Both the natural
akaloids and aradioactive analog have proven to be invaluable
research tools for the study of sodium channels and their
interaction with local anesthetics, anticonvulsants, antiarryth-
mics and other drugs.3 The structure of batrachotoxin and other
akaloids, subsequently isolated from frog skin, are shown in
Fig. 1.

These initial studies on the batrachotoxin alkaloids from the
poison-dart frogs of Western Colombia might never have been
extended to some sixty species of poison-frogs of the neo-
tropical family Dendrobatidae, had not Charles W. Myers, a
herpetologist working on the reptiles and amphibians of
Panama, contacted Daly and proposed a collaboration on the
toxicity of an extremely variable dendrobatid frog (genus
Dendrobates) of the Bocas Archipelago of Panama. The initial
hypothesis, namely that the more brightly colored populations
would contain higher levels of toxic alkaloids, proved incorrect.
However, the analyses revealed not the steroidal batrachotox-
ins, but instead avariety of simpler bicyclic alkaloids, including
the relatively toxic pumiliotoxins and relatively nontoxic
decahydroquinolines.# The pumiliotoxins and related alkaloids
later were shown to be potent myotonic/cardiotonic agents®
with modulatory effects on sodium channels.® The initial field
work by Myers and Daly led to a thirty year friendship and
collaboration with the aim of analyzing the distribution, nature,
structure and biological activity of akaloids in frog skin.

A major field trip by Myers and Daly in the early 1970s led
to the isolation and structural determination of relatively
nontoxic bicyclic histrionicotoxins,” later established as high-
affinity noncompetitive blockers of nicotinic acetylcholine
receptor-channels (NAChRS).3 Over the next three decades
more than 500 alkaloids of at |least two dozen structural classes
were discovered, most of which have, as yet, not been found
elsewherein nature.8° Thisisremarkable, since the dendrobatid
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Fig. 1 Structures of epibatidine and other alkaloids discovered in skin
extracts from poison frogs (family Dendrobatidae). Batrachotoxin from
Colombian Phyllobates aurotaenia,® pumiliotoxin B from Panamanian
Dendrobates pumilio,# histrionicotoxin from Colombian Dendrobates
histrionicus,” and epibatidine and akaloids 251D, 251H and 341A from
Ecuadorian Epipedobates tricolor.12-14.16

frogs apparently do not synthesize any of their skin alkaloids,
but instead sequester them unchanged into skin glands from
dietary sources' to be used as secreted chemical deterrents to
predators. The search over the past five years for the dietary
sources of the batrachotoxins, pumiliotoxinsand histrionicotox-
ins has been frustrating, but some six classes of relatively
simple decahydroquinolines, piperidines, pyrrolidines and “izi-
dines’ of dendrobatid frog skin have been found in ants, while
certain of the tricyclic and spiropyrrolizidine akaloids occur in
beetles and millipedes, respectively.10.11
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2 Epibatidine

To date, the most clinically relevant discovery among the frog
skin alkaloidswas made by Daly and Myers after an exploratory
field trip to Western Ecuador in 1974. This led to the isolation
of atrace frog skin alkaloid with an analgesic potency that was
two hundred-fold greater than morphine. The initial trip by
Myers and Daly in 1974 provided skin extracts for analysis of
alkaloids from a few specimens of a dendrobatid frog, now
known as Epipedobates tricolor, from two sites in the Rio
Jubones drainage of Southwestern Ecuador near the Peruvian
border. Fortunately, the in vivo effects of the akaloid fraction
from these small samples were assessed by subcutaneous
injection in mice, whereupon a marked Straub-tail reaction was
noted, which is typical for opioid-class akaloids. It appeared
that atrace, previously undetected alkal oid was responsible and
that it might prove to be avery potent opioid of novel structure.
Clearly, further extracts would be required for isolation and
structure elucidation. A subsequent collecting trip by Myersand
Daly in 1976 was both disappointing and successful. The frogs
from one site, a lowland forested cacao plantation, had
inexplicably disappeared. And skin extracts of the same frog
collected in large numbers from nearby banana plantations,
proved on analysis to contain no alkaloids. Some twenty years
later, it is obvious that the dietary sources of the Straub-tail
alkaloid and other akaloids were present in the forested cacao
plantation, but not in the banana plantation. Fortunately, the
frogs (Fig. 2) from a second collection site, a highland roadside

Fig. 2 Ecuadorian poison frog (Epipedobates tricolor). Specimen from
near Santa Isabel, Azuay, Ecuador (Photo courtesy of C. W. Myers).

seepage area, were very abundant and skin extracts were
obtained from 750 frogs. A total of 60 mg of acomplex mixture
of akaloids were isolated. Chromatography yielded 21 mg of
the magjor akaloid pumiliotoxin 251D, the structure of which,
after crystallization and X-ray analysis,*2 provided the neces-
sary insights to the structures of the myotonic/cardiotonic
pumiliotoxins discovered in the mid-1960s in a Panamanian
dendrobatid frog.4 Other akaloids isolated were a deoxy-
pumiliotoxin 251H,13 aunique cyclic ether-containing pumilio-
toxin 341A14 and, of course, the Straub-tail alkaloid. The latter
was characterized as a novel chlorine-containing alkaloid with
an empirical formula of C;;H13N>Cl. On the basis of apparent
molecular ions at 208 and 210, it was initially referred to as
alkaloid 208/210. Mass spectral analysisindicated the presence
of an aliphatic moiety containing one nitrogen (C4H,N*) and a
highly unsaturated moiety containing the other nitrogen and the
chlorine (C;H;NCI*). Less than 500 ug of relatively pure
material were obtained and the compound was shown to be
200-fold more potent than morphine as an analgesic in mice.
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Even more exciting was the fact that the opioid receptor
antagonist naloxonedid not block either the Straub-tail response
or the hot plate analgesia.

In the late 1970s, the sensitivity and power of NMR
spectrometers was not sufficient to provide definitive structural
data. Further amounts of the alkaloid, later to be named
epibatidine, were needed. However, on subsequent field tripsin
1979 and 1982, skin extracts from frogs at and near the original
highland site proved to have only trace amounts of the Straub-
tail akaloid, while frogs raised in captivity were alkaloid-free
reinforcing a developing hypothesis that a dietary source was
the origin of the alkaloid. It appeared that whatever the dietary
source of epibatidine, it was neither abundant nor widely
distributed.

By 1990, the sensitivity and power of NMR spectroscopy had
advanced remarkably and it was decided that the structure of
epibatidine, now contained in asmall, irreplaceable sample, was
potentially solvable. Vapor-phase FTIR spectral analysis indi-
cated the presence of a chloropyridine moiety. Rather than
attempt a further HPLC purification of pooled fractions
containing epibatidine (a secondary amine) and some pumilio-
toxins (tertiary amines), it was decided by Garraffo, Spande and
Daly to convert epibatidine to a weskly basic N-acetyl
derivative followed by acid extraction of the highly basic
pumiliotoxins from N-acetyl epibatidine. Garraffo demonstrated
a quantitative conversion and complete purification of N-
acetylepibatidine on a few micrograms. Nearly al the pooled
sample of epibatidine was then acetylated and partitioned and
NMR analysis provided the structure of epibatidine, which was
reported in 199215

In addition to Daly’s laboratory, several others embarked at
this point on the synthesis of this remarkably potent analgesic.
In May of 1993, E. J. Corey of Harvard University informed
Daly that his group had synthesized both enantiomers of
epibatidine and three anal ogsin which the chloro substituent on
the pyridyl ring was replaced by hydrogen, methyl or iodo
substituents. These compounds were offered for biological
evaluation and Barbara Badio in Daly’s lab confirmed the
suspicion that the target of activity was the nicotinic acetylcho-
line receptor (NAChR), based both on affinity in binding assays
and functional agonist assays.l® Ray Baker of Merck aso
contacted Daly in May of 1993 and provided additional (+)- and
(—)-epibatidine. In return, Daly supplied Baker’s group with
natural N-acetylepibatidine, so that they could determine the
absolute configuration of the natural compound. The previously
reported potent analgesic activity of natura epibatidine!> was
confirmed for both synthetic enantiomers and shown to be
blocked by mecamylamine, an nAChR antagonist.16 Epibati-
dine had marked analgesic activity at adose of 0.01 umol kg—1,
but at only dlightly higher doses it was quite toxic.

Despite recent statementsin the media, there was no tradition
in Ecuadorian folklore that the skin of Epipedobates tricolor
had analgesic or other medicinal propertiesand, in fact, the frog
was considered locally as an unimportant part of the fauna. At
the time of collection (1975-1976), the scientific collection of
amphibians was not regulated by any Ecuadorian agency; the
samples collected by Daly and Myers were legally exported
from Ecuador with appropriate US Fish and Wildlife import
documentation. In the 1980s, such permit-issuing agencieswere
established in Ecuador and, in 1984, the Convention on
International Trade in Endangered Species (CITES) placed
restrictions on the trade in brightly colored frogs of the
dendrobatid family including Epipedobates tricolor. These
restrictions have greatly hindered further research on akaloids
from such brightly colored frogs.1”

Sincethereport of the structure of epibatidinein 199215 many
synthesesin addition to those of Corey18 and Baker1® have been
forthcoming, the majority involving either an intramolecular
nucleophilic cyclization or a Diels-Alder condensation to form
the 7-azabicyclo[2.2.1]heptane ring system.20-23 An extensive
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set of citationsto synthesesis also availablein ageneral review
on akaloids from amphibian skin.®

Invitro and in vivo studies on the activity of epibatidine and
its analogs at various NAChR subtypes were facilitated by the
early commercia availability of racemic epibatidine and both
enantiomers. This compound has now become a ligand of
choice for any investigation of nAChRs. [3H]Epibatidine was
developed as a high-affinity radioligand for the study of
nAChRs by Kenneth Kellar at Georgetown University.2425 An
125] analog of epibatidine has been used for autoradiography,26
while 18F and 13C analogs have proven useful for in vivo
positron emission tomography (PET).27-29

In animals, tolerance to the analgesic effects of epibatidine
was minimal for the unnatural (+)-enantiomer and modest for
the natural (—)-enantiomer,30 and hence epibatidine had the
potential for long-term treatment of chronic neuropathic,
arthritic or cancer-élicited pain. However, a mgjor obstacle to
the clinical utility of epibatidine as an analgesic was its very
limited therapeutic index, the result of its lack of marked
selectivity towards the multiple nAChR subtypes.31.32 Indeed
the separation between efficacy and seizuresin miceislessthan
five. Thus, while the proof of principle had been established for
NAChR ligands being potent anal gesics, further research efforts
were focused on developing safer synthetic compounds that
retained the analgesic potency and lack of tolerance develop-
ment observed with epibatidine, while minimizing the tox-
icity.33.34

3 Nicotinic analgesics

An ongoing research program, initiated at Abbott Laboratories
in 1990, was targeted towards developing selective o432
neuronal NAChR agonists for the treatment of Alzheimer's
disease and had identified ABT-418,35.36 which wasin Phase I
clinical trials for Alzheimer’s disease in the 1994 time frame.
This compound was subsequently discontinued due to afailure
of the compound to differentiate from placebo. ABT-418 was
however, shown to have cognition-enhancing activity in an
acute trial in Alzheimer’s disease patients3” and in a pilot trial
for attention-deficit hyperactivity disorder.38 A natural exten-
sion of the activities of the Abbott group, led by Stephen
Arneric, was to examine the spectrum of other beneficial
activities known to be associated with (—)-nicotine including
the weak analgesic effects of the alkaloid first reported in
1932.39 |n 1993, evaluation of anumber of compounds from the
Abbott chemical library in acute analgesia models led to the
identification of the pyridyl ether A-87048, which wasfound to
have analgesic activity at adose of 6.2 umol kg—1, providing an
impetusfor the group at Abbott to pursue the analgesic potential
for novel nAChR ligands4° an initiative subsequently re-
inforced by the report on the discovery of the nicotinic
mechanism of action of the potent analgesic epibatidine.16
Structures of nicotine and several synthetic nicotinic agonists
are shown in Fig. 3.
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Fig. 3 Nicotine and synthetic agonists for nicotinic acetylcholine
receptor-gated channels.

In addition to commercially available racemic epibatidine
and its enantiomers, 500 other compounds resulting from
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synthetic chemistry efforts at Abbott led by Mark Holladay
were evaluated for analgesic activity4® with the goa of
identifying compounds with analgesic efficacy and reduced
activity at autonomic and neuromuscular nNAChRs. For exam-
ple, the azetidine-2-pyridyl ether analog A-85380, a very potent
and selective agonist for «432 nAChR binding sites in brain,
was a potent analgesic but retained some of the same toxicities
as the frog alkaloid.#142 Subsequent medicina chemistry
around the azetidine pharmacophore led to ABT-5944345 g
compound that had reduced interactions with autonomic and
neuromuscular NAChRs (Table 1) and was eventually selected

Tablel Pharmacologica comparison of (+)-epibatidine and ABT-594. A
potency ratio of 1 indicates equal potency, while higher numbersindicate a
6-3700-fold greater potency for epibatidine. Data from references 32, 45
and 49

Potency Ratio (ABT-594

Measure versus epibatidine)
Binding2
«4B2 (3H-Cytisine)
Rat (whole brain) 1
Human (K177 cells) 1
«7 (125]--Bungarotoxin)
Rat (whole brain) 60
Human (K28 cells) 60
«1B10y (251-«-Bungarotoxin)
Torpedo 3700
In Vitro Function
Human a4p2 (K177)b 8
Human «3px ganglionic-like (IMR32 cells)p 49
Human o7 (Xenopus oocytes)c 43
Effects in Mice (i.p. dosing)
Antinociception (hot-plate)d 6
Acute lethaitye 30

a ABT-594 Ki/Epibatidine K;. ® ABT-594 ECso/Epibatidine ECs; deter-
mined by 8Rb* efflux assay. ¢ ABT-594 ECso/Epibatidine ECsq; deter-
mined electrophysiologically. 9 ABT-594 Maximally Effective Dose/
Epibatidine Maximally Effective Dose. e ABT-594 Approximate Lethal
Dose/Epibatidine Approximate L ethal Dose.

as a potential clinical lead. In vitro pharmacological profiling
subsequent to theidentification of itsfavorable analgesic profile
in vivo, showed it to be selective for the cloned human «4f32
NAChR with reduced affinities for «3p4 and neuromuscular
NAChRs (Table 1). The compound was also without significant
activity at 73 other neurotransmitter receptor and uptake sites.
The analgesic activity of ABT-594 in acute (Hargreaves hot
box), chemical (formalin test) and neuropathic (Chung) pain
models was equivalent in efficacy to morphine but the
compound was 30-100-fold more potent than morphine.43-45
The effects of ABT-594, like those of epibatidine, were
antagonized by nAChR antagonists (e.g. mecamylamine, chlor-
isondamine), but not by an opioid antagonist, natrexone.
Unlike nicotine and epibatidine, ABT-594 had an improved
therapeutic index in regard to its potential cardiovascular
liabilities. Unlike morphine, ABT-594 had no effect on
respiration or gastrointestinal motility and, in a 5-day twice a
day dosing regimen in the Chung neuropathic pain model,
showed no evidence of tolerance44 In the same model, the
analgesic effects of morphine decreased with time.

Whilekey clinical dataare not yet available on the efficacy of
ABT-594, thiscompound and epibatidine have renewed interest
in the study of the role of NnAChRs in pain perception. This led
to the examination of antisense oligonucleotides to the o4
subunit demonstrating that the absence of this subunit attenu-
ated nicotinic-induced analgesia.4¢ Other studies by Jean-Pierre
Changeux and Imad Damaj,47 using knockout mice lacking both
the o4 subunit and 32 subunit of the nAChR, showed that both
subunits were critical to the modulation of pain perception.
However, these findings do not conclusively point to the «432
subunit combination as being the only nAChR involved in
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analgesia, since other nAChR agonists with potent and selective
activity at «4f32 receptors (e.g. ABT-418) lack robust analgesic
effects.

Despite the excitement generated by the discovery of
epibatidine and its role in rekindling active interest in pain
mechanismsinvolving nAChRsand ahost of publications, there
is still much to be learnt especialy in regard to the anatomical
site(s) of action of both epibatidine and ABT-594. An 18F
analog of A-85380 has been recently described as anew tool for
PET scanning of nAChRs* which, together with 18F and 13C
analogs of epibatidine,2”-2° is sure to aid in these efforts.

4  Current status

The first report on ABT-594,43 published in Science in January
of 1998, had wide media coverage. Daly and Williams were
contacted by US TV networks and Garraffo appeared on CNN.
The discovery of ABT-594 was also covered in the Financial
Times and the New York Times. During these heady times, at
least two US network TV crews requested permission from
Abbott to shoot video footage of the frogs and were disap-
pointed to find that not only did Abbott not have a photogenic
colony of Epipedobates tricolor, but that no one at Abbott had
actually seen the frog beyond photographs in various publica-
tions. Furthermore, Daly’s group at the NIH had no frogs and
had not actually worked with the frogs since early breeding
efforts in 1980.

A challengefor both Daly and the Abbott group wasto ensure
that the chronology of the finding of epibatidine and the
development of ABT-594 were correctly attributed. Numerous
reports in both the US and international press mistakenly
indicated that Abbott was developing epibatidine rather than
ABT-594 as an analgesic. In fact, there have been no efforts to
develop epibatidine for clinical use. ABT-594 was conceived at
Abbott Laboratories by Holladay’s group and is the subject of
international patents on composition of matter for this novel
NAChR agonist.

The discovery of epibatidine is noteworthy from the
perspective of the continued importance of natural product
research and its transition to applied biomedica research.
Without the long-standing interest of Daly and Myers in frog
alkaloids and their potential pharmacologica activities, it is
highly unlikely that epibatidine and its potent analgesic
properties and the subsequent determination of its mechanism
of action would have ever occurred. While there was consider-
ableinterest in both the academic and industrial communitiesin
efforts to synthesize epibatidine as documented above, it was
not until the mechanism of action of epibatidine was determined
by Badio and Daly26 that the value of this novel frog alkaloid
wasfully appreciated. Questionsremain to be answered asto the
specific NAChR constructs involved in mediating the analgesic
actions of epibatidine as well as nicotine and ABT-594. The
dietary source of epibatidine remains to be discovered. In
addition, over 100 trace akaloids whose structures remain
undefined, have been detected in frog skin extracts,® presenting
yet more challenges for the future.
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