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Assays using radioligands were used to assess the actions of ibogaine and harmaline on various receptor types. Ibagaine congeners showed
affinity for opiate receptors whereas harmaline and harmine did not. The K; for coronaridine was 2.0 uM at y-opiate receptors. The Ks for
coronaridine and tabernanthine at the d-opiate receptors were 8.1 and 3.1 uM, respectively. Ibogaine, ibogamine, coronaridine and taber-
nanthine had K; values of 2.08, 2.6, 4.3 and 0.15 uM, respectively, for x-opiate receptors. Long-lasting, dose-dependent behavioral effects of
ibogaine have been reported. The possibility that these effects were due to irreversible binding properties of ibogaine at x-receptors was
considered; however, radioligand wash experiments showed a rapid recovery of radioligand binding after one wash. A voltage-de !yendem
sodium channel radioligand demonstrated K, values in the #M range for all drugs tested. Using radioligand binding assays and/or **Cl~ up-
take studies, no interaction of ibogaine or harmaline with the GABA receptor—-ionophore was found. The x-activity of ibogaine (or an active
metabolite) may be responsible for its putative anti-addictive properties whereas the tremorigenic properties of ibogaine and harmaline may

be due to their effects on sodium channels.

INTRODUCTION

Ibogaine and harmaline, indole alkaloids, are part of
a large group of centrally acting drugs that produce
tremorigenic and hallucinogenic effects>>**’; ibogaine is
also under investigation for potential use in the treat-
ment of opiate addiction (U.S. Patent 4,499,096). The
mechanism of action of either of these compounds is not
clearly understood. Affinities of harmaline analogs at
opiate receptors have been reported®; it is possible that
ibogaine analogs might also have affinity for these re-
ceptors and appropriate studies were therefore con-
ducted.

Published reports have indicated that the tremorigenic
properties of ibogaine and harmaline analogs may be
mediated through the GABA receptor-ionophore com-
plex'3-2%23638. our studies were designed to investigate
this hypothesis further. It is also conceivable that trem-
ors are induced by interference with ion conductance or
membrane potentials, since other tremorigenic agents
demonstrate affinity for voltage-dependent sodium chan-
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nels?’; the interactions of ibogaine and harmaline were
investigated at this site.

Many drugs demonstrating hallucinogenic properues
have been shown to be mediated thrqugh agonist inter-
actions at the 5-HT, receptor'. Since ibogaine™
maline?®

and har-
have been reported to produce hallucinations, |
5-HT, interactions were examined.

Using in vitro radioligand binding and functional *Cl~
uptake assays, we investigated mechanisms of action that
may be responsible for the hallucinogenic, tremorigenic
and proposed anti-addictive effects of ibogaine and har-
maline analogs.

+
MATERIALS AND METHODS

Membrane preparation

Neuronal homogenates used in all assays except for studies of
36C1~ uptake and voltage-dependent sodium channels were pre-
pared as followed. Bovine or rat tissue was obtained by dissection
and immediately homogenized in 50 mM Tris-HCl buffer (pH 7.7
at 25°C) containing 10 mM MgSO, and 0.5 mM EDTA. Following
centrifugation for 15 min at 14,000 g the samples were resuspended
in buffer and preincubated for 15 min at 37°C to destroy any en-




dogenous ligands. The homogenates were centrifuged for 10 min
at 14,000 g, resuspended in buffer and recentrifuged before stor-
age at -30°C. Mouse brain vesicles were freshly prepared in 20 mM
HEPES for **CI” uptake studies following standard procedures®.
Mouse brain vesicles prepared for radiolabeled [PH|BTX-B assays
wer¢ made in 50 mM HEPES following published procedures®.
Protein determinations were performed using the Pierce BCA pro-
tein assay™2.

Chemicals

Ibogaine hydrochloride (HCl), harmane HCl, harmaline HCl,
harmine HCI and naloxone HCl were purchased from Sigma Chem-
ical Co. (St. Louis, MO). Racemic coronaridine and racemic ibog-
amine were synthesized by Martin Kuehne and William Bornmann,
University of Vermont, Burlington, VT. Tabernanthine was sup-
piied by P. Potier, C.N.R.S., Institute of Chemistry of Natural
Substances, Gif-sur-Yvette, France. Except for [*H]Carfentanil (80
Ci/mmol), which was custom synthesized by NEN DuPont, Boston,
MA, the [*Hradioligands used are commercially available from
NEN DuPont, Wilmington, DE. In **Cl~ uptake studies ibogaine
and harmaline were prepared and delivered in 0.4 41 DMSO.

Radioligand binding assays

Assays were performed in triplicate for competition studies in 2.0
ml volume containing 800-900 x! buffer, 100 x4l non-specific deter-
minant, 100 ! radioligand and 1 ml tissue homogenate. Positive
controls using drugs with known affinities for each receptor site
were run in parellel in each drug screening. Tubes were incubated
under specific conditions (Table I) and filtered through Whatman
GF/B glass fiber filters with 10 ml cold 50 mM Tris-HCl buffer. The
filters were counted by liquid scintillation spectrometry. Assay con-
ditions for [PH|BTX-B were done as previously described®. Specific
binding was defined as binding in the presence of a saturating con-
centration of competing ligand. Ibogaine or harmaline analogs were
considered inactive at the defined receptor site if there was lack of
inhibition at concentrations above 100 (M.

°CI uptake ‘assays ;
Assay conditions for **Cl™ uptake studies were done following
standard procedures®. Specific GABA-stimulated uptake was cal-

culated as the difference between basal uptake and total uptake in

the presence of GABA (final concentration 20 or 100 gM). Inhibition
of stimulated uptake was determined by comparing *°Cl™ uptake in
the presence of GABA (100 M) and either ibogaine or harmaline
(100 M) to that obtained with GABA alone. A known inhibitor of
*C1 uptake, endrin (10 M), was used as a positive control.

Wash experiment

Centrifuge tubes containing 30 m! of bovine homogenates (282 +
31 pg/ml protein) were incubated with either 50% (v/v) ethanol, 10
nM U-69593 (K; x 10) or 20 uM ibogaine (K, x 10) for 30 min at
37°C. After incubation each tube was vortexed, a 2044 sample taken
for protein determination, and triplicate 1-ml aliquots were taken for
each set of total and non-specific samples. The volume was restored
with buffer to the original tubes, centrifuged at 14,000 g for 10 min,
supernatant removed and the membrane resuspended in 26 ml buffer.
One-ml aliquots were taken from the centrifuge tubes and the volume
restored to 30 ml. This wash procedure was repeated 3 times. After
the last wash procedure the last group of 1-ml aliquots were taken and
the binding assay performed. Total volume of each test tube contained
800 or 900 4! 50 mM Tris buffer, 100 gt [PHJU-69593, 1 ml bovine
peuronal membranes and 100 g (1 uM) naloxone (non-specific deter-
minant). The reaction was initiated by addition of [*H]U-69593 and
the test tubes incubated for 30 min at 37°C. The reaction was termi-
nated by rapid vacuum filtration using Whatman GF/B glass fiber fil-
ters, and washed with 10 mi cold 50 mM Tris buffer. The filters were
counted by liquid scintillation spectrometry in 5 ml ecoscint (National
Diagnostics). Protein determination was performed using the Pierce
BCA assay.

RESULTS

Our initial studies evaluated the potencies of ibogaine
and harmaline for a series of radioligands known to la-
bel a variety of neuroreceptors. Except for the interac-
tion of ibogaine at the x-opiate receptor, neither ibogaine
nor harmaline had significant affinities (K; >100 uM) in
any of the assays listed (Table I). The lack of affinity of
ibogaine or harmaline for serotonin (5-HT) receptors
suggests that the hallucinogenic properties are not being
mediated by the 5-HT, receptor subtype. Ibogaine’s af-
finity for the x-opiate receptor was in the uM range (Fig.
1). Affinities for opiate receptors were demonstrated by
ibogaine analogs, but none were shown by harmaline
analogs (Table II). Because of previous reports regard-
ing ibogaine’s long-lasting drug effects, radioligand wash

TABLE 1

Survey of receptor affinity for ibogaine and harmaline using radio-
labeled binding assays.

Assay conditions followed references cited; all data are represen-
tative of triplicate determinations from 3 experiments using dif-
ferent membrane preparations.

Receptor PH]Ligand Tissue Refs.
Adrenergic
a, prazosin rat cortex 13
bovine cortex
Uy p-amino- rat cortex 30
clonidine calf cortex
B dihydro- rat cortex 18
alprenalol HCI calf cortex
Cannabinoid CP55,940 calf cerebellum 1
Win5212-2 calf cerebellum
Dopamine
D, SCH23390 rat striatum 14
calf caudate 31
D, N-methyl- rat striatum 19
spiperone calf striatum
GABA
A muscimol bovine cortex 3
bovine cerebellum
BZD flunitrazepam rat cortex 6
bovine cortex
Cl™ channel *CI mouse
synaptoneurosome 5
Muscarinic  QNB bovine cortex 37
bovine hippocampus
Nicotinic methylcarbamyl-  bovine cortex 1
choline
Opiate
1 carfentanil bovine cortex 35
o] DPDPE bovine cortex 7
X U69,593 bovine cortex 17
Serotonin
1, DPAT Rat hippocampus 33
1y, 5-HT rat striatum 33
1. mesulergine rat cortex 33
1, 5-HT bovine caudate 8
2 ketanserin rat cortex 34
3 GR65630 area postrema 22
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Fig. 1. Structures of harmaline and ibogaine analogs.

experiments were done to determine if irreversible prop-
erties of ibogaine at x-opiate receptors could be demon-
strated. Readily reversible binding of ibogaine was shown
when competed with [?HJU69593, a specific x-opiate
agonist (Fig. 2).

It has been proposed that the tremorigenic effects of
ibogaine and harmaline are mediated through the GABA
receptor—ionophore complex. However, in competition
studies, neither ibogaine nor harmaline showed inhibi-
tion of binding for [*H]muscimol or [*H]funitrazepam,
GABA, and benzodiazepine specific radioligands, re-
spectively. Functional studies of *Cl~ uptake were done
next. Drug interactions at the chloride channel, benzo-
diazepine or GABA site associated with the GABA re-
ceptor—ionophore complex can be functionally deter-
mined by studying drug induced interactions in *$CI”
uptake. In our studies, neither ibogaine nor harmaline
demonstrated any inhibitory effect on **CI~ uptake (Fig.
3). Additional studies showed that neither ibogaine nor
harmaline enhanced or stimulated **Cl~ uptake (data
not shown). At the concentrations used in our studies,
these results rule out any interactions of ibogaine or har-
maline at the GABA-ionophore complex.

TABLE 11
Affinities of ibogaine analogs for opiate receptors

Data are means (x S.D.) of triplicate determinations from 3 ex-
periments using different membrane preparations. EBDA analy-
sis determined K; values.

Compound K’s (uM) £ S.D.

u 0 K
Ibogaine >100 >100 2.08+0.23
Coronaridine 2.02£0.29 8.1£1.9 4.310.33
Ibogamine >100 >100 2.6120.45

Tabernanthine >100

3.1+0.05 0.15+£0.05

TABLE HI

Affinities of ibogaine and harmaline analogs for voliage-dependent
sodium channels.

Data are means (+ S.D.) of triplicate determinations from 3 ex-
periments using different membrane preparations. EBDA analy-
sis determined K; values.

Compound

K's (M) £ S.D.

Ibogaine 8.1+ 1.3
Ibogamine 7.7 +0.29
Tabernanthine 7.9 + 0.39
Coronaridine 159 £ 20
Harmaline 13.9 £ 0.57
11.5 04

Harmine

Since neither ibogaine nor harmaline showed affinity
for the GABA receptor, we speculated that the tremo-
rigenic effects could be evoked by interference with
membrane potentials or ion conductance. Therefore,
studies were done to determine whether ibogaine or har-
maline interacted at voltage-dependent sodium channels
using [*H]batrachotoxinin A 20-a-benzoate (BTX-B), a
selective radioligand. All analogs tested in this study
showed affinity for the voltage-dependent sodium chan-

nel in the M range (Table 1II).
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Fig. 2. Competition of ibogaine with [*HJU-69593 (1 nM) for the
x-opiate receptor. Data points represent triplicate determinations
of 3 such experiments using different membrane preparations.
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Fig. 3. Reversible binding characteristics of ibogaine at the x-opi-
ate receptor. Data are means of triplicate determinations from one
experiment that is representative of 3 such experiments using dif-
ferent membrane preparations.

DISCUSSION

Results of our radiolabeled receptor survey demon-
strate that ibogaine interacts at the x-opiate receptor
whereas harmaline does not. This k-opiate interaction
may explain the putative anti-addictive properties noted
for ibogaine. Ibogaine has been shown to reduce mor-
phine intake in rat self-administration experiments'?. The
mechanism responsible for this effect is not known, but
it is possible that it is mediated through a g/k-opiate re-
ceptor interaction. Buprenorphine has been shown to
suppress cocaine and opiate drug dependency'®?'. The
mechanism of action of buprenorphine is not clear but
an interaction between u- and x-opiate receptors may be
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Fig. 4. The effect of preincubation with ibogaine (18 «M), har-
maline (100 «M) and endrin (10 M) on GABA-stimulated il
uptake by mouse brain vesicles. Data are normalized for buck-
ground *°C1™ uptake in the absence of drug. Bars show standard
errors for 3 determinations and * was significant at P < (.05 (paired
-test).
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a contributing factor in its anti-addictive properties. Pre-
treatment with naloxone can block the effects produced
by buprenorphine but, if naloxone is administered after
treatment with buprenorphine, then the effects cannot
be blocked®. This suggests that the dissociation rate of
buprenorphine is quite slow. Membrane wash experi-
ments were carried out to determine whether ibogaine
irreversibly or slowly dissociates from x-opiate receptors.
Although these membrane wash experiments do not pro-
vide precise kinetic measurements, they can be used to
determine crude kinetic indices. Wash experiments
showed a rapid recovery of competitive [*H]U-69593
binding after one series of membrane washing. There-
fore, long-lasting behavioral effects of ibogaine'>? are
not due to an irreversible association at the x-opiate re-
ceptor. However, we cannot rule out the possibility of
an active metabolite whose half-life outlasts that of
ibogaine, and which may also interact with x-opiate re-
ceptors.

Published reports have indicated harmaline may act at
the GABA receptor-ionophore complex'>282%38  Re.
sults in our laboratory do not support this hypothesis.
Neither ibogaine nor harmaline inhibited the binding of
[*H]muscimol, a GABA , agonist, thereby ruling out an
effect at the GABA recognition site. The neuronal ben-
zodiazepine (BZD) receptor site is also intimately asso-
ciated with GABA receptors. Harmaline and ibogaine
analogs both produce tremors indicating possible BZD
receptor interaction'”. The f-carbolines 8-CCM, -CCE
and DMCM (methyl-S-carbolines-3-carboxylate, ethyl-f3-
carboline-3-carboxylate and 6,7-dimethoxy-4-ethyl-8-car-
boline-3-carboxylic acid methyl ester, respectively) are
inverse BZD agonists®®. Since harmaline (I-methyl-7-
methoxy-3,4-dihydro-g-carboline) is a f-carboline, it
might be expected that harmaline would also demon-
strate agonist properties at the BZD receptor. It has
been reported that an analog of harmaline, harmane
(ethyl-1-methyl-B-carboline-3-carboxylate) readily com-
peted with [’H]flunitrazepam (FLU)®, a specific agonist
for the BZD binding site. Preliminary screening in our
laboratory also showed harmane readily competed for
(FLU) binding (data not shown). Therefore, [*H]FLU
was used here as a radioligand to determine whether
harmaline interacts with the BZD site. Our studies
showed that neither ibogaine nor harmaline had any ef-
fect at this binding site. There are obvious structural dif-
ferences between the f-carbolines that are known to act
at the BZD site and harmaline. It has been speculated
that the carboxylate group at the 3-position of the ff-car-
boline structure is responsible for the interaction of
B-CCM, B-CCE and DMCM at the BZD site®. Harma-
line does not possess the 3-carboxylate group, hence the
lack of interaction at the BZD site. Another possible site
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which ibogaine or harmaline could be acting through is
the chloride ionophore within the GABA receptor-ion-
ophore complex, which can be assessed by either [**S]T-
BPS (t-butylbicyclo-phosphorothionate) binding or ¢C1-
uptake studies. If ibogaine and harmaline act at this site,
they should inhibit **Cl~ uptake, since agents acting at
this C1” channel (TBPS, picrotoxinin and endrin) all act
as channel blockers; however, neither ibogaine nor har-
maline had any effect on inhibition or enhancement of
CI™ uptake suggesting a lack of interaction at the GABA
receptor complex. Therefore, the tremorigenic proper-
ties of ibogaine and harmaline are not directly mediated
via the GABA site.

We speculated that ibogaine- and harmaline-induced
tremors may be the result of interference with ion con-
ductance or membrane potentials. Classes of compounds
such as the chlorinated hydrocarbons and dihydropyra-
zoles which demonstrate tremorigenic properties are
known to elicit their effects through voltage-dependent
sodium channels'®?. In preliminary screening experi-
ments ibogaine and harmaline analogs inhibited the
binding of a voltage-dependent sodium channel-specific
radioligand, [*’H]BTX-B, in mouse depolarized neuronal
preparations. The inhibition of BTX-B binding indicates
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