




198 binienda et al.

Figure 2. Effects produced by Cocaine on the Cortical Power Spectra. Cocaine was
injected at 20 mg/kg i.p. Power values calculated as percent of the 30 min baseline power recorded
after saline injection (assigned as a value of 100% in each band). Mean ± SEM; n=3 rats.
*p < 0.05 signiÞcantly different from baseline.
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19910. ibogaine neurotoxicity assessment

Figure 3. Effects Produced by Cocaine Injected at 20 mg/kg i.p. and Ibogaine
Pretreatment at 50 mg/kg i.p. 1 hr Prior to Cocaine. Power values calculated as percent of the
30 min baseline power recorded after saline injection (assigned as a value of 100% in each band).
Mean ± SEM; n=3 rats. *p<0.05 significantly different from baseline.
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tested for their antiepileptic activity, induced a paradoxical enhancement of
electrographic seizures that preceded suppression of status epilepticus (28). IBO,
like MK-801, stimulates corticosterone release (29) and corticosterone has been
shown to increase susceptibility to seizures (30).

III. Other Studies on Ibogaine Neurotoxicity
at FDA/NCTR

A. Neurochemistry

Although ibogaine has been known to produce effects on multiple neurotrans-
mitter systems, the neurochemical basis of ibogaine’s effects is still poorly
understood. Several reports have suggested that acute administration of ibogaine
alters the extracellular concentration of dopamine and its metabolites in different
regions of the rat and mouse brain (9,12). However, we have reported that
pretreatment with ibogaine failed to alter either the spontaneous activity of
ventral tegmental dopamine neurons, or the response of these dopamine neurons
to morphine or cocaine (31). The excitatory effects of ibogaine on ventral
tegmental dopamine neurons are not long lasting, nor does ibogaine persistently
alter cocaine- or morphine-induced changes in dopamine neuronal impulse
activity.

In our collaborative time course study reported earlier (11), adult, male, CD
strain Sprague-Dawley rats were treated with a single injection of ibogaine (50
mg/kg, i.p.). They were sacrificed at 15, 30, 60, 120 minutes, and 24 hours later
by decapitation. Trunk blood was collected and brains were dissected into
different regions. We have shown that acute injection of ibogaine produced a
significant increase in blood plasma prolactin levels within 15 and 30 minutes.
While prolactin was observed to return to the control level by 120 minutes
(Figure 4a), the corticosterone concentration that increased within 15 minutes
returned to the control level by 24 hours after ibogaine treatment (Figure 4b).
Besides neuroendocrine alterations, ibogaine produced significant changes in
monoamine neurotransmitter systems. A single injection of ibogaine produced a
significant reduction in the dopamine concentration in the striatum after 30, 60,
and 120 minutes. Dopamine levels returned to control values after 24 hours. The
dopamine metabolites (DOPAC and HVA) increased significantly within 15
minutes after ibogaine administration and remained elevated up to 120 minutes.
While HVA returned to the control level, DOPAC concentration decreased to
below control values 24 hours after ibogaine administration. In the frontal cortex,
the concentration of dopamine decreased 30 minutes after ibogaine injection and
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returned to control values within 60 minutes (Figures 5a and b).
The endocrine profile observed in our ibogaine study resembles those obtained

with the administration of other 5-HT releasing agents, such as fenfluramine (32).
Our data suggest that ibogaine effects, like fenfluramine, might be mediated via
stimulation of the serotonergic system. Ibogaine administration elicits a
serotonergic-like syndrome, such as tremors and forepaw treading, and
interactions between ibogaine and serotonergic system have been reported
(11,13). In addition, the affinity of ibogaine for the 5-HT transporter is higher than
for the dopamine transporter (10). Ibogaine produced time-dependent changes in
the dopamine system, which also have been reported by several laboratories,
including ours (9-12,15). However, these effects do not involve ibogaine binding
to dopamine receptors (13,19). Ibogaine displays different dopamine transporter
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Fig. 4. Effects of Saline (1 ml/kg, i.p.) or Ibogaine (50 mg/kg, i.p.) on Plasma Prolactin (A)
and Corticosterone (B) in Adult Male Rats. Trunk blood was collected immediately before
and at 15, 30, 60, 120 and 1440 minutes (24 h) after ibogaine administration. Data represent mean ±
S.E.M. of n=4-8 rats/group.
*p<0.05 compared to saline treated group (Adopted from Ali et al.[11]).



binding affinity depending on the radioligand used to label these sites. Therefore,
different domains may be present on the dopamine transporter protein that binds
to ibogaine.

The neurochemistry/neurobiology of ibogaine is complex, and the binding of
ibogaine to the multiple target sites in the central nervous system, and the coacti-
vation of multiple transmitter systems, probably accounts for the diverse actions
of this alkaloid, including its putatively antiaddictive effects.

B. Neurohistology

In addition to a structural resemblance to 5-HT, ibogaine is closely related
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Fig. 5. Effects of Ibogaine (50 mg/kg, i.p.) on DA, DOPAC and HVA Concentration in the
Striatum (A) and Frontal Cortex (B) of Adult Male Rats. Rats were sacrificed (n=4-8 rats/
group) immediately before and at 15, 30, 60, 120 and 1440 min (24 hr) after ibogaine administration.
Values are expressed as % of control of the data pooled from saline-treated rats at all time points
(n=20).
*p<0.05 with respect to time zero control (Adopted from Ali et al.[11]).



structurally to harmaline, a tremorigenic agent known to produce neurotoxic
damage to the cerebellum. This observation led O’Hearn and Molliver (17) to
evaluate the neurohistology of the rat cerebellum following acute exposure to 100
mg/kg ibogaine, i.p. As with harmaline, they observed a loss of Purkinje neurons
in the cerebellar vermis, as indicated by several neurohistological biomarkers:
argyrophilic degeneration, loss of calbindin immunoreactivity, astrocytosis, and
microgliosis. Efforts by other laboratories failed to obtain any evidence for the
neurotoxicity of ibogaine in nonhuman primates (33). However, the methods
used in those studies were primarily conventional hematoxylin and eosin (H and
E) staining of paraffin sections, rather than the more specialized techniques of
O’Hearn and Molliver.

Both the nature and the extent of ibogaine neurotoxicity, as well as its efficacy,
must be understood in order that the risks and benefits can be appropriately
balanced to provide the necessary information for regulatory decisions regarding
the therapeutic use of ibogaine in humans. Therefore, our research group at
FDA/NCTR replicated the initial observations of O’Hearn and Molliver (6,17),
using their specialized neurohistological methods, which included degeneration-
selective silver-staining of dead (argyrophilic) neurons, as well as several
immunohistochemical approaches. We sought to eliminate, as much as possible,
the controversy that had been generated during the early 1990s regarding their
initial observations of ibogaine neurotoxicity. Just as O’Hearn and Molliver had
reported, we also observed that a single i.p. dose of 100 mg/kg ibogaine produced
“patches” of dead cerebellar Purkinje neurons (6). These “patches” comprised
clusters of perhaps five to eight adjacent, or nearly adjacent, neurons that had died
and become argyrophilic within a week after the ibogaine injection (6). Similar
sized “patches” were observed by using antisera to reveal the enhanced presence
of glial fibrillary acidic protein (GFAP; an astrocyte-specific protein) (6,17). As a
third method to identify neuropathology, we highlighted the appearance of
normal cerebellar Purkinje neurons by immunostaining the dense deposits of
calbindin contained in each cell body. IBO treatment (100 mg/kg) resulted in
similar “patches,” each again about five to eight neurons long, where no
calbindin-immunoreactive neurons could be observed (6,17). Our data thus
strongly supported the initial report of ibogaine neurotoxicity (17), using
essentially the same treatment and evaluation approaches (6). A third independent
evaluation by Molinari et al. (7), using degeneration-selective silver-staining, has
also confirmed the occurrence and character of ibogaine neurotoxicity in the rat
cerebellum following 100 mg/kg, i.p., but not after a lower dose of 40 mg/kg, i.p.

Finally, our own recent dose-response study once again replicated the several
previous observations of ibogaine neurotoxicity one week following doses of 100
mg/kg i.p. and additionally evaluated doses of 75, 50, and 25 mg/kg in female
rats. This investigation also demonstrated the dose-response relationship, for each
of the three different neuropathological techniques, by which ibogaine produced
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signs of Purkinje cell damage. A dose of 25 mg/kg was the highest level at which
no observable adverse effects (NOAEL) of ibogaine occurred in any of the rats
evaluated by any of the techniques in our study. The most sensitive procedures
seemed to be immunohistochemistry for GFAP in the cerebellar cortex and the
silver stain for degenerating axons in the deep cerebellar nuclei. Both of these
methods detected the effects of 50 mg/kg ibogaine in the same two rats (out of a
total of six) that were tested at this dose. Clearly neurotoxic effects of ibogaine
were apparent in all six rats dosed with either 75 mg/kg or 100 mg/kg of ibogaine.
However, the degenerating “patches” of Purkinje neurons were narrower, and
fewer of their degenerating axons (as projections terminating in the deep
cerebellar nuclei) could be observed in the 75 mg/kg compared to 100 mg/kg rats
(34).

As mentioned previously, ibogaine shows a close structural resemblance to
melatonin and 5-HT, whose receptors are widely distributed in the cerebellum,
and throughout the entire brain. We were interested in exploring other
histological biomarkers, such as c-fos, to comprehensively demonstrate the
localization of brain cells activated by ibogaine (35,39). These data on regional
c-fos responses may be compared to the effects of ibogaine on EEG described
above. Previously, localization of c-fos activation has been compared to EEG
findings for the convulsant neurotoxicants such as kainic acid and domoic acid
(36,37). Under control conditions, only scattered and occasional neuronal nuclei
express immunoreactive c-fos, an early-immediate gene product, located
throughout the brain. However, stimuli resulting in the generation of neuronal
action potentials have been shown to effectively initiate c-fos expression (38).
Indeed, in our studies, exposure to 100 mg/kg of IBO evoked a widespread
pattern of c-fos expression that served to indicate the specific regions of the brain
that were most affected by ibogaine (39).

We believed that mapping the locations of c-fos activation might afford further
insight into both the therapeutic and neurotoxic actions of ibogaine, so that the
two might be dissociated. Intact excitatory input to the Purkinje neurons is
required for the neurotoxic action of either harmaline or ibogaine (17). This may
be demonstrated by using systemic injections of the neurotoxicant 3-aminopy-
ridine to lesion the inferior olive, which provides the climbing fibers that ascend
from the brainstem and innervate the Purkinje neurons. Under these circum-
stances, neither harmaline nor ibogaine can effectively produce cerebellar
neurotoxicity (17). It was interesting to note that c-fos in the nuclei of the inferior
olivary neurons was greatly increased following ibogaine exposure (39, and see
Figure 6). Patches of cerebellar Purkinje neurons and their nearby granule cells
also were strongly stimulated to express c-fos (39). Thus, it is likely that
ibogaine’s excitation of this pathway, which contains endogenous glutamate
and/or aspartate, each capable of causing “excitotoxic” neurotoxicity, is sufficient
to explain the loss of Purkinje neurons that was observed.
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However, many other regions of the rat brain, where no neurotoxicity can be
observed, are also induced into increased c-fos expression by ibogaine (39, and
see Figures 6 and 7). These especially include neurons located throughout the rat
neocortex, as well as the granule cells of the dorsal blade of the hippocampal
dentate gyrus, and the pyramidal neurons of the hippocampal CA1 region.
Ibogaine’s strong activation of c-fos in the hippocampus may well relate to its
induction of the EEG theta rhythm, as we previously observed (24), since theta
rhythms are thought to arise from the hippocampal CA1 region in rats (40).

20510. ibogaine neurotoxicity assessment

Fig. 6. A. and B. Ibogaine-induced c-fos restricted mainly to layer II of the mouse cortex, but, in the
rat, considerable c-fos activation occurs throughout the deeper cortical layers, as well. C. Ibogaine
induces many c-fos-immunoreactive neuronal nuclei in the inferior olive. These neurons project
excitatory climbing fibers to innervate the Purkinje neurons of the cerebellum.
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