Engineering Safer Psychedelics for Treating Addiction

Jamie Peters'2 and David E Olson345

Department of Anesthesiology, University of Colorado Denver, Anschutz Medical Campus,
Aurora, CO, USA. 2Department of Pharmacology, University of Colorado Denver, Anschutz

Neuroscience Insights

Volume 16: 1-4

© The Author(s) 2021

Article reuse guidelines:
sagepub.com/journals-permissions
DOI: 10.1177/26331055211033847

®SAGE

Medical Campus, Aurora, CO, USA. SDepartment of Chemistry, University of California, Davis,
Davis, CA, USA. “Department of Biochemistry and Molecular Medicine, School of Medicine,
University of California, Davis, Sacramento, CA, USA. 5Center for Neuroscience, University of

California, Davis, Davis, CA, USA.

ABSTRACT: Addiction is best described as a disorder of maladaptive neuroplasticity involving the simultaneous strengthening of reward cir-
cuitry that drives compulsive drug seeking and weakening of circuits involved in executive control over harmful behaviors. Psychedelics have
shown great promise for treating addiction, with many people attributing their therapeutic effects to insights gained while under the influence of
the drug. However, psychedelics are also potent psychoplastogens—molecules capable of rapidly re-wiring the adult brain. The advent of non-
hallucinogenic psychoplastogens with anti-addictive properties raises the intriguing possibility that hallucinations might not be necessary for
all therapeutic effects of psychedelic-based medicines, so long as the underlying pathological neural circuitry can be remedied. One of these
non-hallucinogenic psychoplastogens, tabernanthalog (TBG), appears to have long-lasting therapeutic effects in preclinical models relevant to
alcohol and opioid addiction. Here, we discuss the implications of these results for the development of addiction treatments, as well as the next
steps for advancing TBG and related non-hallucinogenic psychoplastogens as addiction therapeutics.
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Addiction, like many other neuropsychiatric disorders, is the
product of pathological neuroplasticity—structural and func-
tional changes in neural networks that result in altered informa-
tion processing and ultimately manifest as maladaptive behaviors.
However, the majority of currently available drugs for treating
addiction are intended to curb withdrawal and/or reduce crav-
ings (eg, methadone, naltrexone, acamprosate, etc.). None
directly target the underlying pathological neural circuitry of
addiction. Like addiction, post-traumatic stress disorder (PTSD)
has been described as a disease of learning and memory, with
addiction and PTSD involving maladaptive plasticity in circuits
encoding drug reward or trauma, respectively.! These structural
and functional changes support long-lasting drug-cue or trauma-
related memories that drive continued drug seeking in the case
of addiction and pervasive fear in PTSD. The goal of cognitive
behavioral therapy is to overwrite these deleterious associative
memories; however, the adult brain has a limited capacity for
plasticity. As a result, pharmacological approaches to enhance
neuroplasticity have been used to facilitate cognitive behavioral
therapy. In principle, small molecules capable of selectively pro-
moting plasticity in key circuits could be used to combat diseases
of learning and memory like addiction and PTSD without
requiring therapy. Of the many brain regions involved in addic-
tion, the prefrontal cortex (PFC) is a particularly attractive target
for selective modulation by small molecules.

The PFC plays a critical role in the pathophysiology of
addiction due to its ability to regulate limbic reward circuitry,
modulate attention, and exert top-down control over drug-
seeking behavior.? The inability to perceive negative conse-
quences of substance use is a defining characteristic of addiction
that can lead to hazardous use, social or interpersonal problems
related to use, and physical or psychological problems related to
use—3 of the 11 criteria used to define substance use disorder
(SUD) in the Diagnostic and Statistical Manual 5 (DSM-5).
This “myopia for the future” has also been observed in patients
with lesions to the ventromedial PFC.3

Numerous neuroimaging studies have observed abnormal
PFC function in patients suffering from SUDs and alcohol use
disorders (AUD).? Additionally, many drugs of abuse are
known to impact the structure of cortical neurons, with reduced
gray matter volume in the PFC being a hallmark of various
SUDs including addiction to alcohol, heroin, methampheta-
mine, and cocaine. These structural and functional changes in
the PFC are believed to worsen the disease by reducing execu-
tive control, exacerbating impulsivity, and leading to deficits in
the extinction of drug-cue memories.1*¢ Therefore, pharma-
cological strategies aimed at restoring PFC structure/function
are hypothesized to have the potential for treating a variety of
SUDs (Figure 1). Broadly speaking, the pathologic memories
associated with the addicted brain are driven by overactive,
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Figure 1. Hypothesized mechanism explaining the anti-addictive properties of TBG. The rodent medial PFC includes the infralimbic (IL), prelimbic (PL),
and anterior cingulate (AC) cortex, which exert top-down control over a number of subcortical brain regions. Addiction is characterized by atrophy of
neurons in the PFC (ie, the retraction of neurites and loss of dendritic spines). TBG-induced growth of cortical neurons is predicted to enhance the
excitability of these neurons, thus re-establishing top-down corticolimbic control.
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Figure 2. Structural similarities of ibogaine, 5-MeO-DMT, and TBG. The common N, N-dimethyltryptamine core of all 3 molecules is highlighted.

TBG

bottom-up mesolimbic circuits, while therapeutic memories
involve top-down corticolimbic circuits. Thus, treatments that
enhance activity in corticolimbic circuits are potentially useful
for treating addiction and related disorders involving cortical
atrophy such as PTSD and depression.

Perhaps the most straightforward approach for modulating
such circuits is to change the structure and/or function of the
atrophied cortical neurons in the addicted brain. The term
“psychoplastogen” was introduced to describe drugs that pro-
duce such “mind-molding” effects.” Ketamine, an NMDA
receptor antagonist, is perhaps the most well-known psychop-
lastogen. It induces rapid structural plasticity in the PFC and
has shown promise for treating addiction in addition to other
diseases involving cortical atrophy such as PTSD and depres-
sion. Classic psychedelics also produce psychoplastogenic
effects including the growth of dendritic spines and the forma-
tion of new synapses.® Though many psychedelics are con-
trolled substances, most are not addictive, and in fact, many
have shown promise as anti-addictive therapeutics.>1® While
some researchers believe that the hallucinogenic properties of
psychedelics play an essential role in their therapeutic mecha-
nism of action,!! the potent psychoplastogenic effects of psych-
edelics make it difficult to ascribe their therapeutic efficacy
solely to psychological or neurobiological underpinnings.
Hallucinogenic medicines are unlikely to become first-line
treatments for mental illnesses because many patients, (1) are
reluctant to take them, (2) are unable to take them due to

contraindicated co-morbidities or genetic predispositions, or
(3) are unable to afford taking them given the costs associated
with medically supervised psychedelic sessions. If structural
remodeling of the brain in the absence of hallucinations is suf-
ficient to drive an anti-addictive phenotype, a larger number of
patients could potentially benefit from non-hallucinogenic
medicines inspired by psychedelic science.!?

Recently, we described the design, synthesis, and evaluation of
tabernanthalog (TBG)—a non-hallucinogenic psychoplastogen
with structural similarities to ibogaine and 5-MeO-DMT
(Figure 2).1% Both ibogaine and 5-MeO-DMT have shown
promise for treating addiction,'! but their hallucinogenic effects
and cardiotoxicity have limited their therapeutic potential. The
improved safety profile of TBG is encouraging given that it pro-
duces ibogaine-like efficacy in behavioral assays relevant to addic-
tion. Moreover, TBG seems to work across addictive disorders,
having demonstrated efficacy in assays relevant to treating both
alcohol and heroin use disorders. Future research should deter-
mine if TBG’s anti-addictive properties extend to other sub-
stances such as nicotine, cocaine, and methamphetamine, as there
are currently no FDA-approved drugs to treat cocaine or meth-
amphetamine addiction. Therapeutic strategies capable of
addressing multiple addictions simultaneously are rare, which
emphasizes the uniqueness of a circuit-based approach to treating
mental illness through restoration of PFC function. In fact, a sin-
gle dose of TBG has recently been shown to rescue circuit-level
deficits in the cortex induced by chronic unpredictable stress.!
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Figure 3. TBG specifically reduces motivation to seek heroin. (A) TBG (30mg/kg, IP) or vehicle (VEH) was administered to male Wistar rats 30 minutes
prior to a progressive ratio test of motivation to seek food or heroin (separate tests). TBG selectively reduced break points for heroin, but not food (planned
comparison, 2-tailed t-test, *P <.05). Motivation to seek heroin is typically much greater than motivation to seek food. However, after administration of
TBG, motivation to seek heroin and food were comparable. (B) Using male Wistar rats, we replicated the long-lasting effect of TBG on cued relapse for
heroin (42.5mg/kg cumulative dose, IP). This effect was specific to heroin relapse, and not food relapse (same test). Only VEH-treated rats relapsed at
higher rates for heroin than for food (2-way RM ANOVA, Sidak’s post-hoc, *P <.05, +++P <.001).

The gold standard behavioral tests for measuring addiction
in rodents are self-administration models, wherein animals
self-regulate their own intake of drug by performing an oper-
ant response, typically a lever press, to obtain drug reward (ie,
an intravenous infusion of heroin). Thus, we probed the thera-
peutic potential of TBG over multiple time points in a heroin
self-administration model in rats. TBG potently inhibited
heroin taking during self-administration, as well as heroin
seeking when heroin was no longer available. Our initial stud-
ies found that the acute effects of TBG were not specific to
heroin, as TBG also acutely inhibited lever pressing in animals
trained to self-administer sucrose. Many researchers would
tend to discount these “nonselective” effects on sucrose taking
and seeking as performance deficits, but that might not be
accurate given that TBG may be acting on circuits involved in
both drug and nondrug rewards.'” Moreover, TBG-treated
animals did not exhibit any gross locomotor deficits while
engaging in the operant task, so we were interested in perform-
ing additional experiments to determine if the ability of TBG
to acutely reduce heroin taking and seeking was truly the result
of a performance deficit.

We trained animals to self-administer food or heroin by
pressing distinct levers. Each reward was paired with a unique
tone or light cue. After animals learned to self-administer both
tood and heroin, we subjected them to a progressive ratio test
designed to assess their motivation to obtain each reward. The
progressive ratio test has been used as a reliable measure of moti-
vation because over the course of the test, the ratio requirement
to obtain the reward is progressively increased on an exponential
scale. Eventually, the animal reaches a break point, a price that
the animal considers to be too high to obtain a single reward.
When tested under these conditions, acute administration of
TBG selectively reduced break points for heroin, but not food
(Figure 3A). It is possible that the “nonselective” effects of TBG
on sucrose taking that we reported previously may have been
due, in part, to the low-price conditions of that test. When

response requirements were raised, as in the progressive ratio
test, a selective effect on motivation to seek heroin emerged.

In addition to acutely decreasing heroin seeking, a single
administration of TBG protects against heroin relapse for at
least 2weeks. This long-lasting reduction in relapse rate was
specific to heroin (ie, it was not observed in controls trained to
self-administer sucrose) and is perhaps the most striking find-
ing related to the anti-addictive properties of TBG. During
self-administration, animals learn to associate the rewarding
experience of drug administration with paired lights and tones.
During extinction training, the rewarding drug is no longer
available; animals learn that drug seeking is now futile, and
drug seeking behavior is reduced. However, when exposed to
drug cues (eg, lights and tones), pathological memories are
activated that drive compulsive drug-seeking behavior leading
to relapse. In such models, the PFC is a central regulator of
relapse, perhaps in part due to the conflict that is created by
extinction training.

Evidence suggests that extinction does not result in erasure
of drug-cue memories that promote drug seeking, but rather
creates a new, inhibitory memory trace that opposes this drive,
resulting in active suppression of drug seeking. This notion is
supported by findings demonstrating that deactivation of the
infralimbic cortex—a subregion of the PFC—is sufficient to
trigger relapse in these models.’'8 The infralimbic cortex serves
a similar function in extinction of learned fear memories in
animal models of PTSD, and brain-derived neurotrophic fac-
tor (BDNF) in the PFC is central to this type of therapeutic
memory.” As mentioned above, the PFC is an important site
of action for the antidepressant effects of psychoplastogens,
and BDNF signaling is believed to play a key role in their
effects on structural plasticity.? Thus, we hypothesize that
structural plasticity in the infralimbic cortex might mediate the
sustained anti-addictive effects of TBG (Figure 1). Using a
photoactivatable Racl, Liston and co-workers recently demon-
strated that ketamine-induced spine growth in the PFC was
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responsible for its antidepressant effects in rodents.?! A similar
approach could be used to probe the importance of structural
plasticity in the anti-addictive effects of TBG.

Drugs that produce long-lasting anti-addictive effects after a

single administration are rare. Going forward, it will be important
to determine whether added benefit is conferred by additional
doses of TBG, and over what time frame. To mimic conditions
that are likely to be used in clinical trials, we tested an increasing
dose regimen of TBG in our preclinical heroin model—first with
a dose of 2.5mg/kg, then 10mg/kg, and finally 30 mg/kg, with
each administration spaced a few days apart. Thus, the cumulative
dose was 42.5 mg/kg (compared to a single dose of 40 mg/kg used
previously). Under these conditions, we again observed that TBG
produced a long-lasting protective effect on heroin, but not food
relapse (Figure 3B). These data provide the first internal replica-
tion of the long-lasting effect of TBG on heroin relapse and
extend the finding to a cumulative dosing regimen. Though there
are many additional steps toward translating these preclinical
findings with TBG to the clinic, the data thus far are incredibly
encouraging. Future studies should examine other dosing regi-
mens, with multiple high doses of TBG, to enhance or extend the
duration of TBG’s therapeutic effects on relapse. Additionally,
mechanistic studies are needed to define both the receptors and
circuits that mediate TBG’s anti-addictive properties. Finally,
clinical studies in humans will be absolutely necessary for con-
firming and extending these preliminary findings.
We now know that through careful chemical design, it is
possible to engineer non-hallucinogenic analogs of psyche-
delics capable of promoting structural neuroplasticity in cor-
tical neurons. TBG is only one of several non-hallucinogenic
psychoplastogens recently disclosed.?223 It will be interesting
to see if other non-hallucinogenic psychoplastogens like
AAZ-A-154 (AAZ) produce similar anti-addictive effects,
or if the therapeutic properties of TBG are unique to its ibo-
gaine-like scaffold. We suspect that other psychoplastogens
will also prove useful for treating addiction. Compounds that
modulate neural circuits originating in the PFC that control
drug-seeking behavior, motivation, and anxiety, have enor-
mous potential for treating not only multiple SUDs, but also
comorbid diseases such as depression and post-traumatic
stress disorder (PTSD). Addiction is rarely an isolated dis-
ease, and compounds that simultaneously treat co-morbid
conditions have a greater chance of achieving robust efficacy.
While psychedelics have provided the blueprint for develop-
ing these types of circuit-modifying therapeutics, non-hallu-
cinogenic psychoplastogens like TBG have distinct
advantages that make them more likely to reach a larger
patient population.
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