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Treatments for Substance Use Disorders

Morphine maintenance clinic
created (1919-1924

Model of rehab
created (1948-1950

Methadone introduced
for addiction (19

FDA approves buprenorphine
for clinical use (200

Varenicline
(Chantix) (2006)

1919 2006 2020




Medications Used To Treat Substance
Use Disorder

Barriers:

Stigma

Governmental regulation
Science-based novel treatments

Behavioral Therapies
Cognitive Behavioral Therapy

Contingency Management
Motivational Enhancement Therapy Group/ Family Thera







Neurodevelopment

Environmental
factors
(e.g., stress,
impoverished conditions,
early drug exposure)

Drug use
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control
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Neurobiology of Addiction

NAc (ventral striatum; Nucleus accumbens): reward
expectation; goal-directed behavior

DS (Dorsal striatum): habit formation
PFC (Prefrontal cortex): cognitive control

OFC (orbitofronal cortex): goal-directed behavior,
motivational drive; cognitive flexibility

AMG (amygdala): emotional regulation; drug-
seeking behavior

HIPP (hippocampus): memory

VTA (ventral tegmental area): reward, cognition,
s €motional regulation




Impaired Cortical Function in Drug-Addicted Subjects and
Individuals With Orbitofrontal Cortical Lesions

* Poor decision

* Poor impulse control

« Emotional lability

* Rapid temporal discounting of
rewards




Ventral Striatum (nucleus accumbens and reward)

Reut Avinun et al. J. Neurosci. 2017:37:9724-9729

Dorsolateral Striatum =
responsible for the stimulus—
response (S—R) associations;
habitual responding

Associative striatum (caudate
nucleus) = Crucial for the

learning and expression of goal-
directed actions; involved in the
selection of actions that lead to

reward

Ventral striatum (NAc) =
Reinforcement




Amygdala

Craving
Cue reactivity
Emotional regulation
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Wiers et al., Am J Psychiatry, 2015




Neurobiology of Addiction

Drug USE EUPHORIA

SYNAPTIC
(DA)

—

Drug URGES
DYSPHORIA

Dopamine

Glutamate

GABA
Nucleus accumbens Opioid

// ‘ Endocannabinoid




Treatment Development

Human molecular

studies _ _
Neurobiological Clinical Studies
targets
Preclinical Animal Models
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Molecular Insights: Human Brain




Transcriptional Profile of Heroin Abusers
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Dysregulation of Glutamatergic Genes and Epigenetic
Remodelers in the Striatum of Human Heroin Abusers

Glutamaterqgic system

- Glutamatergic-related genes
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EpiGenetics
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Addiction — Complex Disorder
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Describes the study of mechanisms by which genes are turned on or off without altering their
genetic code or DNA sequences.




Epigenetics
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Dysregulation of Epigenetic Remodelers in the
Striatum of Human Heroin Abusers Predict

Increased Acetylation and Transcription
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Epigenetic Marks Related to Transcriptional
Activation Correlate to Glutamatergic Impairments

=
-

06

Control Heroin Abusers

V)

x @& 14
| -

g 2 & & .. 12
o — o ||
S &

[

C 0.8 @ 08 1
Q

D

o

L

e
B

0.4
o] 0.8 1 12 06 038 1 12

Glutamate r‘%c_eptor gene expression
- piie

Years of heroin use

Egervari et al., Biological Psychiatry, 2016

A BN
.



Translational: Consistent Hyperacetylation in the Rat
Heroin Self-administration Model
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Bromodomain and Extraterminal (BET) Inhibitors -
Potential Drug Abuse Treatment?

Bromodomain complex binds acetylated histones
BET domain proteins reads acetylated lysine residues

) 400
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Chromatin

DNA Histone Differentiation and growth arrest

Modified from Taverna and Cole, 2010




Bromodomain and Extraterminal (BET)
Inhibitors - Potential Drug Abuse Treatment

Heroin self-administration behavior can be reduced
by specific epigenetic inhibitors
Heroin self-administration 80 B \ehicle
Bl BET inhibitor
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Egervari et al., Biological Psychiatry, 2016
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Epigenetics

Epigenome sequencing
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Molecular Neurobiology of Opioid Abuse

Most significant epigenomic change in
neurons relate to the FYN gene

Control
120+ Heroin

ATAC signal

Histone Tails A 4 .‘ h 0 T T T T T T T T T T T 1
0 50 100 150 200 250 300 350 400 450 500 550 600
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Synaptic
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Dendritic Tau . Protein Translation

Synaptic Dysfunction and Dendritic Spine Retraction

Nygaard et al., Alzheimer's Research & Therapy, 2014



FYN — (tyrosine kinase) is a component of the
Increased phosphorylated-Tau in synaptic machinery that regulates the
the brains of heroin users phosphorylation of Tau; hyperphosphorylated Tau
is a pathological feature of neurodegenerative

disorders (tauopathies)
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Inhibiting FYN (that reduces pTau) reduces
heroin self-administration in animal models
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Fyn Expression Regulates Heroin
Seeking Behavior

Knockdown of Fyn Reduces Cue-Induced
Reinstatement Behavior
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Fyn Medication Development

Saracatinib (AZD0530)

Heroin self-administration

- Dibid

Specific epigenetic and synaptic dysregulation associated with
heroin abuse linked to glutamatergic pathology may provide
targets for treatment development
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Egervari et al., Nature Commun. 2020
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Epigenetic Mechanisms

Prenatal and Adolescent THC exposures induce
protracted alteration of epigenetic modifications

Environment

. ~control gene activity

T
P e ey e .
e T At TP R
SR ¥ L RPN
. .. - . . . v g - ¢ 2 v
. by N .
" o . Lo L A

DNA

: -
4 L
o | - ’.‘,‘ .:'.'_.i, .
il ons )
|

Synaptic Plasticity

tone Tails

neuron parn

| . b neuran projection
o gl &

nes et R,

‘t‘..".;;‘v;:,\ptw':d";,;_‘

o ,':.'_g,-‘_,r,.f}ng;;,‘.‘: Synapse

R pis

W, 53

e ":,.;n‘ )‘: s > Synapse pas
A N

intrinsic companent of presynaptic memuirane

synaptic memorane

|['mumgigsn!un"q"nmvm"

integral component of presynaptic memiirane

0.0 0.5 1.0 1.5 20 25 10
logys FOR gvalus

AR LI FIL T ST FE?I mEgIp




Cannabis contains over 500 chemicals including >140
cannabinoids which have a greater or lesser degree of
psycho-pharmaco-activity



THC and CBD: Cannabinoids with Different Actions

Sl Reward

THC

CBD

THC Intoxication
Anxiety

short-term memory deficit, impaired judgement, impaired motor coordination,
THC tachycardia, sedation, withdrawal symptoms




CBD Reduces Cue-induced Reinstatement
of Heroin-Seeking Behavior

Cannabidiol

24hr prior to heroin reinstatement session

ek Vehicle
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Ren et al, Journal Neuroscience, 2009 Initial training ' Drug seeking




Distinct Effects of THC and
CBD On Heroin Vulnerability

AS-THC CBD
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Heroin Abuse is Characterized by Impairments of
Glutamatergic Transmission

Dopamine — reward
Glutamate — excitatory neurotransmission; modulate
reward system; drug seeking Nucleus accumbens

Synaptic plasticity
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CBD Normalizes Heroin-Induced
Alteration of AMPA Glutamate Receptor
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CBD Normalizes Heroin-Induced Alteration
of the Cannabinoid CB1 Receptor

+ Nucleus
4% accumbens

Average Integrated Intensity

Accumbens Medial Lateral

core
Accumbens shell

[] saline [] Heroin Bl Heroin
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CBD promotes dendritic remodeling indirectly through CB; and/or CB, receptors and
Increases synaptic protein expression:
Fogaca et al., Neuropharmacology, 135:22-33, 2018.




Cannabidiol as Potential Treatment
Intervention for Opioid Relapse: Double-
Blinded Placebo Control Study

Double-blind, Randomized, Placebo-Controlled: Participants with Opioid Use Disorder

Day 1 Day 2 Day 3 Day 10

—

Prescreen Session 1 Session 2 Session 3 Session 4
tests
*CBD/PI *Cue tests *CBD/PI *Cue tests
*Cue tests *CBD/PI *Cognitive tests




Cue-Induced Effects: Craving
VAS-C

(7 days post CBD/Placebo)

15

0.5

-0.5

CHANGE FROM BASELINE

Placebo 400mg CBD  800mg CBD
1.5

VAS, Visual analog scale Hurd et al., Am J Psychiatry, 2019
7 2,




Cue-Induced Effects: Anxiety
VAS-A

(7 days post CBD/Placebo)
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VAS, Visual analog scale Hurd et al., Am J Psychiatry, 2019




Cannabidiol Reduces Cue-induced Physiological
Measures of Stress — Cortisol Levels

30

Neutral cue Drug cue
20

m _—
T T T T!T

% change from baseline
o
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I 400 mg CBD ‘
800 mg CBD
-30
15 mins 35 mins 15 mins 35 mins

Time Post-cues

Hurd et al., Am J Psychiatry, 2019




Cannabidiol Reduces Cue-induced Physiological
Measures of Stress — Heart rate

Neutral cue Drug cue

110 110
105 105 /_/\\
100 +—= A
| 95

Percent change from baseline
[
o
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95
-2
90 90
85 I Placebo 85
I 400 mg CBD
50 800 mg CBD -
1 2 3 4 5 6 1 2 3 4 5 6

Samples post first cues

Hurd et al., Am J Psychiatry, 2019
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Cannabidiol holds promise for
opioid use disorder treatment —
craving and anxiety

Effective dose, treatment
regimen....needs to be fully
determined

Treatment for specific features of
OUD (and other substances)?

Formulations/delivery systems
need to be develope




Medical Cannabidiol?

Effects of CBD on Reinstatement: Alcohol
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Psychiatric Comorbidity
with
Substance Use Disorders

25 [

B All respondents

20 [ B Any mood disorder

[l Any anxiety disorder

Any Drug Opioids Amphetamines Cocaine Marijuana

Anxiety and Major depression are the most common
disorders comorbid with drug abuse (conway 2006, NIDA 2010)




*
ﬂ Dynorphin: opioid neuropeptide; dysphoria

AHA = amygdalohippocampal area
AB = accessory basal nucleus

Co = cortical nuclei

PAC = periamygdaloid cortex

Anderson et al., J. Clinical Investigation, 2013
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Prodynorphin mRNA in the Rat PAC is Reduced Following
Heroin Self-Administration during the Acute Stress Withdrawal

Period
Pdyn mRNA in PAC Crf mMRNA in CeA
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DREADD-Assisted Metabolic Mapping
(DREAMM)

Map behavior to neurochemistry Manipulate neurochemistry & behavior

Behavioral

Chan
r den\'

hM4Di — Gi coupled
CNO - clozapine-N-oxide

=M DREAMM

(FDG-UPET)

DREAMM: Whole-brain functional anatomy of PAC Pdyn-expressing cells

In vivo imaging

Viral vector
1

e~ g

Inert agonist targeting
the designer receptor

Michaelides et al., J Clinical Investigations, 2013




Chemogenetic inhibition of Prodynorphin Neurons
In the PAC Activates the Extended Amygdala

Nucleus Accumbens Shell

Bed Nucleus of the
Stria Terminalis (BNST)

Medial Amygdala Nucleus

Central Amygdala Nucleus

Central amygdala, bed nucleus stria
terminalis and nucleus accumbens
shell (L. Heimer & G. Alheid 1991)

[*] Roles:
— Adaptive motivational behaviors

— Maladaptive response to fear,
anxiety and stress

[»] Dysregulation of the extended
amygdala has been implicated in
psychiatric disorders

Anderson, Michaelides et al., J Clinical Investigations, 2013
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