Nonhuman Primate
Models of Drug

Addiction
Michael A. Nader, Ph.D.

Departments of Physiology & Pharmacology and Radiology

Center for Research on
Substance Use and Addiction

@ cnter for the

Jeurobiology of
Ia\ddiction
N reatment

X\ Wake Forest”

School of Medicine

NIH Council of Councils Meeting: May 18, 2018



“Any disease - including drug addiction - depends for its

spread on the three necessities: a susceptible individual,

an infecting substance and an environment where the two
can meet.” James Mills, LIFE magazine, March 5, 1965

‘We are animals in a worid no one knows’

& |LIFE| sSEriES 1IN TWO PARTS




Cost to Society - $720 Billion/year

2016 Monitoring the Future Study
Prevalence of Past Year Drug Use — 12t Graders

Over 47 million used an illicit or non-prescribed drug



What We Study in Animal Models

Vulnerability Maintenance Treatment
Genetic Co-morbidity Behavioral
Environmental Alternative Drug TX

Reinforcers



o+ Millions of Years Ago

Humans-
Chitpanzees
Eonohos
Gorillas

Orangutans

OLD WORLD PRIMATES | M. mulatta M. fascicularis
e Rhesus monkey  Cynomolgus monkey
* phylogenetic, neuroanatomical
Macaques
neurohormonal similarity
» within-subjects designs
e longitudinal studies
Capuchins
Larg . : .
e © SOCIAl hierarchies

e« complex behaviors
» females: ~ 28 day menstrual cycle

From Living Links, Yerkes National Primate Research Center, Emory University



| [ History

-~ Env. Context
Sex

Social variables

Similar cocaine histories
Similar current patterns of self-administration
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Monoamine reuptake blocker
DAT: 173 nM

COOCH Tyrosine
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Vulnerability Baseline D2-like receptors
e Individually housed males
 Socially housed males and
females

Maintenance p2-like receptor changes
« Long-term consequences of
cocaine exposure

Treatment
 Personalized medicine approach
 Non-pharmacological interventions

Abstinence



AGENT

Tobacco

Alcohol

Illicit drugs
Cannabis
Cocaine
Stimulants
Anxiolytics
Analgesics
Psychedelics
Heroin

Inhalants

‘Table 24-2 Dependence among Users 1990-1992

EVER USED" % ADDICTION %
75.6 24.1
91.5 14.1
51.0 7.5
46.3 4.2
16.2 2.7
15.3 1.7
12.7 1.2
9.7 0.7
10.6 0.5
1.5 0.4
6.8 0.3

RISK OF ADDICTION %

31.9
15.4
14.7
9.1
16.7
11.2
9.2
7.5
4.9
23.1
3.7

Data from Anthony et al. (1994); cf: O’'Brien (2011)




D2/D3 Receptor Availability and Sensitivity to

Stimulants
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Volkow et al. (1999) Am J Psychiatry 156: 1440-43



Does D2/D3R Predict Rates of Cocaine SA?
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Baseline D2 DVR

Significant correlation between D2 DVR and response rate

Nader et al. (2006) Nature Neuroscience 9: 1050-1056.



Social Housing: a model of
chronic stress & enrichment

Social rank based on
outcomes of agonistic
encounters (i.e. fights)

Cynomolgus macaques

Most

Dominant 1 Dominants:

> greater access to resources
> groomed more by others

Subordinates:

> receive more aggression \4

> spend more time alone Most

> are groomed less often subordinate



Vulnerability to Cocaine Use

What are some of the neurobiological, neuroendocrine and
behavioral predictors and consequences of cocaine use?

Individually-housed (n=20)

Hormonal profiles
Locomotor reactivity

Socially-housed (n=4/group)

Hormonal profiles
Social behavior

Cocaine self-administration



Individually D2 receptor levels are not trait
Housed variables for social rank

Eventual dominant monkey
2.51 * 12 (n=5)

Eventual subordinate monkey
2.49 = .04 (n=5)

Morgan et al. (2002) Nature Neuroscience 5: 169-174



Individually Socially D2 receptor I_evels
Housed Housed are state variables

for social rank
D B .
-1%
Subordinate

Morgan et al. (2002) Nature Neuroscience 5: 169-174



Individually Socially

Housed Housed REINFORCERS
(per session)
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Morgan et al. (2002) Nature Neuroscience 5: 169-174



Dominant
Enriched

Protected
| DA;t D2 density

Subordinate

Stressed
Vulnerable
tDA;1D2 density



Sex Differences?

Females who start using cocaine are 3-4 times more
likely to become cocaine dependent within 24 months
of cocaine onset, as compared to male recent-onset
users (O’ Brien and Anthony, 2005).

43,
Displeasurable (32 years old) | Subordlnate
" monkeys: Morgan et al. (2002)
‘ [

Pleasurable (30 years old)
[''C]Raclopride

humans: Volkow et al. (1999)

rats: Dalley et al. (2007)



Menstrual cycle influences D2 receptor availability
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D2 receptor availability increased in
dominant females Group

Housed

”
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Nader et al. (2012)

Social Housing
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Male monkeys Female monkeys
» D2/D3 receptor availability » D2/D3 receptor availability greater
greater in dominants in dominants

e initial cocaine SA greater in <
subordinates

» | °acquisition of cocaine SA greater
in dominants

e CSF HVA, 5-HIAA : dom = sub » | CSF HVA: sub >dom:;

e CSF 5-HIAA: sub >dom

e basal cortisol: dom = sub
« ACTH challenge: dom = sub

* basal cortisol: dom > sub
« ACTH challenge: sub >dom

X X X X

e testosterone: dom > sub » > E and PG: dom = sub

* DAT availability: dom > sub
Morgan et al. (2002); Czoty et al. (2009); « SERT availability: dom = sub
Riddick et al. (2009); Nader et al. (2012)




Interim Summary

 D2/D3 receptor availability is related to rates
of cocaine self-administration

* |In males, the relationship is negative; In
females It appears to be positive

« Males < follicular females < luteal females

Trait




Interim Summary

« D2/D3 receptor availability increased as a result
of becoming dominant; this protected males, but
not females, from cocaine reinforcement.

e Sub Male < Sub Fem < Dom Male < Dom Fem

Trait Dominant

H11 HHHH-




Decreased Levels of DA D2 Receptors in
Addicted Individuals
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Slide from Nora Volkow



Cocaine and DA D2/D3 receptor distribution

Drug-naive Cocaine history »
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Nader et al. (2006)



Individual Differences in Recovery

Baseline 1 year SA Abstinence

Nader et al. (2006)



Cocaine Deceases D2/D3R Availability Iin
Female Monkeys

] Caudate Nuc
Bl Putamen
B Nuc Accumbens

100 d-—————= -~

75 -

-
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[11C]Raclopride DVR (% Baseline)

25
100 mg/kg 1000 mg/kg 4 mo. abst 9 mo. abst

Treatment condition



Inerim Summary

e Chronic cocaine exposure robustly decreases
D2/D3 receptor availability.

 Pharmacotherapy should increase D2/D3
receptor levels in males and in females.

Trait Env. Enrich Cocaine
o . . o o [ o o o o o . o o

H4+4+ AHH -
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% Cocaine Choice
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Methods: Intruder Condition
(acute social encounter)

« Male cynomolgus macaques (#1 and #4 ranked monkeys)
 Similar age and drug histories
« 45 (FDG) or 30 (SA) minute exposure as intruder

Similar to rodent resident-intruder model (Miczek and colleagues 2004, 2005)




Different Responses to Acute Social
Conditions

Caudate N.

Thalamus/

Gould et al. (2017)

\
Wake Forest School of Medicine
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Individual Differences in Outcome Measures
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Medications for cocaine dependence: dopaminergic strategies

Intrinsic efficacy
FULL dopamine

qguinpirole

1. agonist

apomorphine

2. partial agonist terguride

3. antagonist

NONE
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Czoty & Nader (2015) Neuropsychopharmacology



D,, receptors: Buspirone
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D2-like receptor drugs — male monkeys
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D2-like receptor drugs — male monkeys

NPA-HIGH efficacy ARI-LOW efficacy

| © Baseline | ©- Baseline
Lo @ Day 1 e @ Day1
k] 4 Day5 ] 4 Day 5
S 75 g 75
b * * o
= =
'ﬁ 504 Tgn 50-
- 8 * Q
Dominant = = * 25
_— [
(n —4) 010 e
I" L] L] Ll Ll ﬂ Li L] L L
0 0.003 0.01 0.03 01 0 0.003 0.01 0.03 0.1
Cocaine (mg/kg perinjection) Cocaine (mg/kg per injection)
0.0056 mg/kg NPA 0.03 mg/kg ARI
< Baseline © Baseline
1 - |
01 o Day 1 1001 o Day 1
8 4% Day5 3 4% Day 5
. o 754 o 751
Subordinate § -
§ 504 ® 50
— 5] 5]
(n=5) *
= 25 ® 25
0- 5 oA
ﬁ L] L] L L) " L] L] L] L]
0 0.003 0.01 0.03 04 0 0.003 0.01 0.03 0.1
Cocaine (mg/kg per injection) Cocaine (mg/kg per injection)

Czoty & Nader (2012) JPET



D2-like receptor drugs — female monkeys

HIGH efficacy LOW efficacy
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DA Compounds on Cocaine Choice
Males Females

DOM  SUB DOM  SUB

Buspirone ‘1’ 1‘ 1‘ 1‘
Aripiprazole ‘1’ 1‘ ‘1: —

NPA LR v v

1. Every drug shows rank-related differences in males

2. Sex differences observed in dominant monkeys
3. No drug is effective in all groups



Neonatal Abstinence Syndrome
 Brain Development

« Behavioral Consequences
Evaluating Novel Treatments

 Within-Subjects designs
 Physical Dependence



20 adult rhesus monkeys

- 10 prenatally cocaine exposed
6 42)

- 10 prenatally saline exposed (5
. 5%)

Mean gestational dose: 2200 mg/kg
cocaine

Birth — 11 yrs old: National Center
for Toxicological Research,

Arkansas ~ 26 week gestation



Prenatally Cocaine Exposed
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Neonatal Abstinence Syndrome

*Brain Development — MRl and PET
Behavioral Consequences — Cognition,

Vulnerability
Evaluating Novel Treatments

*Within-Subjects designs
Physical Dependence
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Not Physically Dependent

[JHercin Alone
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Summary & Conclusions

The combination of nonhuman primate social behavior,
models of drug abuse, behavioral pharmacology and
noninvasive brain imaging techniqgues has provided
Important evidence regarding:

1. Social stress and enrichment similarly impact brain D2/D3
receptors in male and female monkeys. However, the

consequences with respect to cocaine reinforcement may
be different.

2. While symptomology may appear similar, the interactions
between genes, environment, chronic drug history can lead
to “apparent” equivocal treatment outcomes.

3. Understanding the biological basis for individual differences
may lead to more effective, sex-specific treatments for
substance use disorders.
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