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Development of Methadone Maintenance
Treatment — 1964 Onward

Hypothesis (1964)
Heroin (opiate) addiction is a disease — a “metabolic disease” — of the brain
with resultant behaviors of “drug hunger” and drug se [f-administration,
despite negative consequences to self and others. Heroin addiction is not__
simply a criminal behavior or due alone to antisoci al personality or some
other personality disorder.

1964 Initial clinical research on development of treatme nt using methadone

maintenance pharmacotherapy and on elucidating mech anisms of efficacy.
Dole, V.P., Nyswander, M.E. and Kreek, M.J.: Narco tic blockade. Arch. Intern. Med. , 1966.

Dole, Nyswander and Kreek, 1966, 2008
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Functional State
(Methadone)

Impact of Short-Acting Heroin versus Long-Acting
Methadone Administered on a Chronic Basis in Humans

1964 Study and Opioid Agonist Pharmacokinetics:
Heroin Versus Methadone

Systemic
Bioavailability
After Oral
Administration

Limited

"High" (<30%)

"Straight"

"Sick"

Apparent Plasma
Terminal Half-life
(t,, Beta)

3min

(30min for active
6-acetyl-morphine
metabolite;

4-6h for morphine
and active
morphine-6-
glucuronide
metabolite)

Major Route
of Biotrans-
formation

Successive
deacetylation
and morphine
glucuronidation

"High" Essentially

Complete

"Straight" (>70%)

"Sick"

24h for racemic
mixture

(48h for active
[R](l)-enantiomer,
using GC-MS with
stable isotope
technology)

N-demethylation

AM PM AM |t| PM AM
BEVS
Dole, Nyswander and Kreek, 1966; Kreek et al., 1973

:1976; 1977; 1979; 1982; Inturrisi et al, 1973; 198 4




Methadone Maintenance Treatment
for Opiate (Heroin) Addiction

Number of patients currently in treatment: ~ 1 million worldwide

USA: ~ 250,000 Europe: ~ 500,000 Rest of world: ~200,000

Efficacy in “good” methadone treatment programs using adequate doses
(80 to 150mg/d):

Voluntary retention in treatment (1 year or more) 50 — 80%

Continuing use of illicit heroin 5 —20%
Actions of methadone treatment:

* Prevents withdrawal symptoms and “drug hunger”

» Blocks euphoric effects of short-acting narcotics

» Allows normalization of disrupted physiology

Mechanism of action:  Long-acting narcotic provides steady levels of
opioid at specific receptor sites.
* methadone found to be a full mu opioid receptor ago nist which
internalizes like endorphins

* methadone also has modest NMDA receptor complex ant  agonism)
Kreek, 1972; 1973; 2008




Natural History of Drug and Alcohol
Abuse and Addictions

> 80% without

Primary Possible Utility of Vaccines Medications Useful pharmacothergpy
Prevention and Selected Medications and Needed relapse to addiction
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Initial Use of Sporadic Regular  Addiction Early Protracted
Drug of Abuse Intermittent Use Withdrawal Abstinence

; Use (abstinence)

Progression < 20% sustain
ADDICTION: Compulsive drug seeking behavior abstinence with no
and drug self-administration, without regard to specific medications

negative consequences to self or others
(adapted from WHO).

Kreek et al., Nature Reviews Drug Discovery , 1:710, 2002




Factors Contributing to Vulnerability
To Develop a Specific Addiction

—Use of the drog of abuse esserntral (1009%)——

Genetic Environmental
(25-60%) (very high)

* DNA * prenatal
* SNPs * postnatal
* other » contemporary
polymorphisms * CUes
e comorbidity
* Stress-responsivity

/ \ e neurochemistry

- bentid * synaptogenesis
peptides Drug-Induced Effects « behaviors

* MRNA levels

 proteomics

(very high)

Kreek et al., 2000; Kreek et al., Nature Reviews Dr ug Discovery , 2005




Development of an Addiction

e Drugs alter normal brain networks and chemicals

» “Rewarding” or “pleasurable” effects of drugs
(the so-called “reinforcing effects”) involve:
— Dopamine
— Endorphins (acting at Mu Opioid Receptors )

« “Countermodulatory” response to reward involves:
— Dynorphins (acting at Kappa Opioid Receptors )




REWARD — Mu Opioid Receptor-Endorphin System:
Chronic Cocaine in Rat Increases Mu Opioid Receptor
Density, But With No Increase in Mu Endorphins

Cocaine

Control Cocaine

Relative “endorphin deficiency” develops
and persists for an extended time.
Unterwald et al., Brain__ Res., 584:314 1992




Persistent Upregulation of MOR After 14-day Withdra  wal
from Chronic “Binge” Cocaine Administration in Rats:
Development of a Relative Endorphin Deficiency?

Saline Cocaine
fmol/mg  Saline (S) Cocaine (C) Withdrawal (SW) Withdrawal (CW)

Bailey, et al, Synapse , 2005




Chronic Morphine Self-Administration in Extended (1 8h)
Sessions: Significant Dose Self-Escalation and Resu  Itant
Reduced Morphine Stimulated [ 3°S]JGTP S Binding in

Thalamus (and in Amygdala — Not Shown) in Rats

r T Self-escalation
@ Nonescalation

@® Control

[
J

4 5 6 7
Self-administration Session

001 30 i Kruzich, Chen, Unterwald & Kreek,
* Significant P < 0.05 ' Morphine, M Synapse, 47:243-249 2003




Mu Opioid Receptor Knock-Out Mice

 No morphine or other mu agonist analgesia
* No heroin or morphine self-administration

* No heroin or morphine induced conditioned
place preference

e Attenuated self-administration of cocaine
e Attenuated self-administration of alcohol

[Different knock-out constructs and multiple resear ch groups, including Kieffer,
Uhl, Yu. Pintar, Loh, with, e.g., Maldonado, Paster nak, Hoellt, Roberts]

Reviewed in Kreek et al., Nature Reviews Drug Disc __overy, 1:710-726, 2002




REWARD — Mu Opioid Receptor Directed siRNA (MUMR1) w hen infused
Into the Substantia Nigra-Ventral Tegmental Area At  tenuates Heroin-
Induced Locomotor Activity and Prevents the Develop ment of
Conditioned Place Preference to Heroin (3mg/kg) in Mice

p<0.02
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Tuschl, Landthaler... Zhang, Schlussman, and Kreek, Ne ___uroscience 158:474-483, 2009




COUNTERMODULATION — Chronic Cocaine Increases
Kappa Opioid Receptor Density in Rat, But Kappa
Opioid Receptor Directed “Dynorphins” Also Increase

1 2

Cocaine

4

Control Cocaine

Dynorphin Acting at the Kappa Opioid Receptor Lower
Dopamine Levels and Prevents Surge After Cocaine

Spangler et al., Mol. Brain Res.

, 38:71, 1996;

Unterwald et al., NeuroReport

. 5:1613, 1994




Natural Dynorphin A, ,; and Also Salvinorin Lower
Basal Dopamine Levels in Mouse Striatum: Effect on
Cocaine-Induced Dopamine and Persistence of Effect

10 Infusion and Injection
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=@~ aCSF+Eoc (15mg/kg)
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Zhang et al, Psychopharm. , 172:422, 2004, Zhang et al., Psychopharm. , 179:551, 2005
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Hypothesis — Atypical Responsivity to Stressors:
A Possible Etiology of Addictions: HPA Axis

Atypical responsivity to
hypothalamus stress and stressors may, in
part, contribute to the

persistence of, and relapse
CRE to self-administration of
T drugs of abuse and
Endogenous pituitary addictions. Such atypical
Opioids Sahie stress responsivity in some
(mu) individuals may exist prior to
use of addictive drugs on a
L, - Cortisol genetic or acquired basis,
Opioid and lead to the acquisition of

Antagonists drug addiction
o (ot RS

Metyrapone

Kreek, 1972; 1981; 1982; 1984 ... 2008
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lateral hypothalamus, with projections to nucleus
accumbens and ventral tegmetnal area, modulate drug
Induced reward and stress response to drug

withdrawal

Projections to multiple brain
regions, including locus
coeruleus and raphe nuclei,
iInvolved in arousal and

attention

Perifornical area
Lateral hypothalamus Dorsomedial

hypothalamus

Orexin/hypocretin neurons

\ 7

Stress

Zhou et al., Brain Res , in press, 2010




Localization of stress responsive gene
MRNAS In specific brain regions and pituitary
of adult rodents

CPu | VTA | NAc |[Amy Hip |
MOP-r + + + +
CRF +

CRF-R, +
AVP
Vv, R
POMC
MC2R

Orexin
OX;R + d + d +d
OX,R +d 4+ d

a Zhang et al., 2009; PWachira et al., 2007; ¢ Johren et al., 2001; ¢ Trivedi et al., 1998. All other
data from Zhou et al. 1996 and unpublished data; Zh  ou et al., Brain Res , in press, 2010.




“Binge” Pattern Cocaine Administration Effects
on CRF mRNA Levels in Rat Hypothalamus and
Plasma Levels of ACTH and Corticosterone

1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

*

pg CRFMRNA/
ug total RNA

1.4

1.2 saline

1.0 1 day cocaine (15mg/kgx3)
0.8 3 day cocaine (15mg/kgx3)

0.6 14 day cocaine (15mg/kgx3)

0.4 *
0.2
0.0

1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

Corticosterone,
ng/ml

Saline 14 Day

Zhou et al., 1996
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Cocaine Self-Administration by Rats Under
Extended Access Conditions: Effects on
Plasma Corticosterone Levels

All Days:

Cocaine dose (mg/kg/inf):
0.25
0.5
1.0
2.0

Plasma Corticosterone

5 3 4 ] 4 5., 1 4
Self-Administration Day SA DAY Withdrawal

Mantsch et al., 2000



Heroin, Cocaine, and Alcohol Profoundly Alter
Stress Responsive Hypothalamic-Pituitary-Adrenal
(HPA) Axis: Normalization during methadone treatmen

» Acute effects of opiates ‘ Suppression of HPA Axis

« Chronic effects of short-acting (decrease levels of HPA
opiates (e.g., heroin addiction) hormones)

Opiate withdrawal effects *

Opioid antagonist effects Activation of HPA Axis
Cocaine effects * (increase levels of HPA

Hormones)
Alcohol effects

Chronic effects of long-acting
opiate (e.g. methadone in
maintenance treatment)

Normalization of HPA Axis

* Our challenge studies have shown that a relative
and functional “endorphin deficiency” develops.

Kreek, 1972; 1973; 1987, 1992 ... 2008




Dissecting the Hypothalamic-Pituitary-Adrenal
AXIs In Humans:
Single-Dose (2.259) Metyrapone Effects

hypothalamus

anterior
pituitary
Endogenous

Opioids POMC
(mu — inhibition)

(kappa — ? activation) b-End ¢ )

ACTH ()

/ @
\Y etyrapone Kreek, 1973, 1978, 2006: Kreek et al.1984:

Schluger et al, Neuropsychopharmacology , 24:568, 2001; 2006
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Exaggerated Metyrapone Response In
Cocaine Addicted Methadone Maintained
Former Heroin Addicts

C-MM (n=8)
== MM (n=10)
=0 NV (n=21)

Plasma ACTH - AUC

: |
NV MMT C-MMT
9 AM 1 PM PM
> (n=21) (n=10) (n=8)

*p<0.05 TDSM-IV diagnosis of opiate with or w ithout cocaine dependence

Cocaine addiction is associated with hyperresponsiv ity of the stress
responsive HPA axis to the removal of glucocorticoi d negative
feedback, even in the setting of methadone maintena  nce.

Findings suggest : reduced opioidergic tone and/or increased
sensitivity to negative feedback control by glucoco rticoids during

cocaine addiction. Schluger et al., Neuropsychopharmacology _, 2001




Dissecting the Hypothalamic-Pituitary-
Adrenal Axis In Humans:
Selective Opioid Antagonist Testing

Endogenous
Opioids
(mu — inhibition)
(kappa — ? activation)

Opioid
Antagonists

hypothalamus

CRF

anterior
pituitary

POMC

b-End

Cortisol ACTH

Kreek, 1984, 1998; 2006



Nalmefene Causes Greater HPA Axis Activation
Than Naloxone in Normal Human Volunteers
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Time after injection (min) Time after injection (min)

30 mg nalmefene 30 mg naloxone placebo (n=23)
10 mg nalmefene 10 mg naloxone (n=10 for each antagonist condition)

Schluger et al., 1998




Genetic Variants of the Mu Opioid Receptor:
Single Nucleotide Polymorphisms in the Coding Regio
Including the Functional A118G (N40D) Variant

HYPOTHESIS

Gene variants: “~
(A118G)

» Alter physiology
“PHYSIOGENETICS”

 Alter response to
medications
“PHARMACOGENETICS”

» Are associated with
specific addictions

Bond, LaForge... Kreek, Yu, PNAS , 95:9608, 1998




Binding and Coupling to G Protein-Activated, Inward \Y,
Rectifying K *(GIRK) Channels by Endogenous Opioid Peptides to
the Prototype and A118G Variant Mu Opioid Receptor
100 100
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Fraction Maximum
Current Response

-10 -9 -8 -/

-6
Log [Endomorphin -1(M)]

- -8 -7/ -6
Log [ b Endorphin (M)]
Bond, LaForge... Kreek, Yu, PNAS , 95:9608, 1998




Association Between a Functional
Polymorphism in the mu Opioid Receptor
Gene and Opiate Addiction in Central Sweden

All Subjects Swedish with Both Parents Swedish

Genotype

Controls
(n=170)

Opiate
Dependent
(n=139)

Controls
(n=120)

(n=67)

A/A

147
(0.865)

08
(0.705)

104
(0.867)

46
(0.687)

AIG

21
(0.123)

39
(0.281)

15
(0.125)

19
(0.283)

2
(0.012)

2
(0.014)

1
(0.008)

2
(0/030)

Opiate Dependent

RR =2.97 P =0.0031*

P = 0.00025* c2y)= 8.740

Control (n=170)

RR=2.86  c2,=13.403

Opiate Dependent (n=139)

G/G; AIG 41 23
JAVZAN 98 147
118G Allele Frequency 0.155 0.074
Thus, in the entire study group in this central Swe dish population,

Attributable Risk due to genotypes with a G allele in this population: 18%

Attributable Risk due to genotypes with a G allele in Swedes w/ Swedish parents:
(with confidence interval ranges from 8.0 to 28.0%)

Bart G , Heilig M, LaForge KS... Ott J, Kreek MJ, eta |., Molecular Psychiatry , 9:547-549, 2004

21%




Assoclation Between a Functional
Polymorphism in the mu Opioid Receptor Gene
and Alcoholism in Central Sweden

Swedish with two Swedish Non-Swedish without Swedish
parents Parents

Alcohol Dependent Control Alcohol Dependent Control
(n=193) (= 10)) (n=196) (n=50)

Al118 158 104 141 43

A118G, G118G 35 16 55 7

OR=1.92 c¢?,,=7.18, p=0.0074

6}

Alcohol Dependent (n=389) Control (n=170)

G/G; AIG 90 23

A/A 299 147

118G Allele Frequency * 0.125 0.074

* Overall 118G Allele Frequency = 0.109

Thus, in the entire study group in this central Swe dish population:

Attributable Risk due to genotypes with a G allele: 11.1%
(with confidence interval ranges from 3.6 to 18.0%)

Bart G , Kreek MJ, LaForge KS... Ott J, Heilig M, eta |., Neuropsychopharmacology




“Physiogenetics” and “Pharmacogenetics” Related
to A118G Variant of Human Mu Opioid Receptor Gene
— Altered Stress Responsivity

Basal plasma levels of cortisol significantly

higher in persons with the A118G variant.
Bart et al., 2006

P = Placebo
N = Naloxone

—— A/A (n:29) N

Serum Cortisol (ug/dl)

100 150 200

Wand et al., 2002

Time (min) Chong...Wand, 2006

Cumulative Survival (Time to Relapse)

—— Naltrexone/ A/IG, G/G (n=23)
— — Naltrexone/ A/A (n=48)
—— Placebo/ A/G, G/G (n=18)

— — Placebo/ A/A (n=41)

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

0O 14 28 42 56 70 84
BEVS Oslin et al., 2003

Anton... Goldman et al., 2008




Epigenetic Inheritance

« The transmission of information to a daughter cell or
from generation to generation that is not encoded | n
the DNA sequence

 DNA methylation and covalent histone modifications
are the primary sources of epigenetic inheritance

\Y[]

. GAAGTOSTCGGAT...
..CTTCAGAAGCCTA..

\Y[C]
Nielsen, Neuropsychopharmacolog y 34:867-873, 2009




CpG Abundant Areas of the Mu
Opioid Receptor 5' Promoter Region

OPRM1

I 1
5-TGTAAGAAACAGCAGGAGCTGTGGCABICGAAAGGAARGCGEECTGAGGICACTTG
GAACC® CAAAAAGTCTY CGGTGCTCCTGGCTACETCGACACAG® CGETGCEE CACCH CG5

ClO CGI'CAGTACEBTGGACAGCAGCATGCCCCCACRAA'CACCAGCAATTGCACTGATGCCT

TGG3*CGITACTCAAGTTGCTCCCCAGCACCCABCAGTTCCTGGGTCAACTTGTCCCACTT-3’

Nielsen, Neuropsychopharmacolog y 34:867-873, 2009




Increased Methylation at Two of Eight CpG Dinucleoti  des
In the OPRM1 Promoter Region in Caucasian Former
Severe Heroin Addicts versus Controls

60

Spl

[ 1
*%*
Spl
II

-18 -14 -10 12 23 27 53 84

Nielsen, Neuropsychopharmacolog

B Methadone
Stabilized
Former
Severe
Heroin
Addicts
(n=167)

B Controls
(n=103)

Spl = potential
transcription
factor binding
SIS

y 34:867-873, 2009




Genes Possibly Involved in the Addictive
Disease Process, or Associated with
Treatment of Addiction*

/ Mu opioid receptor gene \

Kappa opioid receptor gene
Dynorphin opioid peptide gene — OpIOId System

Delta opioid receptor gene

Orphanin/Nociceptin receptor gene /

CB1 Receptor )_ Cannabinoid

FAAH System
ACTH receptor gene

Catechol-o-methyl transferase gene
P-Glycoprotein
Other genes by hypothesis or genome-wide associatio n

* Data from our Laboratory, 1998-2010 Kreek. 2010




ETHNIC DEMOGRAPHY
OF MOLECULAR GENETICS RESEARCH
SUBJECTS

Dutch All Caucasian Other Total
Caucasian (including ethnicities
Dutch)

Methadone

Maintained 2l 20 =

Heroin 121 135 57
Substitution

Heroin self -

Exposed 139 167 28

Controls 118 134 23

Total 445 SYAS) 152

* Only Caucasian subjects were analyzed in this stu  dy
Randesi M, van dem Brink W, van Ree J, Kreek MJ, et  al., INRC 2009, in progress, 2010




Impulsivity* (genetics?)
Risk Taking* (genetics?)
Comorbidity (genetics)

Stress Responsivity-atypical

(genetics)
Initiation Intermittent Addiction

of to and
Drug Use Regular Use Relapse

Environmental Factors
(~100% contribution to addiction)

Drug Induced Effects (w/ some genetic factors)

(~100% contribution to addiction) -

Genetic Factors for addiction

(30-60% contribution to addiction)

** Relative scale of contributors to stage of drug
use/addiction:

0o ¥ Vv W W

Kreek, Nielsen, Butelman & LaForge, Nat Neurosci. __, 8:1450, 2005




Congratulations

Jan!




