
* All disrupted by chronic abuse of the short acting opiate, heroin

Role of Mu Opioid Receptor and Related Endorphin
Systems in Normal Physiological Functions*

• Endogenous Response to Pain

• Neuroendocrine Functions

– Stress responsive systems including

hypothalamic-pituitary-adrenal axis

– Reproductive function including

hypothalamic-pituitary-gonadal axis

• Immunological Function

• Gastrointestinal Function

• Cardiovascular Function

• Pulmonary Function

• ? Mood, Affect; Cognition

Kreek, 2007



Hypotheses:
Vulnerability to (or Protection from) 

Development of an Addiction

1) Multiple variants of several genes contribute to the 

vulnerability to develop heroin addiction, once self-

exposed.

2) Gene variants associated with specific personalities  or 

behaviors (e.g., risk-taking, sensation-seeking, or 

impulsivity) may contribute primarily to first taking an illicit 

drug such as heroin and may be different than the variants 

which increase vulnerability to develop additions.

3) Gene variants modulating drug metabolism and disposition 

may be associated with poor outcome in pharmacological 

treatment for heroin addiction.

Kreek, 2008



Genetic Variants of the Mu Opioid Receptor:
Single Nucleotide Polymorphisms in the Coding Region

Including the Functional A118G (N40D) Variant

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

HYPOTHESIS

Gene variants:

• Alter physiology

“PHYSIOGENETICS”

• Alter response to 

medications

“PHARMACOGENETICS”

• Are associated with 

specific addictions

(A118G)



Binding and Coupling to G Protein-Activated, Inwardly 
Rectifying K+(GIRK) Channels by Endogenous Opioid Peptides 

to the Prototype and A118G Variant Mu Opioid Receptor
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Association Between a Functional 
Polymorphism in the mu Opioid Receptor 

Gene and Opiate Addiction in Central Sweden

Genotype

All Subjects Swedish with Both Parents Swedish

Controls
(n=170)

Opiate 
Dependent

(n=139)
Controls
(n=120)

Opiate Dependent
(n=67)

A/A 147
(0.865)

98
(0.705)

104
(0.867)

46
(0.687)

A/G 21
(0.123)

39
(0.281)

15
(0.125)

19
(0.283)

G/G 2
(0.012)

2
(0.014)

1
(0.008)

2
(0/030)

RR = 2.86          2
(1)= 13.403          P = 0.00025* RR = 2.97          2

(1)= 8.740          P = 0.0031*

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

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: 21%
(with confidence interval ranges from 8.0 to 28.0%)

Thus, in the entire study group in this central Swedish population,

Opiate Dependent (n=139) Control (n=170)

G/G; A/G 41 23

A/A 98 147

118G Allele Frequency 0.155 0.074



ACTH and Cortisol Levels 6 Hours After Administration of 
Naltrexone or Placebo: Effects of Alcohol Consumption 

with “Priming Drink” and Up to 4 Drinks in Each of Two 2 
Hour Consecutive Sessions
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60

Naltrexone, n = 7
(1.9 +/- 0.72 drinks/

2h choice)

Placebo, n = 9
(4.6 +/- 0.85 drinks/

2h choice)



Alcohol Urge Questionaire (AUQ) 6 Hours After 
Oral Naltrexone or Placebo During Two 2 Hour 

Consecutive Drinking Choice Sessions
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Association Between a Functional 
Polymorphism in the mu Opioid Receptor Gene 

and Alcoholism in Central Sweden

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

G/G; A/G 90 23

A/A 299 147

118G Allele Frequency * 0.125 0.074

OR=1.92 2
(1) = 7.18, p = 0.0074

Swedish with two Swedish 

parents

Non-Swedish without Swedish 

Parents

Alcohol Dependent 

(n=193)

Control 

(n=120)

Alcohol Dependent 

(n=196)

Control 

(n=50)

A118 158 104 141 43

A118G, G118G 35 16 55 7

Thus, in the entire study group in this central Swedish population:

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

* Overall 118G Allele Frequency = 0.109

Bart G , Kreek MJ, LaForge KS… Ott J, Heilig M, et al., Neuropsychopharmacology, 2005



“Physiogenetics” and “Pharmacogenetics” Related 
to A118G Variant of Human Mu Opioid Receptor Gene 

– Altered Stress Responsivity
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Basal plasma levels of cortisol significantly 

higher in persons with the A118G variant.
Bart et al., 2006
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Hypothesis (1998-2000) and Findings 
(2002-2008) Concerning the Functional 

A118G Variant of the Mu Opioid Receptor

1) One or two copies of the functional A118G variant of the mu opioid 

receptor gene will result in differences in basal levels of the stress 

hormone, cortisol, and in stress responsivity, as objectively measured 

using a specific opioid antagonist (e.g., naloxone, naltrexone, 

nalmefene).

2) One or two copies of the functional A118G variant of the mu opioid 

receptor will predict a positive (“good”) outcome to treatment of 

alcoholism with an opioid antagonist (since we hypothesized and have 

now shown that alcoholics seek and like modest activation of the 

stress-responsive hypothalamic-pituitary-adrenal axis).

3) Further, the A118G variant of the mu opioid receptor will be found to be 

associated with alcoholism and also opiate addiction – two addictive 

diseases which are characterized by disruption of HPA axis function 

and alter stress responsivity.

Bond et al, 1998; Kreek, 1999; LaForge, 2000; Kreek et al., Nature Neuroscience, 2005; 2007



…GAAGTCCGTCGGAT…

…CTTCAGGCAGCCTA…

Me

Me

Epigenetic Inheritance

• The transmission of information to a daughter cell or 

from generation to generation that is not encoded in 

the DNA sequence

• DNA methylation and covalent histone modifications 

are the primary sources of epigenetic inheritance 

Nielsen, Neuropsychopharmacology, 34:867-873, 2009



5’- TGTAAGAAACAGCAGGAGCTGTGGCAG- 93CGGCGAAAGGAAG- 80CGGCTGAGG- 71CGCTTG

GAACC- 60CGAAAAGTCT- 50CGGTGCTCCTGGCTACCT- 32CGCACAG- 25CGGTGCC- 18CGCC- 14CGG

C- 10CGTCAGTACCATGGACAGCAG12CGCTGCCCCCA23CGAA27CGCCAGCAATTGCACTGATGCCT

TGG53CGTACTCAAGTTGCTCCCCAGCACCCAGCCC84CGGTTCCTGGGTCAACTTGTCCCACTT- 3’

CpG Abundant Areas of the Mu 

Opioid Receptor 5' Promoter Region

Nielsen, Neuropsychopharmacology, 34:867-873, 2009

ATG

-120                    110

OPRM1



Percent Methylation of Eight CpG Dinucleotides in the 

OPRM1 Promoter Region in Caucasian Former Severe 

Heroin Addicts and Controls 

Controls

(n=103)

Methadone 

Stabilized 

Former 

Severe 

Heroin 

Addicts  

(n=167)

Sp1 = potential 

transcription 

factor binding 

sites

Sp1
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Sp1
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Nielsen, Neuropsychopharmacology, 34:867-873, 2009



Human prodynorphin gene:  Chr 20pter-p12
Exon / intron organization and single nucleotide polymorphisms

I II III IV

Promoter
68-bp tandem 

repeats

3 -rs1997794

3′-UTR

4 - rs6045819

Human prodynorphin gene:  Chr 20pter-p12 

Exon / intron organization and single  

nucleotide polymorphisms

2 - rs34535593

1 - rs35286281

5 - rs10485703

6 - rs910080_T/C

7 - rs910079_T/C

8 - rs2235749_C/T

- Three 3’UTR SNPs (rs910080, rs910079, and rs2235749) are in complete linkage 

disequilibrium (LD), and comprise two haplotype blocks: T-T-C or C-C-T;

- The haplotype C-C-T was significantly associated with cocaine dependence and 

cocaine/alcohol codependence (OR=2.32, experiment-wise p=0.015) in Caucasians.  

Yuferov et al., Neuropsychopharmacology, 34:1185-1197, 2009

ATG



Preprodynorphin mRNA levels in the 
caudate from human post-mortem brains 

stratified by genotypes of PDYN gene
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* Haplotype C-C-T significantly associated with cocaine dependence and cocaine/ 

alcohol codependence (OR=2.32, experiment-wise p=0.015) in Caucasians. 
Yuferov et al., Neuropsychopharmacology, 34:1185-1197, 2009



ggggtttttcctgctattcattttgtgttgcCGccagagaaaactaaactgcagctcctggctgtCGgggaag

agctgtgcttctgccagggctagtgtgcctggcaccagctcaggcatgtaccagagcCGaatgcCGtttgc

aggcaaatgtacacacaaaaagattccagcacaCGCGtgcaccagccaacacagagttgccaCGgc

aCGcaacagCGggccatgcaCGtgcctgctgactCGgctgtcatcttcCGactctcttcCGtgatcag

aagactgtctcagcctctgtctgtctccaCGtctgtctgtctgtgg 

Schematic representation of the human PDYN promoter and CpG islands

-849 (1) -815 (2)

-749 (3) -742 (4)

-702 (5) -700 (6) -673 (7)

-668 (8) -649 (10)-660 (9) -635 (11) -621 (12) -613 (13)

-575 (14)

68-bp tandem repeats

ÅCpG sites are indicated as vertical red lines

ÅTSS ïtranscription start site

ÅPositions of CpG sites in the sequence are shown relative to TSS      

(accession # NM_024411)  

Yuferov et al, presented at INRC, 2009, manuscript in preparation



Yuferov et al, presented at INRC, 2009, manuscript in preparation
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Yuferov et al, presented at INRC, 2009, manuscript in preparation

Methylation rates at specific CpG sites of the 

human PDYN promoter gene in three tissues

Methylation rate at CpG sites of the human PDYN gene in three tissues
(ESME data, n=21)
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Cocaine / Alcohol

dependent Controls

Genotype Long Long/Short Short Long Long/Short Short

Caucasian    n         6              6                1           27            19              9

American               46%         46%           8%       49%          35%          16%

African    **   n        25            26              10          14           16              19

American               41%         43%          16%       29%        33%           39%

Hispanic       n         4              4                2            8              3                1

American               40%         40%           20%      67%        25%            8%

Repeat Polymorphism of Dynorphin Gene ï
Grouped by Frequency of Cocaine Use and 

Cocaine/Alcohol Dependent versus Controls 

Long = 3,3; 3,4; 4,4

Long/Short = 1,3; 1,4; 2,3; 2,4

Short = 1,1; 1,2; 2,2

** Significant difference between control and  cocaine and alcohol dependent. 

Fisher’s Exact test, p = 0.01. Williams et al, 12:496, 2007

TGACTTA

68 bp repeat

Transcription start

CAAT TATA box



* *

*

Modified from Tang et al. Pharmacogenetics (2002)

P-glycoprotein (MDR1, ABCB1)

Out

In

membrane

P-gp is expressed in tissues 

with barrier function like the 

endothelial cells lining of 

the Blood-Brain Barrier
Adapted from Ho et al., Clin. Pharm. Ther., 78: 260, 2005  and 

Tang et al., Pharmacogenetics, 12: 437, 2002



Selected ABCB1 SNPs and Study Design

Methadone dose

“Low” “High”

150 mg/day

Tests for association:

Single SNP Multi locus genotype pattern:

Genotype frequency

3 - locus (coding region)

9 - locus

Allele frequency

3435C/T2677G/T

(A893S)

1236C/T

282183 4 5 9 2618(-1) 2 12

rs3789243

rs2520464

rs1922242

rs2032583

rs2235067

rs6949448

Coding sequence

Intronic

Levran et al., Hum. Mol. Genet., 17:2219-2227, 2008



P = 0.007

CC CC

CT

TT

150
mg/day

CT

TT

StSNP 1236C>T

6.6-fold

Odds ratio=6.6

Genotype frequencies differ  between the 

groups
Levran et al., Hum. Mol. Genet., 17:2219-2227, 2008



Hypothesis-based Autosomal 
Genes in Addiction:

Top Hypothesis-Generated “Hits” Using 10K Array

Gene Product Description

P-Value

Allele

GRM8 Metabotropic glutamate receptor 

subunit 8

Presynaptic cleft in multiple 

brain regions

0.0052 (2)

CRY1 Cryptochrome 1 (photolyase-like) Transports PER proteins to 

nucleus

0.0040 (1)

GRM6 Metabotropic glutamate receptor 

subunit 6

Post-synaptic cleft of ON-

bipolar cells

0.0071 (4)

OPRM1 Mu opioid receptor Site of action of opiates/ 

opioids, enkephalin, ɓ-

endorphin, morphine, etc.

0.0055 (3)

NR4A2 

(NURR1)

Nuclear receptor subfamily 4, 

group A, member 2

Coexpressed with TH

Activates DAT

0.0312 (11)

Nielsen et al, Molecular Psychiatry 13: 417, 2008



Drug

Metabolism
Dopamine

Serotonin

GABA

OpioidGlycine
NMDA

Cannabinoid

Signal Transduction  

Adrenergic

Stress

Cholinergic

Other130 Genes

1350 SNPs

186 AIMs

Adapted from Hodgkinson et al., Alcohol, 43: 505, 2008

Designed by 

Dr. Goldman 

Laboratory,

NIH-NIAAA

412 Former severe heroin addicts in MMT

184 Healthy volunteers

NYC, LV and Israel (Caucasians)

Illumina® GoldenGate

Custom SNP Array



SNP Gene nominal P value* 

rs510769 mu-opioid receptor 0.0003 

rs3778151 0.0007

rs6473797 kappa-opioid receptor 0.0009

rs2236861 0.0029

rs2236857 delta-opioid receptor 0.0125 

rs3766951 0.0165

rs1534891 casein kinase 1, epsilon 0.0016

rs694066 galanin 0.0019

rs3758987 serotonin receptor 3, subunit B 0.0170

Study of Heroin Dependence in Caucasians Using 

Illumina® GoldenGate Custom (Hypothesis Driven)

SNP Array: Most Significant Associations

Levran et al. Genes Brain Behav., 7:720-729, 2008* Allele test



rs731780 Solute carrier family 29 member 1 IVS1

rs5326 Dopamine receptor D1 5ô UTR

rs971074 Alcohol dehydrogenase 7 Exon 6

rs1176724 Serotonin receptor 3A IVS1

rs897687 IVS5

rs8190646 Glutamic acid decarboxylase 2 IVS7

rs2058725 Glutamic acid decarboxylase 1 IVS5

rs7165224 GABA-A receptor beta 3 5' near gene

rs2289948 Diazepam binding inhibitor 3' near gene

rs12613135 IVS1

rs2350780 Muscarinic cholinergic receptor 2 IVS3

rs486179 Adrenergic receptor, alpha 1A 5ǋ near gene

rs3759292 Arginine vasopressin receptor 1A 5' near gene

Glutamate receptor 2A6 SNPs IVS3

Study of Heroin Dependence in African Americans 

Using Illumina® GoldenGate Custom (Hypothesis 

Driven) SNP Array: Most Significant Associations

Levran et al., Genes Brain Behav. 8:531-540, 2009



STRUCTURE analysis of EA cases (red) vs. 

controls (green) using 174 AIMs

Levran et al. Genes Brain Behav., 7:720-729, 2008



STRUCTURE analysis of AA cases (red) vs. 

controls (green) using 174 AIMs

Levran et al., Genes, Brain and Behavior 8: 531, 2009



STRUCTURE analysis of AA cases and 

controls (green) vs. EA cases and controls 

(red) using 174 AIMs

Levran et al., Genes, Brain and Behavior 8: 531, 2009



Selected Genes to Provide Ancestral 
Informative Markers: 10K Study 

Nielsen et al, Molecular Psychiatry 13: 417, 2008



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

Delta opioid receptor gene

ACTH receptor gene

Catechol-o-methyl transferase gene

P-Glycoprotein

Other genes by hypothesis or genome-wide association

Kreek, 2008
* Initial data from our Laboratory, 1998-2008

Opioid System



Impulsivity* (genetics?)

Environmental Factors

(~100% contribution to addiction)
0

Intermittent

to 

Regular Use

Initiation 

of

Drug Use

Addiction

and 

Relapse

** Relative scale of contributors to stage of drug 

use/addiction:

0

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

Risk Taking* (genetics?)

Comorbidity (genetics)

Stress Responsivity-atypical

(genetics)

Drug Induced Effects (w/ some genetic factors)

(~100% contribution to addiction) 

Genetic Factors for addiction

(30-60% contribution to addiction)


