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The Genetic Bases for Vulnerability to 
Substance Abuse

George R Uhl MD PhD

Motivations for interest in genetics of addictions 
(and whole genome association approaches)

Importance for understanding addictions, which 
have such large roles in US deaths, costs and 
increasingly involve misuse of prescribed 
medications

Apparent successes of whole genome 
association approaches in elucidating polygenic 
variants for addictions

Potential usefulness (and cautions) re
incorporating molecular genetics 
“pharmacogenetics” in research and in practice

Classical genetic approachesClassical genetic approaches

Twin 
studies

Compare disease 
concordance in MZ vs
DZ twin pairs 

Compare risks in 
adoptees with risks in 
biological and 
adoptive parents 

Family 
studie
s

Compare risks in eg
sibs 
and other first- and 
second-degree 
relatives to risk in the 
general population

Adoptio
n 

studies
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Classical genetic studies support large genetic Classical genetic studies support large genetic 
determinants for vulnerability to dependence on  determinants for vulnerability to dependence on  

addictive substancesaddictive substances

Twin 
studies

Greater MZ than DZ concordance 
supports genetic contributions: 
alcoholism: 0.5-0.6

polysubstance abuse: 0.4-
0.8
Stronger genetic contributions to 
dependence than to abuse

Adoptees with abuser biological 
parents are more likely to become 
abusers

Family 
studie
s

Abuser’s sibs have 5-8 fold greater 
risk than members of the general 
populationAdoptio

n 
studies

Current data: nearly equal genetic and environmental Current data: nearly equal genetic and environmental 
contributions to vulnerability to dependence on contributions to vulnerability to dependence on 

addictive substancesaddictive substances

Environment
Genetic 

Most genetic influence on vulnerability to drug Most genetic influence on vulnerability to drug 
abuse/dependence is common to most drug classes abuse/dependence is common to most drug classes 

((egeg KendlerKendler et al, 2003)et al, 2003)
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Caveat I Despite the substantial evidence for 
strong heritability for substance dependence, 
many features of the “genetic architecture” of 
addictions remain unknown: esp genetic 
heterogeneity, size of effects of individual genes

Less Genetic Heterogeneity More Genetic Heterogeneity
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a, b, c, d: more frequent alleles in disease A, B, C, D: more frequent alleles in controls

Disease

Controls

Caveat II:Caveat II: pie graph depictions do not show gene pie graph depictions do not show gene genegene (G (G 
x G)x G) and gene environment and gene environment (G x E)(G x E) interaction termsinteraction terms

Environment
Genetic 
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Close up: focus on nicotine

Individual differences in vulnerability 
to DSM nicotine dependence are ca. 0.5 
heritable (rest from nonshared environ-
mental influences)

Individual differences in vulnerability to dependence 
using DSM and Fagerstrom criteria are both ca. 0.5 
heritable (the genetics of these two approaches to defining nicotine 
dependence overlaps but is not identical)

Genetic bases for individual differences in smoking 
initiation are ca. 0.5 heritable (this genetics overlaps but is 
not identical to nicotine dependence genetics. The rest comes 
from both shared and nonshared environmental influences)

Individual differences in success at smoking cessation 
are ca. 0.5 heritable (no strong data for heritability of success 
at stopping other substances)

Dutch twin study (Vink et al, 2005)
Nicotine dependence : A 0.75 E 

0.25 

Virginia twin study (Maes et al, 2004)
Nicotine dependence: A 0.60 E 

0.4

Minnesota twin study (adolescents; McGue et al, 2000)
Nicotine dependence A 0.44 C 0.37 E 

0.19

Vietnam era twin study (True et al, 1999)
Nicotine dependence A 0.60 E 0.4

Large heritability for nicotine dependence: recent twin 
study data

(NB: data from 
Scandanavian female 
twins supports roles for 
permissive vs non 
permissive 
environments)

Twin data indicates ca 0.5 heritability for smoking cessation success (Broms et al, 2006, see 
also Vietnam Era and Australian twin study data)
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Bases for whole genome association in 
addictions

Classical genetics and working hypotheses re 
genetic architecture for addictions

Theoretical: association vs linkage

Genomic: variants

Technical:   genotyping (individual DNAs; DNA 
pools)

How are we finding the DNA (gene) variants that 
contribute to vulnerability 

to           addictions 

1) Top down: Genome scanning/positional 
cloning: 

Linkage: Study how DNA markers and disease move 
together through families. Study related 
individuals in large or small pedigrees. Works well 
for Mendelian disorders, more poorly for polygenic 
diseases

Association: Study how DNA markers and disease 
move together through a population Study 
unrelated individuals with disease vs matched 
controls with no disease. Works better for 
polygenic diseases

1 2 3 4 5           6                   7                     8
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11 12
13 14
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Framingham

COGA

New Zealand/Richmond 
Oregon

Mission Indian
Anxiety clinics

Only random distribution of nominally-significant linkage signals for nicotine in recent metaanalysis

(Fatoin, Uhl et al, in 
preparation)
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How do we find the DNA (gene) variants that 
contribute to 

vulnerability to            addictions 

1) Top down: Genome scanning/positional 
cloning: 

Linkage: Study how DNA markers and disease move 
together through families. Study related 
individuals in large or small pedigrees. Works well 
for Mendelian disorders, more poorly for polygenic 
diseases

Association: Study how DNA markers and disease 
move together through a population Study 
unrelated individuals with disease vs matched 
controls with no disease. Works better for 
polygenic diseases

Whole genome Whole genome 
association: association: 
hope for broad hope for broad 
medical medical 
applicationapplication

Bases for whole genome association in 
addictions

Classical genetics and working hypotheses re 
genetic architecture for addictions

Theoretical: association vs linkage

Genomic: variants

Technical:   genotyping (individual DNAs; DNA 
pools)
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Primer: genomics for “whole genome association”
*Genomic sequence (36.1)(36.1) 2,858,160,000 bp

*mRNA transcripts: 33,083 (219,066 exons)

*SNPsSNPs ((dbSNPdbSNP 126)126)

submitted:submitted: 27,846,394  27,846,394  rsrs numbersnumbers:             :             
11,961,76111,961,761

validated:validated: 5,646,244  5,646,244  rsrs numbers in genes:numbers in genes:
4,116,9914,116,991

frequency info:frequency info: 682,608682,608 genotype info:genotype info:
5,546,5135,546,513

*Insertion/Deletions*Insertion/Deletions (Marshfield)(Marshfield)
200,000 in database [?20% of human polymorphisms]200,000 in database [?20% of human polymorphisms]
VNTRsVNTRs
Short tandem repeat polymorphisms/simple sequence length Short tandem repeat polymorphisms/simple sequence length 
polymorphism/polymorphism/microsatellitesmicrosatellites

DiallelicDiallelic insertion/deletionsinsertion/deletions

Blocks of restricted haplotype diversity
(Daly et al, 2001

block that could contain 240 patterns of variants but 
actually contains only 4 major patterns of variants

Relationship between SNP marker and functional 
variants

Functiona
l variant

Functional 
variant
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Bases for whole genome association:

with more and more SNP markers, we can gain 
information about more and more of the 
variants in more and more of the haplotype
blocks in the genome

with enough SNP markers, we can identify most 
of the variants that distinguish disease from 
control individuals

Bases for whole genome association and its use 
in addictions

Classical genetics and working hypotheses re 
genetic architecture for addictions

Theoretical: association vs linkage

Genomic: variants

Technical:   genotyping (individual DNAs; DNA 
pools)

How do we genotype enough SNPs to sample 
more and more of the haplotype blocks in the 

genome: multi-pool microarray based association 
genome scanning 

Validate microsatellite pooling      1995 (Walther, Uhl et al, 
unpublished observations)

Validate 1.5k microarray pooling   1999 (Uhl et al, 2001) 

Model whole genome 
scan power 2000 
(Naiman, Uhl et al,
unpublished )

Validate 10k microarray
pooling 2002

(Liu et al, 2005)Validate 100k microarray pooling  2003-4 (Johnson et al, 
2006)

Validate 500k microarray pooling  2005    (Liu et al, in press)
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1,494 SNP array 11,522 SNP array 126,500 SNP arra

1494 
SNP

13016 SNP

Power of association 
genome scanning 

5M (Uhl 5M (Uhl et al, 2001et al, 2001)) 60M (Liu 60M (Liu et al, 2005et al, 2005)     )     600M (Drgon 600M (Drgon et al, et al, 
submitted;submitted; Liu Liu et al et al 
in press, Johnson in press, Johnson 
et al, on lineet al, on line))

524,000 SNP array

4 B (Liu 4 B (Liu et al in et al in 
presspress))
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Genotyping using Genotyping using microarraysmicroarrays and DNA poolsand DNA pools

639,401 
SNP

Genomic DNA from 20-individual pool
RE Digestion

Adapter 
Ligation

SNP genotyping with 
oligonucleotide arrays

Nsp/Sty Xba/HindXba/Hind

Fragmentation
and Labeling

PCR: One Primer 
Amplification

Complexity 
Reduction

Quantitate A/B 
hybridization 

Hyb & Wash

AAMa Ma M* Ma Ma
PMa PMa PMa PMa PMa
PMb PMb PMb PMb PMb
Mb Mb M* Mb Mb

M a M a M* Ma M a
PM a PMa PMa PM a PM a
PM b PMb PMb PM b PM b
M b M b M* Mb M b

Ma Ma M* Ma Ma
PMa PMa PMa PM a PMa
PMb PMb PMb PM b PMb
Mb Mb M* Mb Mb
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AA

AA

BB
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AB
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Whole genome association analyses Whole genome association analyses compare allele compare allele 
frequencies in disease frequencies in disease vsvs control samplescontrol samples
Can thus genotype: Can thus genotype: 

a) individual samplesa) individual samples
b) DNA pools b) DNA pools (groups of individuals (groups of individuals 
of the same phenotype and the of the same phenotype and the 
same ethnic/racial backgrounds)same ethnic/racial backgrounds)

use enough chips/pool to accurately use enough chips/pool to accurately 
estimate the estimate the ““realreal”” mean value in each mean value in each 
poolpool
use enoughuse enough pools/pools/phenotype to phenotype to 
accurately estimate the accurately estimate the ““realreal”” variance variance 
within a phenotype/ethnicity group] within a phenotype/ethnicity group] 
Need to validate pooled genotypingNeed to validate pooled genotyping

Validation: pooled genome scans with 500k arraysValidation: pooled genome scans with 500k arrays

So: How do we carry out a So: How do we carry out a ““whole genome whole genome 
associationassociation”” genome scangenome scan

Ingredients for whole genome association Ingredients for whole genome association 
GenotypingGenotyping
SubjectsSubjects
Data handlingData handling
Statistical approachesStatistical approaches
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SubjectsSubjects
1) NIDA (n = 1460) “Abusers” Heavy peak lifetime use of 

and/or DSM dependence on at least one illegal addictive 
substance vs “Control” No significant lifetime use of any 
addictive substance, legal or illegal (European-, African-
American)

2) COGA (n = 280) “Abuser” Alcohol dependent proband, most 
with illegal substance abuse/ dependence vs “Control”
Unrelated individual with no abuse/ dependence (European-
American)

3) JGIDA (n = 200) “Abuser” Methamphetamine dependent 
proband, most IV with amphetamine psychosis vs “Control”
Unrelated individual from same prefectures with no 
substance abuse histories (Japanese)

4) Duke (n = 260) “Abusers” Heavy peak lifetime use of and DSM 
dependence on nicotine Successful vs unsuccessful abstainers 
(European-American)

Caveat: Positive and negative aspects of 
focus on genetics that overlaps with other 
substances (ex: nicotine dependence)
1) Many nicotine dependent 

individuals are polysubstance
abusers

2) Many smokers for current genetic 
studies come from samples 
ascertained based on other 
substance dependences  

3) DSM dependence criteria for  
nicotine and other substances 
overlap strongly

4) Large association genome 
scanning datasets for other 
substances

5) Likely to miss nicotine-specific      
and population-specific genetic  
influences 

6) May miss more of the genetics of 
Fagerstrom (more physiological)

PCK5 mRNAPCK5 mRNA

DSM

FTND

Association: Studies how DNA markers and 
addiction move together through populations 
Study unrelated individuals with illegal substance 
dependence vs matched controls with no 
significant lifetime addictive substance use

2001-2006 Six MNB association based 
genome scans to identify human 
addiction vulnerability loci (three 

published)
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1,494 SNP array 11,522 SNP array 126,500 SNP arra

1494 
SNP

13016 SNP

Power of association 
genome scanning 

5M (Uhl 5M (Uhl et al, 2001et al, 2001)) 60M (Liu 60M (Liu et al, 2005et al, 2005)     )     600M (Drgon 600M (Drgon et al, et al, 
submitted;submitted; Liu Liu et al et al 
in press, Johnson in press, Johnson 
et al, on lineet al, on line))

524,000 SNP array

4 B (Liu 4 B (Liu et al in et al in 
presspress))
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SubjectsSubjects
1) NIDA (n = 1460) “Abusers” Heavy peak lifetime use of 

and/or DSM dependence on at least one illegal addictive 
substance vs “Control” No significant lifetime use of any 
addictive substance, legal or illegal (European-, African-
American)

2) COGA (n = 280) “Abuser” Alcohol dependent proband, most 
with illegal substance abuse/ dependence vs “Control”
Unrelated individual with no abuse/ dependence (European-
American)

3) JGIDA (n = 200) “Abuser” Methamphetamine dependent 
proband, most IV with amphetamine psychosis vs “Control”
Unrelated individual from same prefectures with no 
substance abuse histories (Japanese)

4) Duke (n = 260) “Abusers” Heavy peak lifetime use of and DSM 
dependence on nicotine Successful vs unsuccessful abstainers 
(European-American)

100k genome scan for unrelated COGA 
individuals Red dots: clustered positive 
SNPs (Johnson et al, 2006)

100k genome scan (JGIDA) methamphetam
dependence Red dots: clustered positive S
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639k SNP
Drug 
Vulner-
ability 
Genome 
Scan 
1 billion 
person/ 
genotype 
equivalent
s

(Liu et al, 
in press)

Ingredients for whole genome association Ingredients for whole genome association 
GenotypingGenotyping
SubjectsSubjects
Data handlingData handling
Statistical approachesStatistical approaches

Analyses (increasing numbers of repeated comparisons with denser 
genotyping) 

1.5k arrays (Uhl et al, Am J Human Gen 2001): Nominal significance with 
internal replication (require same SNPs to display outlier p value and 
abuser/control difference in both European- and African-American samples).
Monte Carlo simulations.

Convergence with linkage data
(Uhl et al, Trends in Genetics 2002):

Monte Carlo simulations, 
chromosomal clustering (1+Mb)

10k arrays (Liu et al, PNAS 2005):
Nominal significance with internal 
replication (require same SNPs to 
display outlier p value in both European-
and African-American samples). Monte 
Carlo simulations, chromosomal 
clustering (0.1 Mb)

100k arrays (Johnson et al, 2006) 
Nominal significance with chromo-
somal clustering (0.1 Mb) in annotated 

genes. Convergence with 100k data from NIDA and JGIDA 
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Clustered positive results from several different 
samples overlap much more than expected by chance

NIDA EA NIDA AA JGIDA COGA

P<0.0001(n)
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20   
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architecturearchitecture

Environment
Polygenes
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Ingredients for whole genome association Ingredients for whole genome association 
GenotypingGenotyping
SubjectsSubjects
Data handlingData handling
Statistical approachesStatistical approaches

600k arrays (Liu et al, in press) 

Nominal significance with internal replication (same SNPs
display outlier p values in both European- and African-
American samples)
Chromosomal clustering (0.1 Mb)
Convergence with 100k JGIDA &   
COGA data in annotated genes 
Primary Monte Carlo simulations 
Secondary permuation analyses 
False false discovery rate corrections for gene identification

Thus: we can apply relatively stringent criteria for identified Thus: we can apply relatively stringent criteria for identified 
genesgenes

1) NIDA (639K ) At least three SNPs within 0.1 Mb of each other 
that each reach nominal p < 0.05 in both NIDA EuAM and NIDA 
AfAM samples and lie within an annotated gene

2) COGA (128k) At least one SNP within 0.1Mb of NIDA clustered 
positive SNP with nominal p < 0.05

3)  JGIDA (128k) At least one SNP within 0.1Mb of NIDA clustered 
positive SNP with nominal p < 0.05
C l ti i l 4 10 11 ( l f l di

controlabusercontrolabuser
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Genes that 
contain 
clustered 
positive 
SNPs from 
four abuser
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comparison
s

Gene/      
Cluster Class Chr bp p Rose

p NIDA, 
COGA, 
JGIDA, 
Rose

CSMD2 CAM 1 34,234,029 0.004 0.00055
LRP1B a CAM 2 140,790,957 0.0185 0.00329
LRP1B b CAM 2 142,478,867 0.016 0.00367
CNTN6 CAM 3 1,280,415 0.001 0.00059
CNTN4 CAM 3 3,075,787 0.009 0.00267
LRRN1 CAM 3 3,769,591 0 0.00007
LPHN3 CAM 4 62,110,985 0.0145 0.00389
CTNND2 CAM 5 11,209,205 0.006 0.00166
TRIO CAM 5 14,191,248 0.0065 0.00044
BAI3 CAM 6 69,760,171 0.0155 0.00078
SEMA3C CAM 7 80,111,952 0.0025 0.00120
CSMD1a CAM 8 3,184,850 0.002 0.00083
CSMD1b CAM 8 3,653,990 0.0015 0.00095
CSMD1c CAM 8 3,885,737 0 0.00009
SGCZ CAM 8 14,393,366 0 0.00005
PTPRD CAM 9 8,310,837 0.002 0.00047
LRRN6C$ CAM 9 29,153,017 0.0025 0.00118
CTNNA3 CAM 10 67,807,779 0.015 0.00112
CNTN5 CAM 11 99,293,263 0.0065 0.00065
ANKS1B CAM 12 97,658,771 na 0.00336
POSTN* CAM 13 36,957,218 0.0055 0.00014
PCDH9$ CAM 13 66,841,174 0.0175 0.00349
CDH13a CAM 16 81,421,161 na 0.00356
CDH13b CAM 16 81,647,004 0.003 0.00198
DSCAM CAM 21 40,304,081 0.0285 0.0007

TTLL7 ENZ 1 83,966,756 0.01 0.00343
ACP6*   ENZ 1 144,373,120 0.013 0.00184
PTGS2 ENZ 1 183,326,925 na 0.00214
DAF ENZ 1 203,813,122 0.0255 0.00024
SIPA1L2 ENZ 1 228,796,685 0.0005 0.00040
CAPN13 ENZ 2 30,911,219 na 0.00140
CPS1 ENZ 2 211,223,231 0.0175 0.00320
FHIT ENZ 3 60,583,757 0.017 0.00279
PDE4D ENZ 5 58,461,253 0.0125 0.00329
UST ENZ 6 149,283,788 0.0035 0.00046
DGKB ENZ 7 14,210,001 0.02 0.00112
CHN2 ENZ 7 29,145,188 0.008 0.00007
PDE1C ENZ 7 31,648,914 0.004 0.00204
CAMK1D ENZ 10 12,881,298 0.0315 0.00315
PRKG1a ENZ 10 52,485,930 0.0065 0.00299
PRKG1b ENZ 10 52,986,999 0.0025 0.00214
PRKG1c ENZ 10 53,403,302 0.014 0.00239
HPSE2% ENZ 10 100,743,717 0.012 0.00314
PZP ENZ 12 9,141,868 0.0175 0.00144
SERPINA2* ENZ 14 93,825,872 0.0085 0.0005
SERPINA1* ENZ 14 93,825,872 0.0085 0.0005
USP31 ENZ 16 22,904,931 0.012 0.00183
CHST9 ENZ 18 22,791,652 0.024 0.00374

EPB41L2 PROT 6 131,121,823 0.0205 0.00183
ELMO1 PROT 7 36,840,767 0.0045 0.00243
SORCS1 PROT 10 108,456,878 0.0155 0.00169
MICALCL  PROT 11 12,241,526 0.009 0.00115
MCTP2   PROT 15 92,656,554 0.0115 0.00215
IMPACT* PROT 18 20,182,039 0.007 0.0007
DOK6 PROT 18 65,456,774 0.015 0.00047
NAPB PROT 20 23,246,296 0.008 0.00083
CRIM1 REC 2 36,424,664 0.0015 0.00045
GPR39 REC 2 133,101,796 0.007 0.00077
bFGFR like REC 2 150,490,048 1 0.00000
GRM7 REC 3 6,934,982 0.006 0.00289
GABRG1 REC 4 45,943,501 0.01 0.00354
GPR154* REC 7 34,383,589 0.01 0.00123
HRH4* REC 18 20,280,986 0.007 0.0007
TWIST1* TF 7 18,877,145 0.013 0.00202
FERD3L* TF 7 18,877,145 0.013 0.00202
CNDB1 TF 8 88,431,975 0.0125 0.00248
NFIB TF 9 14,190,005 0.006 0.00274
E2F7 TF 12 75,889,008 0.004 0.00025
NPAS3 TF 14 32,886,303 0.0065 0.00101
ZNF407 TF 18 70,633,914 0.016 0.00036
NRIP1 TF 21 15,243,812 0.0095 0.00077

GJA5* CHA 1 144,373,120 0.013 0.00184
KCNQ3* CHA 8 133,172,472 0.005 0.00114
TRPC4* CHA 13 37,010,413 0.0055 0.00014
KCNH5 CHA 14 62,388,345 na 0.00377
RYR3 CHA 15 31,619,712 0.003 0.00021

SLC9A9a TRANSP 3 144,621,080 0.0165 0.00328
SLC9A9b TRANSP 3 144,947,291 0.0105 0.00333
XKR5* TRANSP 8 6,650,733 0.0005 0.00063
XKR4* TRANSP 8 56,387,673 0.0045 0.00029
ABCC4 TRANSP 13 94,600,083 0.011 0.0035

ALS2CR19 DIS 2 205,600,773 0.023 0.00222
PTHB1 DIS 7 33,369,755 0.01 0.00250
AAA1* DIS 7 34,383,589 0.01 0.00123
E46L DIS 22 44,434,684 0.0165 0.00069
ACTN2 STR 1 233,147,888 0 0.00016
OC90* STR 8 133,172,472 0.005 0.00114
AKAP13 STR 15 83,690,625 0.009 0.00221
RBMS3 OTHER 3 29,413,504 0.01 0.00322
RPA3 OTHER 7 7,377,316 0.0065 0.00018
HHLA1* OTHER 8 133,172,472 0.005 0.00114
DEFB1* OTHER 8 6,650,733 0.0005 0.00063
FGF14 OTHER 13 101,764,771 0.007 0.003
A2BP1 OTHER 16 6,603,645 0.0025 0.00171
OSBPL1A OTHER 18 20,182,039 0.007 0.0007
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What about convergence with nicotine dependence?What about convergence with nicotine dependence?
1) NIDA (n = 1460) “Abusers” Heavy peak lifetime use of 

and/or DSM dependence on at least one illegal addictive 
substance vs “Control” No significant lifetime use of any 
addictive substance, legal or illegal (European-, African-
American)

2) COGA (n = 280) “Abuser” Alcohol dependent proband, most 
with illegal substance abuse/ dependence vs “Control”
Unrelated individual with no abuse/ dependence (European-
American)

3) JGIDA (n = 200) “Abuser” Methamphetamine dependent 
proband, most IV with amphetamine psychosis vs “Control”
Unrelated individual from same prefectures with no 
substance abuse histories (Japanese)

4) Duke (n = 260) “Abusers” Nicotine cessation trial participants 
who are heavy peak lifetime users and DSM dependent on 
nicotine vs NIDA controls (European American)

Genes that 
contain 
clustered 
positive 
SNPs from 
four prior 
abuser vs
control 
comparison
s Red 
denotes 
genes with 
p values 
enhanced 
by nicotine 
dependenc
e vs control 
comparison
s

Gene/      
Cluster Class Chr bp p Rose

p NIDA, 
COGA, 
JGIDA, 
Rose

CSMD2 CAM 1 34,234,029 0.004 0.00055
LRP1B a CAM 2 140,790,957 0.0185 0.00329
LRP1B b CAM 2 142,478,867 0.016 0.00367
CNTN6 CAM 3 1,280,415 0.001 0.00059
CNTN4 CAM 3 3,075,787 0.009 0.00267
LRRN1 CAM 3 3,769,591 0 0.00007
LPHN3 CAM 4 62,110,985 0.0145 0.00389
CTNND2 CAM 5 11,209,205 0.006 0.00166
TRIO CAM 5 14,191,248 0.0065 0.00044
BAI3 CAM 6 69,760,171 0.0155 0.00078
SEMA3C CAM 7 80,111,952 0.0025 0.00120
CSMD1a CAM 8 3,184,850 0.002 0.00083
CSMD1b CAM 8 3,653,990 0.0015 0.00095
CSMD1c CAM 8 3,885,737 0 0.00009
SGCZ CAM 8 14,393,366 0 0.00005
PTPRD CAM 9 8,310,837 0.002 0.00047
LRRN6C$ CAM 9 29,153,017 0.0025 0.00118
CTNNA3 CAM 10 67,807,779 0.015 0.00112
CNTN5 CAM 11 99,293,263 0.0065 0.00065
ANKS1B CAM 12 97,658,771 na 0.00336
POSTN* CAM 13 36,957,218 0.0055 0.00014
PCDH9$ CAM 13 66,841,174 0.0175 0.00349
CDH13a CAM 16 81,421,161 na 0.00356
CDH13b CAM 16 81,647,004 0.003 0.00198
DSCAM CAM 21 40,304,081 0.0285 0.0007

TTLL7 ENZ 1 83,966,756 0.01 0.00343
ACP6*   ENZ 1 144,373,120 0.013 0.00184
PTGS2 ENZ 1 183,326,925 na 0.00214
DAF ENZ 1 203,813,122 0.0255 0.00024
SIPA1L2 ENZ 1 228,796,685 0.0005 0.00040
CAPN13 ENZ 2 30,911,219 na 0.00140
CPS1 ENZ 2 211,223,231 0.0175 0.00320
FHIT ENZ 3 60,583,757 0.017 0.00279
PDE4D ENZ 5 58,461,253 0.0125 0.00329
UST ENZ 6 149,283,788 0.0035 0.00046
DGKB ENZ 7 14,210,001 0.02 0.00112
CHN2 ENZ 7 29,145,188 0.008 0.00007
PDE1C ENZ 7 31,648,914 0.004 0.00204
CAMK1D ENZ 10 12,881,298 0.0315 0.00315
PRKG1a ENZ 10 52,485,930 0.0065 0.00299
PRKG1b ENZ 10 52,986,999 0.0025 0.00214
PRKG1c ENZ 10 53,403,302 0.014 0.00239
HPSE2% ENZ 10 100,743,717 0.012 0.00314
PZP ENZ 12 9,141,868 0.0175 0.00144
SERPINA2* ENZ 14 93,825,872 0.0085 0.0005
SERPINA1* ENZ 14 93,825,872 0.0085 0.0005
USP31 ENZ 16 22,904,931 0.012 0.00183
CHST9 ENZ 18 22,791,652 0.024 0.00374

EPB41L2 PROT 6 131,121,823 0.0205 0.00183
ELMO1 PROT 7 36,840,767 0.0045 0.00243
SORCS1 PROT 10 108,456,878 0.0155 0.00169
MICALCL  PROT 11 12,241,526 0.009 0.00115
MCTP2   PROT 15 92,656,554 0.0115 0.00215
IMPACT* PROT 18 20,182,039 0.007 0.0007
DOK6 PROT 18 65,456,774 0.015 0.00047
NAPB PROT 20 23,246,296 0.008 0.00083
CRIM1 REC 2 36,424,664 0.0015 0.00045
GPR39 REC 2 133,101,796 0.007 0.00077
bFGFR like REC 2 150,490,048 1 0.00000
GRM7 REC 3 6,934,982 0.006 0.00289
GABRG1 REC 4 45,943,501 0.01 0.00354
GPR154* REC 7 34,383,589 0.01 0.00123
HRH4* REC 18 20,280,986 0.007 0.0007
TWIST1* TF 7 18,877,145 0.013 0.00202
FERD3L* TF 7 18,877,145 0.013 0.00202
CNDB1 TF 8 88,431,975 0.0125 0.00248
NFIB TF 9 14,190,005 0.006 0.00274
E2F7 TF 12 75,889,008 0.004 0.00025
NPAS3 TF 14 32,886,303 0.0065 0.00101
ZNF407 TF 18 70,633,914 0.016 0.00036
NRIP1 TF 21 15,243,812 0.0095 0.00077

GJA5* CHA 1 144,373,120 0.013 0.00184
KCNQ3* CHA 8 133,172,472 0.005 0.00114
TRPC4* CHA 13 37,010,413 0.0055 0.00014
KCNH5 CHA 14 62,388,345 na 0.00377
RYR3 CHA 15 31,619,712 0.003 0.00021

SLC9A9a TRANSP 3 144,621,080 0.0165 0.00328
SLC9A9b TRANSP 3 144,947,291 0.0105 0.00333
XKR5* TRANSP 8 6,650,733 0.0005 0.00063
XKR4* TRANSP 8 56,387,673 0.0045 0.00029
ABCC4 TRANSP 13 94,600,083 0.011 0.0035

ALS2CR19 DIS 2 205,600,773 0.023 0.00222
PTHB1 DIS 7 33,369,755 0.01 0.00250
AAA1* DIS 7 34,383,589 0.01 0.00123
E46L DIS 22 44,434,684 0.0165 0.00069
ACTN2 STR 1 233,147,888 0 0.00016
OC90* STR 8 133,172,472 0.005 0.00114
AKAP13 STR 15 83,690,625 0.009 0.00221
RBMS3 OTHER 3 29,413,504 0.01 0.00322
RPA3 OTHER 7 7,377,316 0.0065 0.00018
HHLA1* OTHER 8 133,172,472 0.005 0.00114
DEFB1* OTHER 8 6,650,733 0.0005 0.00063
FGF14 OTHER 13 101,764,771 0.007 0.003
A2BP1 OTHER 16 6,603,645 0.0025 0.00171
OSBPL1A OTHER 18 20,182,039 0.007 0.0007

Whole genome association studies
1) MNB/NIDA Polysubstance dependent vs controls (639k 

SNPs): African American: 
European American:

2) COGA Alcohol dependent vs controls (100k SNPs):

3) JGIDA Methamphetamine dependent vs controls (639k 
SNPs)

4) Duke Nicotine dependent vs MNB/NIDA controls (520k 
SNPs)

5) Duke Nicotine quit success vs nonsuccess (520k SNPs)
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Initial Molecular Genetics of Smoking Cessation Initial Molecular Genetics of Smoking Cessation 
SuccessSuccess

2311 nominally2311 nominally--significant significant SNPsSNPs

These nominallyThese nominally--positive positive SNPsSNPs cluster more than cluster more than 
anticipated by chanceanticipated by chance (Monte Carlo p < 0.0001)(Monte Carlo p < 0.0001)

Genes identified by these clustered positive Genes identified by these clustered positive SNPsSNPs
overlap with genes identified for nicotine and other overlap with genes identified for nicotine and other 
substance dependences genessubstance dependences genes ((egeg CDH13)CDH13)

Nominates interesting gene groups never identified Nominates interesting gene groups never identified 
in abuser/in abuser/nonabusernonabuser comparisons comparisons ((egeg CRHCRH--related related 
genes)genes)

[Need replication][Need replication]

Implications
Quantitative modeling for effects of genotyping on 

clinical trial design/costs 
What might identification of specific gene classes tell us 

about addiction: 
Many cell adhesion related genes
Potential implications for different brains in 

addicts 

Model for effects of genotyping on clinical trial costs and Model for effects of genotyping on clinical trial costs and 
powerpower

Data:Data: Assumptions:Assumptions:
0.5 heritability for quit success0.5 heritability for quit success 0.5 genetic influence on 0.5 genetic influence on 
txtx trialtrial

little evidence for large G x E little evidence for large G x E additive genetic + additive genetic + 
environmentenvironment

allele frequencies from 1 quit success allele frequencies from 1 quit success these can represent all these can represent all 
studiesstudies study          study          

calculated power 0.45 calculated power 0.45 -- .9.9 genotyping can assess 0.5 of genotyping can assess 0.5 of 
genetic genetic influencesinfluences

threshold model for quit success threshold model for quit success 
and and txtx effectseffects

about 0.1 of smokers quitabout 0.1 of smokers quit set threshold so that genetic andset threshold so that genetic and
about 0.2 of about 0.2 of txtx smokers quitsmokers quit environmentally derived environmentally derived 
componentscomponents match these figuresmatch these figures

genetic = genetic = envenv influencesinfluences use the variance of use the variance of 
geneticgenetic components tocomponents to
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a) 100,000 Genetic quitters:a) 100,000 Genetic quitters: Each gets 2311 Each gets 2311 ““quitterquitter”” genotypes and 2311 genotypes and 2311 
““environmentalenvironmental”” features selected at random features selected at random 
b) 100,000 Genetic b) 100,000 Genetic nonquittersnonquitters:: Each gets 2311 Each gets 2311 ““nonquitternonquitter””
genotypes and 2311 genotypes and 2311 ““environmentalenvironmental”” features selected at randomfeatures selected at random

Build two subpopulations:Build two subpopulations:

a)a) Randomly selected participants Randomly selected participants (average 0.1: 0.9 genetic (average 0.1: 0.9 genetic 
quitters:nonquittersquitters:nonquitters))

b)b) HalfHalf--maximal genetic stratification maximal genetic stratification (average 0.25:0.5 genetic (average 0.25:0.5 genetic 
quitters: quitters: nonquittersnonquitters))

c)c) Completely genetic stratification Completely genetic stratification (average 0.5 : 0.5 genetic (average 0.5 : 0.5 genetic 
quitters : quitters : nonquittersnonquitters))

Assume that treatment effects are such that 0.1 of individuals qAssume that treatment effects are such that 0.1 of individuals quit uit 
with placebo and 0.2 quit with active treatmentwith placebo and 0.2 quit with active treatment

Assess distribution of Assess distribution of XX22 values for the difference between values for the difference between 
treatment and placebo for 100,000 trials of three types:treatment and placebo for 100,000 trials of three types:
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Effects of random assignment (90%), half-maximal genetic stratification (75%) and total 
genetic stratification (50%) on n = 200 clinical trials for smoking cessation success

(arrow: p < 0.05 threshold)

What might this mean for the costs of clinical trials?What might this mean for the costs of clinical trials?

Example:Example: n = 200, 0.9 power for trial stratified on the n = 200, 0.9 power for trial stratified on the 
basis of basis of assays for 0.5 of total genetic influences on assays for 0.5 of total genetic influences on 
quit successquit success

n = 450 gives matching 0.9 power for conventional n = 450 gives matching 0.9 power for conventional 
designdesign

Results:Results: Savings are maximized when pools of potential Savings are maximized when pools of potential 
subjects are available for genotypesubjects are available for genotype--based stratification at based stratification at 
little additional recruiting cost and when trial costs are little additional recruiting cost and when trial costs are 
largelarge
(When n = 1000/group, both designs have ca 1 power. When n (When n = 1000/group, both designs have ca 1 power. When n 
=20/group, stratification increases power substantially, but bot=20/group, stratification increases power substantially, but both h 
designs are underpowered)designs are underpowered)



20

Cost differences in clinical trials with 0.9 power: 1) Stratified by genotypes (half of 
total genetic influences) vs 2) Conventional design (p < 0.05, n = 200 vs 450)
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Implications
Quantitative modeling for effects of genotyping on 

clinical trial design/costs
What can identification of specific gene classes tell us 

about addiction: 
Many cell adhesion related genes
Potential implications for 
different brains in addicts Not just the usual the usual 

suspects..    suspects..    

Genes that 
contain 
clustered 
positive 
SNPs from 
four prior 
abuser vs
control 
comparison
s Red 
denotes 
genes with 
p values 
enhanced 
by nicotine 
dependenc
e vs control 
comparison
s

Gene/      
Cluster Class Chr bp p Rose

p NIDA, 
COGA, 
JGIDA, 
Rose

CSMD2 CAM 1 34,234,029 0.004 0.00055
LRP1B a CAM 2 140,790,957 0.0185 0.00329
LRP1B b CAM 2 142,478,867 0.016 0.00367
CNTN6 CAM 3 1,280,415 0.001 0.00059
CNTN4 CAM 3 3,075,787 0.009 0.00267
LRRN1 CAM 3 3,769,591 0 0.00007
LPHN3 CAM 4 62,110,985 0.0145 0.00389
CTNND2 CAM 5 11,209,205 0.006 0.00166
TRIO CAM 5 14,191,248 0.0065 0.00044
BAI3 CAM 6 69,760,171 0.0155 0.00078
SEMA3C CAM 7 80,111,952 0.0025 0.00120
CSMD1a CAM 8 3,184,850 0.002 0.00083
CSMD1b CAM 8 3,653,990 0.0015 0.00095
CSMD1c CAM 8 3,885,737 0 0.00009
SGCZ CAM 8 14,393,366 0 0.00005
PTPRD CAM 9 8,310,837 0.002 0.00047
LRRN6C$ CAM 9 29,153,017 0.0025 0.00118
CTNNA3 CAM 10 67,807,779 0.015 0.00112
CNTN5 CAM 11 99,293,263 0.0065 0.00065
ANKS1B CAM 12 97,658,771 na 0.00336
POSTN* CAM 13 36,957,218 0.0055 0.00014
PCDH9$ CAM 13 66,841,174 0.0175 0.00349
CDH13a CAM 16 81,421,161 na 0.00356
CDH13b CAM 16 81,647,004 0.003 0.00198
DSCAM CAM 21 40,304,081 0.0285 0.0007

TTLL7 ENZ 1 83,966,756 0.01 0.00343
ACP6*   ENZ 1 144,373,120 0.013 0.00184
PTGS2 ENZ 1 183,326,925 na 0.00214
DAF ENZ 1 203,813,122 0.0255 0.00024
SIPA1L2 ENZ 1 228,796,685 0.0005 0.00040
CAPN13 ENZ 2 30,911,219 na 0.00140
CPS1 ENZ 2 211,223,231 0.0175 0.00320
FHIT ENZ 3 60,583,757 0.017 0.00279
PDE4D ENZ 5 58,461,253 0.0125 0.00329
UST ENZ 6 149,283,788 0.0035 0.00046
DGKB ENZ 7 14,210,001 0.02 0.00112
CHN2 ENZ 7 29,145,188 0.008 0.00007
PDE1C ENZ 7 31,648,914 0.004 0.00204
CAMK1D ENZ 10 12,881,298 0.0315 0.00315
PRKG1a ENZ 10 52,485,930 0.0065 0.00299
PRKG1b ENZ 10 52,986,999 0.0025 0.00214
PRKG1c ENZ 10 53,403,302 0.014 0.00239
HPSE2% ENZ 10 100,743,717 0.012 0.00314
PZP ENZ 12 9,141,868 0.0175 0.00144
SERPINA2* ENZ 14 93,825,872 0.0085 0.0005
SERPINA1* ENZ 14 93,825,872 0.0085 0.0005
USP31 ENZ 16 22,904,931 0.012 0.00183
CHST9 ENZ 18 22,791,652 0.024 0.00374

EPB41L2 PROT 6 131,121,823 0.0205 0.00183
ELMO1 PROT 7 36,840,767 0.0045 0.00243
SORCS1 PROT 10 108,456,878 0.0155 0.00169
MICALCL  PROT 11 12,241,526 0.009 0.00115
MCTP2   PROT 15 92,656,554 0.0115 0.00215
IMPACT* PROT 18 20,182,039 0.007 0.0007
DOK6 PROT 18 65,456,774 0.015 0.00047
NAPB PROT 20 23,246,296 0.008 0.00083
CRIM1 REC 2 36,424,664 0.0015 0.00045
GPR39 REC 2 133,101,796 0.007 0.00077
bFGFR like REC 2 150,490,048 1 0.00000
GRM7 REC 3 6,934,982 0.006 0.00289
GABRG1 REC 4 45,943,501 0.01 0.00354
GPR154* REC 7 34,383,589 0.01 0.00123
HRH4* REC 18 20,280,986 0.007 0.0007
TWIST1* TF 7 18,877,145 0.013 0.00202
FERD3L* TF 7 18,877,145 0.013 0.00202
CNDB1 TF 8 88,431,975 0.0125 0.00248
NFIB TF 9 14,190,005 0.006 0.00274
E2F7 TF 12 75,889,008 0.004 0.00025
NPAS3 TF 14 32,886,303 0.0065 0.00101
ZNF407 TF 18 70,633,914 0.016 0.00036
NRIP1 TF 21 15,243,812 0.0095 0.00077

GJA5* CHA 1 144,373,120 0.013 0.00184
KCNQ3* CHA 8 133,172,472 0.005 0.00114
TRPC4* CHA 13 37,010,413 0.0055 0.00014
KCNH5 CHA 14 62,388,345 na 0.00377
RYR3 CHA 15 31,619,712 0.003 0.00021

SLC9A9a TRANSP 3 144,621,080 0.0165 0.00328
SLC9A9b TRANSP 3 144,947,291 0.0105 0.00333
XKR5* TRANSP 8 6,650,733 0.0005 0.00063
XKR4* TRANSP 8 56,387,673 0.0045 0.00029
ABCC4 TRANSP 13 94,600,083 0.011 0.0035

ALS2CR19 DIS 2 205,600,773 0.023 0.00222
PTHB1 DIS 7 33,369,755 0.01 0.00250
AAA1* DIS 7 34,383,589 0.01 0.00123
E46L DIS 22 44,434,684 0.0165 0.00069
ACTN2 STR 1 233,147,888 0 0.00016
OC90* STR 8 133,172,472 0.005 0.00114
AKAP13 STR 15 83,690,625 0.009 0.00221
RBMS3 OTHER 3 29,413,504 0.01 0.00322
RPA3 OTHER 7 7,377,316 0.0065 0.00018
HHLA1* OTHER 8 133,172,472 0.005 0.00114
DEFB1* OTHER 8 6,650,733 0.0005 0.00063
FGF14 OTHER 13 101,764,771 0.007 0.003
A2BP1 OTHER 16 6,603,645 0.0025 0.00171
OSBPL1A OTHER 18 20,182,039 0.007 0.0007
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“cell adhesion” genes (21/86)

3+4*2-3+2; 60-1+000; 0>60%  ISH hippocampus, cortexDown syndrome cell adhesion 
moleculeDSCAM

3+ 6*#1+1; 33+ 3+2*#0; 2>50%  ISH & IHC amygdala, cortical 
neurons, cerebellumCadherin 13CDH13

2-3+600; 33+2-3+ 21; 1>80%  NB cortex; ISH entorhinal 
cortex, striatumProtocadherin 9PCDH9

2-3+132-3+ 3; 32-3+ 1+20; 0>2% ISH olfactory cortex, choroid
plexusPeriostinPOSTN

Alt 
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0-3+

Alt 
Splice

Miss
ense
0-3+
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se SNP; 

cSNP

5' Regulat
0-3+
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s 0 –
3+
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Trans

Assoc 
Same-
sense 
SNPs

ExpressionGene nameGene 
symbol

PCDH9 CDH 13 (human f cx) DSCAM

Exon 13 
containing

Exon 14 
containing

CNTN4 LPHN3

CTNND2

TRIO

BAI3

2-3+ 5*#2-3+2; 51-2+1+30; 0>90%  ISH hippocampus, cortexBrain-specific angiogenesis 
inhibitor 3BAI3

3+14*#2-3+ 6; 191-2+1+20; 1>10%  ISH hippocampus, cerebellum (develop)
cortex 

Triple functional domain 
(PTPRF interacting)TRIO

3+3*#2+ 2; 71-2+001; 1>80%  ISH hippocampusDelta 2 cateninCTNND2

2-3+11*#1-2+1; 62+3+6*#1; 1>70%  ISH hippocampus, cortex, cerebellumLatrophilin 3LPHN3

2-3+ 2*#1-2+1; 81-2+1+20; 0>30%  ISH hippocampus, entorhinal cortex, 
cerebellumLeucine rich repeat neuronal 1LRRN1

3+ 12*#1-2+2; 81-2+1-2+ 6*#1; 1>15%  ISH hippocampus, cortex, thalamusContactin 4CNTN4

3+41-2+2; 82+1+20; 0>65%  ISH cortex, hippocampus, thalamus, 
cerebellumContactin 6CNTN6

1+62-3+4; 133+3+22; 4>70%  ISH hippocampusLow density lipoprotein-related 
protein 1BLRP1B

1-2+6*#1-2+9; 183+3+34; 4>45%  NB brainCUB and Sushi multiple 
domain 2CSMD2

Alt 
Splice 
0-3+

Alt 
Splice

Miss
ense
0-3+

Missen
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SNP; 
cSNP

5' 
Regulat

0-3+
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3+

Alt 
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sense 
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ExpressionGene nameGene 
symbol
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3+ 2100; 00-1+0-1+ 23; 3>80%  NB brain Ankyrin repeat and sterile alpha 
motif domain containing 1B ANKS1B  

3+ 52-3+7; 81+ 002; 3>50%  ISH hippocampus, cortex, 
thalamus, amygdalaContactin 5CNTN5

3+ 7*#2-3+ 2; 31+ 2+ 6*#1; 0>70%  IHC (neurons) hippocampus, 
cortexAlpha 3 cateninCTNNA3

3+ 6*#2+1; 12-3+2+50; 0>50%   ISH hippocampus, cortex, 
amygdalaLeucine rich repeat neuronal 6CLRRN6C

3+ 9*#2+4; 131+2+21; 1>50%   ISH hippocampus, thalamus, 
piriform cortex, olfactory bulb

Receptor type protein tyrosine 
phosphatase DPTPRD

001-2+1; 23+ 004; 5>10% Sarcoglycan zetaSGCZ

3+7*#00; 01-2+005; 6>20%  ISH hippocampus, cortex, 
thalamus

CUB and Sushi multiple domain 
1CSMD1

2+3*#2+3; 133+000; 0>15%  ISH hippocampus, cortex, olf
bulb, septumSemphorin 3CSEMA3C

Alt 
Splice 
0-3+

Alt 
Splice

Miss
ense
0-3+

Missens
e SNP; 
cSNP

5' Regulat
0-3+
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s 0 –
3+
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Same-
sense 
SNPs

ExpressionGene nameGene 
symbol

SEMA3C

CSMD1

PTPRD

LRRN6C

CTNNA3

CNTN5
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of NrCAM as mid Chr 7 
addiction vulnerability 
gene  

(Reich et al 1998; 
Uhl et al 2001)
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Subtracted Differential Display: Morphine-Regulated 
Transcripts include NrCAM
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5’ NrCAM haplotype
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Mouse models: Conditioned place preference is 
reduced in mice with reduced NrCAM expression
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+/- Nr CAM KO mice display 
reduced preference for places 
where they received

morphine 
cocaine

Summary: We have identified human NrCAM variants that 
reduce NrCAM expression, reduce drug reward and reduce 

human vulnerability to addiction

Fine mapping to find the specific gene variants and Fine mapping to find the specific gene variants and 
haplotypeshaplotypes that contribute to addiction vulnerabilitythat contribute to addiction vulnerability

Chromosomal region (locus)     gene      Chromosomal region (locus)     gene      
variants variants 

Best current example: NrCAM
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CAM variants are good 
candidates to produce 
different connectivities and 
different brains
Reminder: cerebral cortical 
components (eg Schutz and Palm, 
1989)

Synaptic neuropil
84%
Cell bodies (neuronal and glial)
12%
Vasculature         
4%

Mouse model Mouse model 
effects on effects on 
forebrain forebrain 
volumes: volumes: 
striking striking 
effects of effects of 
combined combined 
NrCAMNrCAM and and 
L1 KOs L1 KOs (not of (not of 
either gene either gene 
alone; Sakurai et alone; Sakurai et 
al, 2001)al, 2001)

Whole genome association and the genetics of 
common diseases: examples 

from substance dependence

1) Size of complex genetic influences in common 
disorders, likely role for whole genome 
association in elucidating the SNP markers and 
gene variants 

2) How we have been able to use whole genome 
association to identify common allelic variants 
and genes involved in human addiction 
vulnerability (examples CAMs)

3) How these approaches can be extended to 
understand individual differences in treatment 
responses (implications for clinical trials)
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What does this mean for the clinician/researcher

Now is a good time to collect DNA and appropriate 
consents from unrelated addicted and control 
individuals (esp for phenotypes for which there is good evidence 
for heritability)

Now is a good time to consider using genotype-
based stratification for clinical trials

We will probably have to wade through a lot of noise 
to understand the small signals from this sort of 
work

What does this mean for the clinician

Genotype based diagnosis and therapeutics for 
addictions will come of age within your practicing 
lifetime 

The low costs of genotyping and the favorable 
cost/benefit considerations will increase use of 
personalized medicine based on genetic 
individual differences 
Current concerns re confidentiality and insurability need 
to be addressed

Sobering features of the current environment Sobering features of the current environment 
for association studies of illegal and legal for association studies of illegal and legal 

addictive behaviorsaddictive behaviors

IncreasinglyIncreasingly--powerful databasespowerful databases

Spotty legal protections re employability, Spotty legal protections re employability, 
insurability, nondiscriminationinsurability, nondiscrimination
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Military DNA reference database: 4,900,000 specimens as of 10/06 (D Boyer, 
personal communication)
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House 
hearings, but 
no floor 
schedule

Thanks to: Tim Liu, Tomas Drgon, Thanks to: Tim Liu, Tomas Drgon, 
Donna Walther, Cathy Johnson, Donna Walther, Cathy Johnson, 
Judy Hess, Feely Carillo, Dan Judy Hess, Feely Carillo, Dan 
NaimanNaiman
Hiroki Ishiguro, Scott Hall, Ichiro Hiroki Ishiguro, Scott Hall, Ichiro 
SoraSora
NIHNIH--IRP (IRP (NIDA)financialNIDA)financial supportsupport
JGIDA investigatorsJGIDA investigators
COGA investigatorsCOGA investigators
Jed Rose, Duke UniversityJed Rose, Duke University



30

Chip monks?Chip monks?

Thanks to: Tim Liu, Tomas Drgon, Thanks to: Tim Liu, Tomas Drgon, 
Donna Walther, Cathy Johnson, Donna Walther, Cathy Johnson, 
Judy Hess, Feely Carillo, Dan Judy Hess, Feely Carillo, Dan 
NaimanNaiman
Hiroki Ishiguro, Scott Hall, Ichiro Hiroki Ishiguro, Scott Hall, Ichiro 
SoraSora
NIHNIH--IRP financial supportIRP financial support

Liability-threshold model for smoking behavior (eg True et al, 1997)


