M Incorporating Mouse Genome l
GGenee and Phenoltypes

Gene expression differences in mice divergently selected for

methamphetamine sensitivity

Abraham A. Palmer,' Miguel Verbitsky,! Rathi Suresh,'” Helen M. Kamens,>*
Cheryl L. Reed,*>* Na Li,>* Sue Burkhart-Kasch,>* Carrie S. McKinnon,>*
John K. Belknap,>*° T. Conrad Gilliam,® Tamara J. Phillips*>*°®

!Columbia Genome Center, Columbia University, 1150 St. Nicholas Ave., New York, New York 10032, USA
*Department of Genetics and Development, Columbia University, New York, New York 10032, USA
3Department of Behavioral Neuroscience, Oregon Health & Science University, Portland, Oregon 97239, USA

“portland Alcohol Research Center, Portland, Oregon 97239, USA

SResearch Service, Portland Veterans Affairs Medical Center, Portland, Oregon 97239, USA
SDepartment of Human Genetics, University of Chicago, Chicago, Ilinois, 60637, USA

Received: 13 October 2004 | Accepted: 18 January 2005

Abstract

In an effort to identify genes that may be important
for drug-abuse liability, we mapped behavioral
quantitative trait loci (bQTL) for sensitivity to the
locomotor stimulant effect of methamphetamine
(MA) using two mouse lines that were selectively
bred for high MA-induced activity (HMACT) or low
MA-induced activity (LMACT). We then examined
gene expression differences between these lines in
the nucleus accumbens, using 20 U74Av2 Affyme-
trix microarrays and quantitative polymerase chain
reaction (qQPCR). Expression differences were de-
tected for several genes, including Casein Kinase 1
Epsilon (Csnkle), glutamate receptor, ionotropic,
AMPAI1 (GluR1), GABA Bl receptor (Gabbrl), and
dopamine- and cAMP-regulated phosphoprotein of
32 kDa (Darpp-32). We used the www.WebQTL.org
database to identify QTL that regulate the expres-
sion of the genes identified by the microarrays
(expression QTL; eQTL). This approach identified an
eQTL for Csnkle on Chromosome 15 (LOD = 3.8)
that comapped with a bQTL for the MA stimulation
phenotype (LOD = 4.5), suggesting that a single al-
lele may cause both traits. The chromosomal region
containing this QTL has previously been associated
with sensitivity to the stimulant effects of cocaine.
These results suggest that selection was associated
with (and likely caused) altered gene expression that
is partially attributable to different frequencies of
gene expression polymorphisms. Combining classi-
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cal genetics with analysis of whole-genome gene
expression and bioinformatic resources provides a
powerful method for provisionally identifying genes
that influence complex traits. The identified genes
provide excellent candidates for future hypothesis-
driven studies, translational genetic studies, and
pharmacological interventions.

Psychostimulants, opiates, sedatives, and nicotine
all share the ability to cause addiction, to increase
dopamine concentrations in the nucleus accumbens,
and to stimulate locomotor behavior (Di Chiara and
Imperato 1988; Balfour et al. 2000; Di Chiara 2002;
Boileau et al. 2003). Locomotor behavior is more
readily measured than self-administration behavior
and appears to be regulated by some of the same
neurochemical substrates (e.g., dopamine in the nu-
cleus accumbens), although there are also differences
(e.g., Sellings and Clarke 2003). Locomotor behavior
has been systematically studied in an effort to
identify neurochemical mechanisms and genes that
might also influence susceptibility to drug abuse.
Drug abuse in humans and increased tendency to-
ward voluntary drug intake in animals are known to
be heritable traits (Li et al. 1987; Uhl et al. 1995;
Vetulani 2001; Kendler et al. 2003; Agrawal et al.
2004).

Genes that control drug-abuse-related traits have
been sought using quantitative trait locus (QTL)
methodologies. Initial stages of analysis have
identified chromosomal regions that contain
trait-relevant alleles. However, this field has reached
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a more advanced stage where attention has increas-
ingly shifted from mapping to gene identification
(Fehr et al. 2002; Glazier et al. 2002; Complex Trait
Consortium 2003; Liang et al. 2003; Shirley et al.
2004). It is not yet clear to what extent mapped QTL
are caused by differences in the regulation of gene
expression versus differences in the coding of amino
acid sequence; however, it has been suggested that
regulatory differences will be more common
(Mitchison 1997; Mackay 2001; Glazier et al. 2002)
Technical advances have made it possible to perform
genome-wide mapping of QTL that control the
expression of particular transcripts (eQTL; Wayne
and Mclntyre 2002; Schadt et al. 2003; Chesler et al.
2004). If a QTL for a behavioral trait (bQTL) is caused
by a difference in the regulation of a gene, then
identification of the bQTL-causing gene is possible
by identification of the corresponding eQTL. In
practice, this can be accomplished by examining the
relatively small number of eQTL that comap with
the bQTL. Comapping does not prove a relationship
between the gene and the trait, but it does suggest a
specific and testable hypothesis.

Short-term selected lines are a particularly
advantageous but so far unutilized genetic tool for
the comapping of bQTL and eQTL. Because of ex-
treme phenotypic differences caused by selective
breeding, selected lines provide a powerful means of
mapping bQTL (Belknap et al. 1997), which may
then be compared with gene expression differences
in relevant tissues from the lines. We have created
short-term selected lines for extremely high and low
sensitivity to MA-induced locomotor stimulation
and have shown that these lines also differ in stim-
ulant response to cocaine, magnitude of behavioral
sensitization induced by repeated MA treatment,
and in voluntary consumption of MA- and cocaine-
containing solutions (Kamens et al. 2005). These
data suggest that common genes influence the
locomotor response to MA and cocaine, as well as
the tendency to self-administer MA and cocaine.
However, because the differential response to MA
for which these lines were selectively bred is evident
within the first 5 minutes following drug adminis-
tration, gene expression differences that contribute
to differential sensitivity must exist prior to drug
administration. Therefore, drug-naive mice from
these two lines, rather than drug-treated mice, are
the relevant experimental group for the comapping
of bQTL and eQTL.

In the present study, we mapped bQTL for
stimulant response to MA and then examined gene
expression differences between the two lines by
examining tissue from the nucleus accumbens,
using rnicroarrays and quantitative polymerase
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chain reaction (qQPCR). The nucleus accumbens was
chosen for our analysis because of evidence of its
involvement in psychostimulant-induced activation
and self-administration (Kim et al. 2003; Brebner
et al. 2004; Lecca et al. 2004; Suto et al. 2004). Dif-
ferentially expressed genes were identified according
to stringent statistical criteria and were then as-
sessed to determine whether they had known eQTL
that comapped with the bQTL for MA response.

Materials and methods

Subjects. The short-term selected lines were created
from a foundation population of C57BL/6] (B6) x
DBA/2] (D2) F, mice (this population is called
B6D2F2). Details of selection procedures, age of
testing, and other information pertinent to these
lines have been published (Kamens et al. 2005).
Briefly, mice were bidirectionally selected for four
generations for high (HMACT) or low (LMACT)
acute locomotor stimulant response to 2.0 mg/kg
MA. Stimulant response was defined as the differ-
ence in total distance traveled during a 15-min test
beginning immediately after drug administration,
when compared with distance traveled by the same
mouse, during the same time period on the prior day,
when vehicle had been administered. Selection pro-
duced a statistically significant difference in re-
sponse that was detectable in the first selection
generation and increased over the course of the
subsequent selection generations. The HMACT line
had an average acute MA response of 8146 + 646 cm
in 15 min versus 1799 = 271 c¢cm in the LMACT line
in the third selection generation (S3), a 4.5-fold dif-
ference. DNA from mice of this generation was used
for bQTL analysis. In the fourth selection generation
(S4), the mean MA locomotor scores of the two lines
differed by 5.3-fold (HMACT = 11030 = 510;
LMACT = 2093 + 265). Nucleus accumbens tissue
was obtained from male mice of this generation for
microarray analysis. There was no significant dif-
ference in baseline activity between the HMACT
and LMACT lines in any of the selection generations
(Kamens et al. 2005). Sz and S4 generations are first-
degree relatives of one another and, therefore, have a
high degree of allele sharing and can thus be used to
make genetic inferences about the changes associ-
ated with selection. Mice from the S; generation
were used for bQTL analysis to minimize the con-
tribution of genetic drift. Mice from which tissue
was obtained for microarray analysis were never
treated with MA but were from the same families as
those tested for acute stimulant response to MA. All
mice were housed in isosexual littermate groups of
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2-5 per cage after weaning at 21-23 days of age. Mice
used for bQTL mapping and expression work were
maintained on a standard 12:12-h light cycle (lights
on at 0600 h) at 21 + 2°C with constant access to
mouse chow (Purina Rodent Chow #5001; Purina
Mills, St. Louis, MO) and water. All procedures were
conducted in the Veterinary Medical Unit of the
Portland Veterans Affairs Medical Center and were
approved by the Institutional Animal Care and Use
Committee in compliance with National Institutes
of Health Guidelines for the Care and Use of Labo-
ratory Animals.

Short-term Selected Line Genotyping and bQTL
Analysis Using Interval Mapping. Spleens were
obtained from 82 HMACT and 62 LMACT mice
from generation S several days after phenotypic data
collection for stimulant response to MA. Genomic
DNA for genotyping of microsatellite markers was
obtained by using a standard salting-out protocol
(Palmer et al. 2003). Microsatellite markers were
genotyped using primers from the MIT series ob-
tained commercially (Research Genetics, Hunsts-
ville, AL). Genotyping procedures have been
described elsewhere (Bergeson et al. 2003).

Initially, we created two pools of DNA, one for
the HMACT line (n = 82) and one for the LMACT
line (n = 62), that had an equal concentration of
genomic DNA from each mouse. We used a genome-
wide panel of 80 microsatellite markers that are
polymorphic between the B6 and the D2 progenitor
strains to identify genomic regions that showed a
non-1:1 ratio of the two possible marker alleles,
which would be indicative of the presence of a
bQTL. Quantification of the intensity of the bands
on an agarose gel was normalized by using standards
that were created by mixing genomic DNA from the
two inbred strains in known ratios from 3:1 to 1:3
plus pure B6 and D2 samples. For those markers that
showed a deviation in estimated allele frequency
from a 1:1 ratio at a single marker p < 0.05 (binomial
test), half of the S; mice (odd-numbered cases) were
genotyped individually (not as pooled samples) to
verify the difference, and the data were then ana-
lyzed by the QTL detection method of Belknap et al.
(1997) based on allele frequency differences between
the two lines. When a difference was confirmed,
individual genotypes and individual behavioral re-
sponses to MA were used to estimate the position of
the bQTL using the interval mapping methods as
implemented in R/qtl (Broman et al. 2003). The lat-
ter method takes into account both phenotypic and
genetic variation within the lines as well as between
them, while the allele frequency analysis method
(Belknap et al. 1997) considers only between-line
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genetic variation. However, the R/qtl analysis does
not take into account the effects of random drift,
whereas the allele frequency analysis does consider
this source of genetic variation.

For the B6 x D2 (BXD) recombinant inbred strain
data, the position of each marker was defined by a
map generated in Map Manager QTX (http://
www.mapmanager.org) from the strain distribution
pattern obtained from www.WebQTL.org using the
Morgan mapping option. There were small disagree-
ments between this map and the consensus map for
the mouse genome (http://www.informatics.jax.org/
). We favored the map generated in Map Manager over
the consensus map because it allowed us to directly
compare our results with interval mapping results for
eQTL using data obtained from WebQTL, thus
avoiding incompatibilities and ambiguity associated
with combining map locations based on different
linkage maps.

Short-Term Selected Line Genotyping and
bQTL Analysis Using the Allele Frequency Meth-
od. The methods of Belknap et al. (1997) were
explicitly designed for the detection of QTL using
short-term selected lines. This method relies on
analysis of differences in marker allele frequency
between the high and low selected lines, and it
compares these differences to the probability distri-
bution for genetic drift and allele frequency estima-
tion error under the null hypothesis that there are no
bQTL. We will refer to the D2 allele frequency as g
and the B6 allele frequency as p. In the Fy, p=¢q =
0.5, which is to say that all micro satellite marker
alleles begin with a ratio of about 1:1. Markers close
to QTL that influence the trait under selection will
diverge from 0.5 with each generation of selection,
with the relative frequency of g approaching 1 in one
line and 0 in the oppositely selected line. In contrast,
markers in those portions of the genome without
trait-relevant QTL will not change in allele fre-
quency as a function of selective breeding (within
the limits of sampling error, e.g., drift; Belknap et al.
1997). Evidence for the presence of a bQTL was ob-
tained based on the difference in relative allele fre-
quencies between the high and low lines at a marker
that significantly exceeded the difference expected
from random drift and sampling error (Belknap et al.
1997).

Processing of Tissue, and RNA Isolation and
Amplification for Hybridization to Microarrays. To
determine whether there were changes in gene
expression associated with selection for differential
acute locomotor response to MA, we measured
transcript abundance in the nucleus accumbens
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using U74Av2 Affymetrix microarrays. A total of 80
drug-naive male mice (40 per line) from the final
selection generation (S;) were used in these studies.
The average age of the mice was 88 = 1 days for the
HMACT line and 89 + 1 days for the LMACT line;
ages ranged from 77 to 99 days old. On the day that
tissue samples were collected, mice were removed
from their home cages and killed by decapitation.
Their brains were rapidly removed and a coronal
section of 1-mm thickness was obtained using razor
blades and a 4°C brain dissection block (Roboz Sur-
gical Instrument Company, Gaithersburg, MD). The
section was then placed on a 4°C dissecting stage
and the region corresponding to the nucleus ac-
cumbens was excised using an RN Ase-free, blunt 18-
gauge needle. The nucleus accumbens was isolated
bilaterally from each animal in this manner and
rapidly transferred to a clean tube that contained
RNAater (Ambion, Austin, TX). Tissue was subse-
quently stored at —20°C and shipped to Columbia
University for further processing.

Samples from four animals were pooled after
transfer to the Columbia University Genome Center
to obtain enough RNA for successful processing.
Sample pooling was also used because it has been
shown to decrease within-group variance, and thus
increase the power to detect between-group variance
(Peng et al. 2003). Pools were designed so that sub-
jects from the same family were in the same pool
whenever possible. This is an important consider-
ation because gene expression is likely to be more
similar among siblings due to a higher degree of al-
lele sharing (because they have the same parents), as
well as exposure to some of the same environmental
variables (because they lived in the same cage).
Therefore, distributing subjects from a single family
over multiple arrays would tend to artificially de-
press within-group variability, thus biasing statisti-
cal tests in favor of finding a difference between the
two groups (each family can belong to only one of
the lines and therefore family is a nested variable).

Total RNA from each pool was isolated by
homogenizing the nucleus accumbens samples in
TRIzol reagent (Invitrogen, Carlsbad, CA), followed
by precipitation and purification using an RNA Easy
Mini Kit (Qiagen, Valencia, CA) in accordance with
the manufacturer’s instructions. Following isolation
of total RNA, poly-A RNA (mRNA) was selectively
and linearly amplified using two rounds of reverse
transcription and in vitro transcription using the
MessageAmp aRNA kit (Ambion, Austin, TX), in
which the first round of reverse transcription used
poly-T primers and the second round used random
hexamer primers. To obtain biotin-labeled aRNA,
we used the ENZO BioArray HighYield RNA Tran-
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script Labeling Kit (Affymetrix, Santa Clara, CA) in
the second round of in vitro transcription. Amplified
RNA was then fragmented and hybridized to Af-
fymetrix Murine Genome U74Av2 arrays at the
Columbia Genome Center Affymetrix core facility.
A total of 20 microarrays with the same lot number
were used in this study, 10 for the high line and 10
for the low line. Because all animals were experi-
mentally naive at the time of sacrifice, microarray
results reflect gene expression differences in the
absence of MA administration.

Statistical Analysis of Microarray
Results. Expression values (transcript abundance)
corresponding to each of the 12,488 probesets on the
U74Av2 chip were estimated using Affymetrix
MASS5 software. We also used the dCHIP and RMA
software packages to estimate transcript abundance
values and thus determine consistency of results
across methods. These three probe-level analysis
methods all calculate a single expression value based
on the signal intensities from the 11-20 probes
comprising each probeset. Each probe in a probeset is
designed to detect a different target sequence in a
transcript (Irizarry et al. 2003). Probe-level analysis
yields a single expression value from all probes in a
probeset after normalizing the probe signal intensi-
ties given by the chip scanner (CEL files) and after
background correction. The dCHIP probe-level
analysis method (Li and Wong 2003) was imple-
mented using the default settings for the dCHIP
software (version 1.2; http://biosunl.harvard.edu/
complab/dchip/). RMA (Robust Multiarray Average;
Irizarry et al. 2003) was implemented using the de-
fault settings for the Affymetrix package within
Bioconductor (version 11/24/03) running within the
R statistical programming environment (http://
www.r-project.org/). Because these three methods
use different algorithms and assumptions about the
data structure, they each produce somewhat differ-
ent estimates of transcript abundance (Irizarry et al.
2008).

Gene expression values for the two lines were
initially compared by a two-sample t-test (Microsoft
Excel, Microsoft Corp., Redmond, WA) and corre-
sponding g values were then calculated for all three
sets of expression values (i.e., MAS5, RMA, and
dCHIP) using g¢-value software (http://faculty.
Washington.edu/~jstorey/qvalue). The g value is an
estimate of the false discovery rate or the proportion
of all t-test comparisons declared to be significant
that are expected to be false positives (Benjamini and
Hochberg 1995). We used a significance threshold of
g < 0.05 corrected for multiple comparisons (Storey
and Tibshirani 2003). This differs from the tradi-
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tional p value, which is the proportion of all t-test
comparisons that are expected to be false positives
and does not correct for multiple comparisons unless
a specific correction (e.g., Bonferroni) is applied.

Identification of eQTL Using www.WebQTL.
org. For genes that showed expression differences
between the short-term selected lines, we sought to
identify eQTL that governed the expression of these
genes using publicly available data from the
www.WebQTL.org website (Chesler et al. 2004).
Data available from WebQTL used whole-brain
(minus cerebellum) gene expression measured with
Affymetrix U74Av2 microarrays in BXD re-
combinant inbred strains (see www.WebQTL.org
for details). Because our measurements were from
nucleus accumbens samples rather than whole-
brain, there are likely to be some disagreements
between our expression data and those available
from www.WebQTL.org eQTL were identified
using three related datasets from www.WebQTL.
org: MAS5 (Data Freeze: Dec 03), RMA (Data
Freeze: Mar 04), and dCHIP (Data Freeze: PM, Mar
04). Significance was determined using the empiri-
cal permutation significance threshold calculated
for the likelihood ratio chi squared score as imple-
mented at that website (http://www.WebQTL.org)
according to the method of Churchill and Doerge
(1994). A number of genes showed suggestive rather
than significant eQTL results, which we have not
reported. In order to create the plots shown in
Fig. 1, in which the bQTL for MA stimulation are
plotted alongside the eQTL for specific genes, we
mapped the eQTL wusing the interval mapping
function of Map Manager QTX, since only graphical
(but not quantitative) interval mapping results may
be obtained from www.WebQTL.org. We used the
“retrieve trait data” feature to obtain expression
values for each individual transcript of interest;
then we calculated a 1-cM density interval map
using the strain distribution patterns from
www.WebQTL.org and Map Manager QTX. Likeli-
hood ratio scores were converted to LOD scores by
dividing by 4.6 (Lander and Botstein 1989).

Verification of Results with Quantitative PCR
(qPCR). qPCR was used to verify the results of the
microarray experiment for certain genes that were
of particular interest. cDNA was produced from
the pooled samples (total RNA) used in the
microarray analysis, using a modified version of
the Invitrogen SUPERSCRIPT Choice kit protocol
(Invitrogen). RNAse inhibitor obtained from Am-
bion was used, and an RNAse-free DNAse (Ambi-
on) step was included prior to addition of primers
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and the SUPERSCRIPT enzyme to remove possible
genomic DNA contamination, which would be
expected to confound qPCR results. A poly-T pri-
mer was used to selectively amplify mRNA.
Primers for each gene were developed using Ap-
plied Bio systems, Inc. (ABI, Foster City, CA) Pri-
mer Express software and were tested to determine
whether they produced a single band on an agarose
gel. Primers were further evaluated to assure that
the melting curve of the PCR product had a single
major peak at a temperature compatible with the
amplicon size and base composition, using the
“melting curve” function for an ABI 7000 real-time
PCR machine. Primers were initially designed to
flank or include the Affymetrix probeset sequence,
although in some cases different primers were
substituted. Sequences not based on Affymetrix
probesets (such as dopamine- and cAMP-regulated
phosphoprotein of 32 kDa; Darpp-32) were sub-
jected to BLAT analysis (http://genome.ucsd.edu:
mouse genome build 30 or 32) to establish that
they identified unique sequences (primer sequences
are available on request). All samples were run in
quadruplicate, and Dbeta-actin was amplified
simultaneously from each sample in different wells
as a reference to control for differences in the
concentration of ¢cDNA as well as variability in
PCR conditions unique to each specific reaction.
Expression levels for beta-actin showed no signifi-
cant differences between groups in the microarray
analysis. Thus, the average difference in cycle time
(ACT) between the experimental sample and the
beta-actin control was the dependent variable for
all analyses. ABI SYBR Green Mastermix was used
with the cycling conditions recommended by the
Primer Express software. One-tailed t-tests were
used to determine significance levels (o = 0.05)
since we assumed a priori that the direction of the
difference would be the same in both the micro-
array and the qPCR studies (this was true in all
cases except for D9Wsul8e, which showed a sta-
tistically significant difference in the wrong direc-
tion). In addition to using qPCR as a verification
step, preliminary data suggested a possible role for
Darpp-32, which was not represented on the
U74Av2 microarray. Expression of this gene was
assessed in the same manner except that a two-
tailed t-test was used to evaluate significance.

Results

bQTL Analysis. We found evidence of bQTL for MA
stimulant response on Chromosomes 5, 9, 11, 12,
and 15 (Fig. 1A-E) using the interval mapping
method. We obtained largely similar results, albeit at
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Fig. 1. Interval mapping results for the stimulant response to a 2-mg/kg dose of MA (MA Stimulation) in the short-term
selected lines, and the expression of certain genes as measured in the BXD recombinant inbred strains from the WebQTL
database. Chromosomes 5, 9, and 15 show a good correspondence between the bQTL and one or more eQTL, suggesting
that a single polymorphism may account for both QTL. The y-axis shows LOD scores, while the x-axis shows the position
on the chromosome in centimorgan (cM) units as calculated by Map Manager using a strain distribution pattern from
www.WebQTL.org. Gene expression data are based on wholebrain (minus cerebellum) BXD recombinant inbred strain
gene expression data obtained from www.WebQTL (all MAS5 DecO3, except for Csnkle, as noted in the figure legend). All
chromosomes where there were suggestive or better results from the short-term selected lines are shown (A-E), and all
genes that had eQTL that were significant, according to www.WebQTL.org, are plotted in this figure. All the genes
represent cis-acting eQTL, with the exception of Mela, which appears to be a trans-acting eQTL. The short-term selected
line results represent LOD scores with two degrees of freedom, whereas the BXD recombinant inbred strains have only
one degree of freedom because only homozygous genotypes are possible in a recombinant inbred strain. The results from
the short-term selected lines are not statistically corrected for genetic drift, which is a relatively small factor after only
three generations. Panel F shows the chromosomal location of all significant eQTL for genes identified in Table 2. Note
that while the microarray data indicated that the genes D9Wsul8e and Sc5d were differently expressed in the two lines,
these differences were not confirmed with the qPCR assay. *in panel B indicates that the probesets for Acaal and
MGC29978 on Chromosome 9 appear to identify the same transcript. *in panel F indicates chromosomes where bQTL
were also identified.

lower significance levels (as expected), using the Microarray Gene Expression Analysis. Expres-
allele frequency methods of Belknap et al. (1997; sion values for each gene were estimated with
Table 1). MAS5, RMA, and dCHIP, using the probe-level
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Table 1. Allele frequency analysis results for the bidirectionally selected lines

Chr Marker cM gH qL P
5 D5Mit197 20 0.63 0.5 0.23
5 D5Mit95 53 0.78 0.24 0.002
5 D5Mit222 71 0.72 0.32 0.015
9 D9Mit90 17 0.57 0.23 0.03
9 D9Mit4 29 0.73 0.27 0.007
9 D9Mit274 48 0.8 0.38 0.01
9 DO9Mit18 71 0.88 0.32 0.001
11 D11Mit229 7 0.57 0.82 0.07
11 D11Mit41 41 0.46 0.6 0.19
11 D11Mit338 65 0.4 0.71 0.05
12 D12Mit219 10 0.7 0.27 0.011
12 D12Mit157 47 0.83 0.34 0.0035
15 D15Mit252 2 0.62 0.55 0.26
15 D15Mit72 29 0.66 0.31 0.026
15 D15Mit15 47 0.66 0.48 0.14

The difference in D2 allele frequencies (q) between the HMACT and LMACT lines at markers that were first implicated by the DNA
pooling study as likely to be linked to bQTL influencing MA-induced stimulation. The p values are for the line differences in allele
frequencies (N = 41 S3 HMACT mice and 31 S3 LMACT mice) tested against the null hypothesis that the observed differences were due

solely to random drift and allele frequency estimation error.

information (CEL files) from the Affymetrix micro-
arrays. Of the 12,488 probesets, we identified 15
transcripts that were significantly different at a g <
0.05. Of these 15, one (Csnk1e) was identified by all
three methods, five were identified by two of the
three methods, and nine were identified by only one
method (Table 2). However, even in the latter case,
the other two methods typically provided supporting
evidence, although short of our arbitrarily selected g
value. We identified an additional 39 transcripts that
had g values between 0.05 and 0.5 by one or more of
these methods. Of these 39, only 2 were identified
with g < 0.5 by two of the methods, and none were
identified by all three of the methods at this relaxed
g value threshold. Three genes (D9Wsul8e, Pcch,
and Rpia) that showed strong disagreements be-
tween the three analytical methods were not con-
firmed by qPCR analysis, which suggests that the
use of multiple probe-level analysis methods may be
useful for the detection of false-positive results.

It is notable that some of the expression differ-
ences that we identified with the microarrays, and
verified with qPCR, are much higher than differ-
ences reported between the B6 and D2 mice in the
WebQTL database. One likely possibility is that
there are differences between the whole-brain
(minus cerebellum) samples used to generate the
WebQTL database and the nucleus accumbens
samples used in the present study. Another possi-
bility is that multiple alleles regulate the abundance
of these transcripts and that selection has “‘sorted
out” these alleles in the two short-term selected
lines such that the observed phenotype is more ex-
treme than in either of the two progenitor strains.
This phenomenon is analogous to selection for a

behavioral phenotype leading to extremes of behav-
ior that are not observed in the inbred progenitor
strains.

Quantitative PCR. To verify results from the
microarray experiment, we used qPCR to measure
relative mRNA abundance for 21 of the transcripts
listed in Table 2. Of those 21, 17 were verified,
suggesting that the g value was a fairly accurate
indicator of significance. Nevertheless, 3 of the 15
transcripts that had ¢ < 0.05 were not confirmed,
which may be a result of lack of sensitivity of the
qPCR assay or false positives resulting from either
statistical or technical problems with the microarray
analysis. Two of these transcripts showed relatively
low abundance according to the microarray data,
which is consistent with a false-negative result from
the qPCR assay resulting from poor sensitivity. The
third transcript that was not verified was D9Wsu18e
for which we obtained a statistically significant re-
sult from the qPCR analysis that indicated an
expression difference in the direction opposite that
predicted by the microarray data. While MAS5
identified D9Wsul8e as being differentially ex-
pressed with a g value of 0.021, both the RMA and
dCHIP analyses yielded g values greater than 0.5 for
this gene.

We used qPCR to examine Darpp-32, which was
not represented on the microarrays, based on an a
priori interest in this gene because of its known role
in determining locomotor sensitivity to cocaine and
amphetamine (Greengard 2001). Ogden et al. (2004)
recently reported differential expression of Darpp-32
24 hours after administration of MA in mice. In
addition, Csnkle, whose gene product is known to
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phosphorylate DARPP-32 (Desdouits et al. 1995),
was differentially expressed in the two oppositely
selected lines, suggesting that alterations in this
pathway may have contributed to the response to
selection. We observed a significant difference of
0.42 cycle for Darpp-32 (p < 0.01; Fig. 2), which
corresponds to about 35% more Darpp-32 mRNA in
the samples from the nucleus accumbens of the
HMACT line. Additional verification of genes iden-
tified by the microarrays was not possible because
we exhausted our supply of several of the primary
samples.

eQTL Analysis. To integrate the bQTL data
with the expression data, we determined whether
there were detectable eQTL for any of the transcripts
found to be differentially expressed in our micro-
array study using www.WebQTL.org. Six of the 15
genes identified in Table 2 with g < 0.05 had appar-
ent cis-acting eQTL, defined as those that map to the
chromosomal region where the gene being modu-
lated is located. One of these genes had a trans-act-
ing eQTL, i.e., an eQTL that maps to a region or
chromosome other than the one where the gene is
located. All three analytical methods agreed on three
of these eQTL (Pparbp, Mela, D7Rp2e), three were
identified by only two methods, and one gene
(probeset 92402_at) was identified only by MAS5.
MASS5 and RMA identified all but one of these seven
eQTL, while dCHIP identified only four of them.

The distribution of eQTL across the genome is
shown in Fig. 1F. The pattern was not random; eQTL
clustered together on particular chromosomes where
bQTL were also observed. One possible explanation
for this clustering is that certain chromosomes have
a greater density of polymorphisms between the two
lines being examined. If this were the case, then the
identification of bQTL and eQTL on the same
chromosomes might simply indicate which chro-
mosomes had a higher density of polymorphisms. To
address this possibility, we compared the number of
genes that were differentially expressed between the
two selected lines that also had known eQTL (as
shown in Fig. 1F) with the number of SNPs per
chromosome (http://www .jax.org/phenome) divided
by the length of each chromosome in MB (http://
genome.ucsc.edu). We found a nonsignificant trend
(p < 0.1) toward a weak positive relationship
(> = 0.16) between these two variables (data not
shown). In particular, Chromosomes 7 and 11 had a
high SNP density and showed high numbers of dif-
ferentially expressed genes that had known eQTL as
well however, note that Chromosome 7 did not
contain a bQTL for MA response). This calculation
is potentially flawed for several reasons:(1) The genes
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Fig. 2. Because Csnkle levels were very different between
the HMACT and LMACT lines and because Csnkle is
known to regulate the activity of Darpp-32, a critical
mediator of the response to dopaminergic agonists, we
measured Darpp-32 using qPCR (there is no probeset for
this gene in the U74Av2 array). The results show that the
Darpp-32 transcript is more abundant in the HMACT line
relative to the LMACT line (transcript abundance is in-
versely related to Delta CT). *indicates a p < 0.01.

represented on the microarrays may be a nonrandom
sample of the genome;(2) known SNP polymor-
phisms may also be overrepresented on certain
chromosomes (to partly address this issue we ex-
cluded the 50,000 + SNP polymorphisms from Cel-
era at http://www.jax.org/phenome since they all
reside on Chr 16);(3) there may be differences in the
density of genes per MB for certain chromosomes.
However, based on this crude analysis there appears
to be only a weak relationship between the location
of genes that were differentially expressed in our
selected lines that also had known eQTL from the
WebQTL database and the density of between-strain
polymorphisms as measured by known SNPs.

We suspect that the observed clustering was in-
stead the result of differences between the HMACT
and LMACT lines in the frequency of alleles that
control expression of these genes. To further illus-
trate the comapping of the bQTL and eQTL, we
plotted them on the same figures (Fig. 1A-E). In
some instances, the bQTL and eQTL comap to the
same chromosome but do not appear to map to the
same region of that chromosome (e.g., Pparbp on
Chromosome 11). There are several possible expla-
nations for these results: The eQTL are linked to
alleles that cause the bQTL but are not themselves
functionally related to the bQTL; the eQTL or bQTL
findings are false positives; or the differential
expression of these genes is determined by a different
mechanism (different alleles) in the whole-brain
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samples used to map the eQTL and the nucleus ac-
cumbens samples from which our data were derived.
Such results are less interesting than those for which
the bQTL and the eQTL map to the same region of
the chromosome in question (e.g., Csnkle on Chro-
mosome 15). In these latter cases, we hypothesize
that the eQTL may comap with the bQTL because
they stem from the same polymorphism—a highly
informative and testable hypothesis that is the result
of our integration of bQTL and eQTL data.

Discussion

Selective breeding from an F, cross derived from two
inbred strains causes the alleles of the loci influ-
encing the trait under selection (bQTL) to diverge
from their initial frequency of 0.5, with the fre-
quency of one allele increasing in one line and
decreasing in the oppositely selected line (Belknap
et al. 1997). In contrast, allele frequencies in portions
of the genome that do not contain trait-relevant
bQTL show comparatively small and random chan-
ges due to genetic drift. When the effect of the bQTL
on the selected trait is a result of a difference in gene
expression (an eQTL), then selection will be associ-
ated with differential transcript abundance since the
eQTL and the bQTL are actually caused by the same
locus. In the present study, we identified a number
of genes that were differentially expressed in nucleus
accumbens tissue from mice that had undergone
selection for differential stimulant response to MA.
eQTL were identified that comap with bQTL for MA
response, suggesting that the identified eQTL are
logical candidates to cause the bQTL (i.e., there is a
single allele causing both QTL).

Gene expression differences were observed in
drug-naive mice, thus they were the result of chan-
ges in allele frequencies due to selection rather than
a response to drug treatment. These differences exist
prior to MA administration and are hypothesized to
alter the acute response to MA, which occurs too
rapidly to depend on drug-induced changes in gene
expression per se. Because expression is the hypo-
thetical mechanism of action for the bQTL-causing
allele, these candidates provide readily testable
hypotheses. Identification of the genetic basis for
bQTL has been an elusive and challenging goal
(Belknap et al. 2001; Phillips et al. 2002). In these
experiments we have progressed rapidly from broad
regions to specific candidate genes through an inte-
gration of traditional mapping techniques, gene
expression microarrays, and bioinformatics. This
success builds on existing efforts to integrate gene
mapping with gene expression within a single
organism (e.g.,, Wayne and McIntyre 2002; Hitze-
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mann et al. 2003, 2004; Schadt et al. 2003) and across
species (e.g., Niculescu et al. 2000; Tabakoff et al.
2003; Ogden et al. 2004).

The chromosomes shown in Fig. 1A-E contain
more than half of the eQTL for genes that we found
to be differentially expressed (Table 2, Fig. 1F).
While the LOD curves for these eQTL are relatively
broad, in some cases there is good correspondence
between the bQTL for MA response and the eQTL
for these genes. In other cases it seems likely that
the eQTL do not colocalize with the bQTL. In these
cases, there is little reason to believe that the eQTL
are causally related to the bQTL.

Several genes identified by our analysis have al-
ready been implicated in the response to MA. The
gene product of Csnkle phosphorylates and thus
increases the activity of the Darpp-32 protein, which
is known to be a critical regulator of the locomotor
response to dopamine-releasing drugs such as co-
caine and MA (Greengard 2001). Higher expression
of both Csnkle and Darpp-32 was observed in the
HMACT line and would be expected to lead to a
stronger locomotor-stimulant response to MA (see
Fig. 3). The LMACT and HMACT lines show a
genetically correlated difference in locomotor stim-
ulant response to cocaine and in cocaine consump-
tion, suggesting that some common genes may
influence MA- and cocaine-related traits in these
lines (Kamens et al. 2005). Differences in Csnkle
and Darpp-32 expression may underlie a portion of
this shared sensitivity. Intriguingly, a putative bQTL
for the locomotor response to cocaine (5 mg/kg) and
for binding of several dopaminergic ligands in the
nucleus accumbens has been identified that comaps
with the eQTL for Csnkle and the bQTL for MA
response (Jones et al. 1999). In addition, a study of
home cage activity in response to MA indicated that
there were suggestive bQTL for that phenotype on
Chromosomes 5, 9, 12, and 15, all of which were
implicated in this study; however, the bQTL on
Chromosome 15 does not colocalize particularly
well with the location of Csnkle (Grisel et al. 1997).
Darpp-32 has recently been suggested as a candidate
gene for bipolar disorder, based in part on changes in
its expression 24 hours following administration of
10 mg/kg MA and on the ability of the mood-stabi-
lizing drug valproate to block MA-induced behaviors
and increases in Darpp-32 expression (Ogden et al.
2004).

The gene Grial codes for an AMPA glutamate
receptor subunit that was more highly expressed in
the LMACT line and that has been implicated in
amphetamine- and cocaine-induced changes in syn-
aptic plasticity that may be related to drug abuse
(Wolf et al. 2003). Furthermore, AMPA receptor ag-
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Fig. 3. Proposed model demonstrating how our results can
be integrated with the current understanding of signaling
mechanisms associated with the locomotor stimulant re-
sponse to MA. Dopamine stimulates the release of intra-
cellular Ca>*, which stimulates protein phosphatase 2B
(PP2B; aka calcineurin), which activates Csnkle by
dephosphorylation, which in turn phosphorylates the ser-
137 site on Darpp-32, which inhibits dephosphorylation of
Thr-34 on Darpp-32 by PP2B, thus preserving the protein
phosphatase activity of Darpp-32, which is inhibitory to-
ward protein phosphatase 1 (PP1), which is itself a critical
inhibitor of locomotor stimulation (for details and primary
references, see Greengard 2001). Dopamine also causes
increases in cAMP, which leads to activation protein Kki-
nase A (PKA) and subsequent activation of Darpp-32. The
gene Gabbrl codes for the GABA B1 receptor, which pro-
motes dopamine release in the nucleus accumbens by
neurons that project from the ventral tegmental area to the
nucleus accumbens (Brebner et al. 2002; Cousins et al.
2002). We detected an almost tenfold increase in Csnkle
(Table 2) as well as smaller increases in Darpp-32 (Fig. 2)
and Gabbrl (Table 2) expression in the HMACT line,
which also showed a greatly enhanced locomotor stimu-
lant response to MA.

onists and antagonists have been shown to modulate
the locomotor response to amphetamine when both
drugs are microinjected into the nucleus accumbens
(David et al. 2004). Ogden et al. (2004) identified a
decrease in Grial expression 24 hours after admin-
istration of 10 mg/kg MA. Given these results,
examining gene expression in our selected lines after
saline versus MA treatment to determine whether
the MA sensitivity phenotype is associated with
differential expression in response to MA would be
of interest.

The Gabbrl gene codes for the GABA BI recep-
tor. Agonists of this receptor have shown promising
results for the treatment of drug addiction (Cousins
et al. 2002). In addition, they have been shown to
attenuate amphetamine and cocaine self-adminis-
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tration or seeking in the rat (Di Ciano and Everitt
2003; Brebner et al. 2004), to attenuate the acute and
sensitized locomotor responses to amphetamine
(Phillis et al. 2001; Bartoletti et al. 2004), and to re-
duce stimulant-induced increases in dopamine in
the nucleus accumbens (Fadda et al. 2003; Brebner
et al. 2004). The effect on dopamine release appears
to depend on GABA B receptors in the ventral teg-
mental area, which is the source of dopamine-pro-
jecting neurons to the nucleus accumbens. While we
measured Gabbrl expression in the nucleus ac-
cumbens rather than in the ventral tegmental area,
genetically determined gene expression differences
in specific brain regions are frequently also observed
in other brain regions (Pavlidis and Noble 2001;
unpublished observations). In light of these data,
which suggest that the GABA B receptor inhibits the
response to amphetamine and related compounds,
higher expression of Gabbrl in the HMACT line
appears to be contradictory. This difference may re-
flect a compensatory response to excessive activity
of the ventral tegmental area — nucleus accum-
bens circuit in the HMACT line, or heightened
expression of Gabbr1 because of a low resting tone of
the ventral tegmental area GABAergic system.
Alternatively, the difference in Gabbrl expression
may not extend to the ventral tegmental area. While
there is significant evidence that administration of
GABA B agonists decreases the response to MA, we
do not know what effect such agonists would have
had on the response to MA in the HMACT and
LMACT lines.

A major goal of QTL mapping in model organ-
isms is the identification of novel genes. The most
significant bQTL for MA response are on Chromo-
somes 5 and 9, which appear to harbor at least three
bQTL and which contain several eQTL for genes that
are not currently known to play a role in MA re-
sponse. One or more of these genes may represent
novel candidates, a possibility that we are currently
pursuing. Alternatively, the gene(s) causing the
bQTL on Chromosome 9 may not be represented on
our microarray, may not be expressed in the nucleus
accumbens, may be differentially expressed in
development rather than adulthood (similar to Gross
et al. 2002), or may be due to a coding sequence
difference rather than an expression difference.
Clearly, future studies should attempt to examine
other brain regions and address these issues; our re-
sults must be labeled “provisional’” until such data
are available.

The statistical power of short-term selected lines
for mapping bQTL is similar to that of a standard F,
population on a per-mouse basis (Belknap et al.
1997). A significant advantage of short-term selected
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lines over F, populations is their usefulness for
examining putatively genetically correlated traits
(Palmer and Phillips 2002; Kamens et al. 2005). We
examined expression of 12,488 transcripts, each of
which is a putatively correlated trait. Correlated
traits can also be examined using an F, population.
However, since each F, mouse is genetically unique,
the correlation that one finds is not purely genetic
(Palmer and Phillips 2002). Environmental factors
unique to a particular F, mouse (such as rough
handling by the vivarium staff or fighting with cage
mates) might alter both of the putatively correlated
traits, but there would be no way to determine what
proportion of the apparent correlation was a result of
genetic versus environmental differences among
individuals. Furthermore, identification of a corre-
lation in an F, population requires measurement of
both traits in each individual. Measuring the first
phenotype (e.g.,, MA response) may itself alter the
second phenotype (e.g., gene expression). Correla-
tions obtained using selected lines are relatively free
of these problems because each trait can be mea-
sured in separate individuals. Such correlations are
more purely genetic because the test of a correlated
trait is based on a comparison of the high and low
groups; independent sets of experimentally naive
animals from each selected line are tested for each
trait, and “‘noise’’ from environmental factors will be
equally distributed across both lines.

Selected lines also allow us to identify a sec-
ond class of genes, namely, those whose expression
is governed by multiple small-effect eQTL. Selec-
tion will change the frequency of each eQTL-
causing allele for genes that are important for the
selection trait, leading to gene expression differ-
ences that may be due to multiple (and thus less
easily mapped) eQTL. Such genes are important to
identify in order to better understand the genetic
determinants of the trait under selection. Never-
theless, these genes would be difficult to identify
with nonselection-based approaches since multiple
small alleles will only rarely be grouped together
in randomly bred (e.g., F,) populations. In the
present study, we identified Gabbrl, Grial, and
Darpp-32, none of which have significant eQTL
(based on currently available data), possibly be-
cause their expression is governed by multiple
small-effect eQTL. Both Grial and Darpp-32 are
located on Chromosome 11, which contains a
bQTL for MA response, suggesting that one of
these small-effect eQTL may be cis-acting. Indeed,
www.WebQTL.org provided suggestive (but not
quite significant) evidence of a cis-acting eQTL for
Grial, and this eQTL becomes significant when
considering preliminary data obtained from an F,
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cross between B6 and D2 strains (www.Web-
QTL.org; data not shown), suggesting that an eQTL
for Grial may be responsible for the bQTL on
Chromosome 11.

When using selected lines (e.g., Tabakoff et al.
2003) for which eQTL data are not available, iden-
tification of gene expression differences is still pos-
sible; however, it is difficult to determine whether
gene expression differences are a result of one or
more cis- or trans-acting eQTL. It is also more dif-
ficult to map bQTL using such populations. There-
fore, short-term selected lines produced from
progenitor strains for which eQTL data are also
available are uniquely powerful because evidence of
the bQTL and eQTL is obtained from the same
population. At present, only crosses between the B6
and D2 strains have a corresponding eQTL database
available.

Our approach is related to an approach that has
been termed ““convergent functional genomics’”’ by
Niculescu et al. (2000; also see Ogden et al. 2004). In
those studies, gene expression in response to
administration of MA and the mood-stabilizing drug
valproate was examined in mice or rats to identify
genes that might be involved in the behavioral re-
sponses to these drugs. The results of these studies
were combined with human linkage results from
bipolar and schizophrenia studies in order to identify
candidate genes within those linkage regions.
mRNA and protein levels in postmortem human
brain samples were also examined, and bioinfor-
matic tools were used to further parse among the
possible candidate genes. Both their strategy and
ours are designed to generate candidate genes for
testing in human subjects. Our approach is distinct
because it focuses on gene expression differences
between two groups of mice that differ in their ge-
netic response to MA rather than on the analysis of
gene expression associated with MA treatment.
Thus, our fundamental manipulation is genetic,
whereas theirs is pharmacologic.

We have brought classical genetics and modern
genomic and computational resources together in a
unique configuration that can serve as a blueprint
for subsequent investigations of other phenotypes.
Taken together, the present data suggest that
Csnkle, Gabbrl, Grial, and Darpp-32 are logical
candidates for future studies in mice and for
translational genetic studies of drug-abuse suscep-
tibility in human subjects. Additionally, these data
demonstrate the potential of short-term selective
breeding studies in combination with microarrays
to identify genes that are differentially regulated in
a manner that affects a complex behavioral pheno-

type.
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