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C57BL/6J (B6) and DBA/2J (D2) mice differ in behaviors related to substance abuse, including voluntary morphine consumption and

preference in a two-bottle choice paradigm. Two major quantitative trait loci (QTL) for morphine consumption and preference exist

between these strains on chromosomes (Chrs.) 6 and 10 when the two-bottle choice involves morphine in saccharin vs quinine in

saccharin. Here, we report the refinement of the Chr. 10 QTL in subcongenic strains of D2.B6-Mop2 congenic mice described previously.

With these subcongenic mouse strains, we have divided the introgressed region of Chr. 10 containing the QTL gene(s) into two

segments, one between the acromere and Stxbp5 (in D2.B6-Mop2-P1 mice) and the other between marker D10Mit211 and marker

D10Mit51 (in D2.B6-Mop2-D1 mice). We find that, similar to B6 mice, the D2.B6-Mop2-P1 congenic mice exhibit a strong preference for

morphine over quinine, whereas D2.B6-Mop2-D1 congenic mice avoid morphine (similar to D2 mice). We have also created a line of

double congenic mice, B6.D2-Mop2.Qui, which contains both Chr. 10 and Chr. 6 QTL. We find that they are intermediate in their

morphine preference scores when compared with B6 and D2 animals. Overall, these data suggest that the gene(s) involved in morphine

preference in the morphine-quinine two-bottle choice paradigm are contained within the proximal region of Chr. 10 (which harbors

Oprm1) between the acromere and Stxbp5, as well as on distal Chr. 6 between marker D6Mit10 and the telomere.
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INTRODUCTION

There is strong evidence that genetic factors are involved in
determining individual differences in susceptibility to
substance abuse and dependence, particularly with regard
to heroin and other opiates (Tsuang et al, 2001). Given this
fact, various animal models of substance abuse and
dependence have been developed and are being used to
identify genes involved in these disorders. To identify genes
involved in substance abuse, we have used a common
mouse model in which two mouse strains, C57BL/6J (B6)
and DBA/2J (D2), differ in the expression of behaviors
related to substances of abuse, including alcohol (Belknap
et al, 1993b) and opiates (Belknap et al, 1993a). With
respect to opiates, particularly morphine, B6 and D2 mice
differ in voluntary intake (either by consumption of

morphine-containing liquid or food, or by operant intrave-
nous self administration) (Horowitz et al, 1977; Belknap
et al, 1993a; Suzuki et al, 1991; Elmer GI, personal
communication), development of tolerance (Frigeni et al,
1981) and dependence (Belknap, 1990; Suzuki et al, 1991),
withdrawal symptoms (Suzuki et al, 1991; Kest et al, 2002),
analgesia (Belknap et al, 1995), antinociception (Bergeson
et al, 2001), Straub tail (Belknap, 1990), hypothermia
(Muraki and Kato, 1987), and reward as determined by
conditioned place preference (Cunningham et al, 1992;
Orsini et al, 2005). Therefore, these two inbred mouse
strains comprise a useful model for investigating the genetic
influences on behaviors related to opiate/opioid abuse.

Berrettini et al (1994b) used a two-bottle choice paradigm
in which B6 and D2 mice could drink a saccharin solution
containing either morphine or quinine (Horowitz et al,
1977; Belknap et al, 1993a). A quantitative trait loci (QTL)-
mapping study, using this paradigm, revealed three regions
of the mouse genome that explained greater than 85% of the
observed genetic variance in preference for these substan-
cesFtwo major QTL on chromosomes (Chrs.) 10 and 6,
and one minor QTL on Chr. 1 (Berrettini et al, 1994b). The
Chr. 10 ‘Morphine-preference’ (Mop) QTL was replicated
(Alexander et al, 1996) and has been confirmed in
reciprocal congenic mouse strains (Ferraro et al, 2005).
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The introgressed region in the aforementioned reciprocal
congenic mouse strains, B6.D2-Mop2 and D2.B6-Mop2, was
large (B21 cM from the acromere to D10Mit3) containing
hundreds of genes. Nonetheless, the strongest candidate
gene under the initial QTL peak and within the introgressed
region was Oprm1, which encodes the main receptors for
morphine in the brainFthe m-opioid receptors (MORs)
(Wood and Iyengar, 1988; Pan, 2005).

The main genetic influence on voluntary consumption of
solutions containing various bitter-tasting compounds,
including quinine, maps to the distal portion of Chr. 6 in
mice (Lush, 1984; Nelson et al, 2005). Berrettini et al
(1994b) suggested that the Qui locus for consumption of
bitter-tasting compounds influenced the morphine prefer-
ence scores in the two-bottle choice paradigm that was used
to define the Mop QTL in B6 and D2 mice. Indeed, B6 and
D2 mice differ in their intake of quinine in brief access (6 h)
assays (Frank and Blizard, 1999; Boughter et al, 2005), as
well as consumption of quinine in extended (48 h) water vs
quinine two-bottle choice experiments (Frank and Blizard,
1999), with B6 animals avoiding quinine more so than D2
animals. Additionally, mapping of the Qui locus has been
further refined to the medial/distal region of Chr. 6
containing a cluster of Tas2r taste receptor genes in the
vicinity of Prp (marker D6Mit13) (Blizard et al, 1999; Adler
et al, 2000; Chandrashekar et al, 2000; Nelson et al, 2005). A
series of B6.D2 genome-tagged (congenic) mouse strains
was recently created at the University of California at Los
Angeles (UCLA) and made available to researchers (Iakou-
bova et al, 2001). As such, we obtained the B6.D2-6D mice
and created a double congenic mouse strain, B6.D2-
Mop2.Qui that, in theory, would no longer exhibit aversion
to quinine in the two-bottle choice paradigm because it
would harbor the D2 qui locus, and, thus, show quinine-
related behavior similar to that of D2 animals. Furthermore,
these congenic mice might also serve to confirm the major
QTL influencing morphine preference on distal Chr. 6
(Berrettini et al, 1994b).

In this paper, we report the creation of subcongenic
mouse strains, D2.B6-Mop2-P1 and D2.B6-Mop2-D1, that
break the previously reported QTL interval (28.8 Mbp in
D2.B6-Mop2) on Chr. 10 (Ferraro et al, 2005) into two
segments (9.5 Mbp in D2.B6-Mop2-P1 and 17.2 Mbp in
D2.B6-Mop2-D1), narrowing the introgressed region and
substantially reducing the number of candidate genes that
could account for the Mop2 morphine preference QTL. We
report the results of experiments using these new subcon-
genic mouse strains with respect to voluntary morphine
consumption behavior and morphine preference in a two-
bottle choice paradigm. We also report the results of
experiments with a double congenic strain, B6.D2-Mop2.
Qui, which was derived by breeding B6.D2-Mop2 (Ferraro
et al, 2005) and B6.D2-6D congenic strains (Iakoubova et al,
2001).

MATERIALS AND METHODS

Animals

The animals used in these studies were derived from C57BL/
6J and DBA/2J mice originally purchased from Jackson
Laboratory (Bar Harbor, ME) and propagated at our animal

colony at the Department of Veterans Affairs Medical
Center, Coatesville, PA. Genetic drift in the colony is
minimized by supplementing breeders with additional
animals purchased from the Jackson Laboratory several
times per year. Mice are generally weaned at 3 weeks of age
and group-housed by gender until used for experimenta-
tion. They are kept on a light/dark cycle of 14 h on (lights on
at 0700 h) and 10 h off and have free access to food. Water
is available ad libitum except during the two-bottle
choice paradigm described below. All studies were approved
by the Animal Care and Use Committees governing the
participating laboratories.

The B6.D2-Mop2 and D2.B6-Mop2 congenic mice used in
these studies were created in our laboratory using a marker-
assisted breeding strategy as described (Ferraro et al, 2005).
The D2.B6-Mop2-P1 and D2.B6-Mop2-D1 subcongenic
strains were derived by backcrossing heterozygous D2.B6-
Mop2 congenic mice to parental D2 mice and tracking
recombination by marker analysis within the original
introgressed region. The B6.D2-Mop2.Qui double congenic
mice used in these studies were created by crossing B6.D2-
Mop2 congenic mice (Ferraro et al, 2005) with B6.D2-6D
(referred to here as B6.D2-Qui) congenic mice obtained
from UCLA (Iakoubova et al, 2001). Standard marker-
assisted breeding (markers indicated in Figure 3) was used
to create double congenic mice that were homozygous at
each introgressed region.

Two-Bottle Choice Experiments

Mice 8–10 weeks old were housed separately for the
duration of the 12-day two-bottle choice drinking experi-
ment. Mice had free access to food throughout the
experiment. On days 1–4 of the paradigm, mice were given
two bottles filled with water to acclimate them to drinking
from two bottles. On days 5–8 of the paradigm, mice were
given a choice between 0.2% saccharin solutions containing
either 0.4 mg/ml morphine sulfate or 0.2 mg/ml quinine. To
control for effects due to learning, the positions of the
bottles were changed daily. On days 9–12 of the paradigm,
mice were given a choice between bottles filled with either
0.7 mg/ml morphine sulfate or 0.4 mg/ml quinine in a 0.2%
saccharin solution. Fluid intake was measured each day (at
0900–1000 h) by weighing each bottle and calculating the
amount of fluid ingested. Morphine consumption and
preference scores were calculated as described previously
(Berrettini et al, 1994b; Ferraro et al, 2005).

Genotyping

DNA marker analysis was performed by PCR amplification
followed by electrophoresis on either polyacrylamide
(Berrettini et al, 1994b) or agarose gels (Ferraro et al,
1998) as described previously. A single-nucleotide poly-
morphism (SNP) between B6 and D2 mice in exon 10 of
Oprm1 that creates a DdeI site in B6 amplicons was analyzed
as described (Ferraro et al, 2005). A second polymorphism
in exon 11 50 flank of Oprm1 was also analyzed. Briefly,
a 960-bp product was amplified by PCR from B100 ng of
tail clip DNA using 1� standard Perkin Elmer PCR buffer
containing 1.5 mM MgCl2, 200 mM dNTPs, 0.2 pmol/ml
forward (50-AGGGACCTTGTATGTAGAAATG-30) and reverse
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primers (50-GAGTTATGGGAAGGGAGGAG-30), 1 M be-
taine, and 1 U AmpliTaq DNA polymerase. PCR cycles were
as follows: 941C for 5 min, followed by 35 cycles of 941C for
30 s, 581C for 30 s, 721C for 90 s, followed by 721C for 5 min.
An A/G SNP creates a TspRI site (50-CAGTG-30) in B6 mice
that is absent in D2 mice. For genotyping, 10 ml of the
reaction was digested with 2 U TspRI (New England Biolabs,
Beverly, MA) at 651C for 2 h. The products were analyzed by
separation on 5% non-denaturing polyacrylamide gels and
staining with ethidium bromide, and were photographed
with a video-based gel documentation system.

To fine-map the breakpoint in D2.B6-Mop2-P1 mice,
polymorphisms in Grm1 and Stxbp5 on Chr. 10 were
analyzed. For Grm1, a 165-bp amplicon was generated by
PCR from B100 ng of tail clip DNA using conditions as
above for Oprm1, except for the exclusion of betaine and the
use of Grm1-specific forward (50-AGATGAGAGCCAGC
TCCTTG-30) and reverse (50-CACTCAAGTTCCTGCCA
CAG-30) primers. PCR cycles were as follows: 941C for
5 min, followed by 35 cycles of 941C for 30 s, 501C for 30 s,
721C for 30 s, followed by 721C for 5 min. An A/G SNP
creates a PstI site (50-CAGCTG-30) in the D2, but not the B6
amplicon. For genotyping, 20 ml of each reaction was
digested with 10 U PstI (New England Biolabs) at 371C for
1 h. For Stxbp5, a 221-bp amplicon was generated by PCR
from B100 ng of tail clip DNA using conditions as above
for Oprm1, except for the use of Stxbp5-specific forward
(50-ACATGTGGAGGCCAAAGAAC-30) and reverse (50-GGCTC
TCAGGAGATGTGAGG-30) primers. PCR cycles were as
follows: 941C for 5 min, followed by 35 cycles of 941C for
30 s, 561C for 30 s, 721C for 30 s, followed by 721C for 5 min.
An A/G SNP creates a second HphI site (50-GGTGA(N)8-30)
in the B6 amplicon that is absent from the D2 amplicon. For
genotyping, 5 ml of each reaction was digested with 10 U
HphI (New England Biolabs) at 371C for 1 h. The products
were analyzed as above.

Polymorphisms in the KapI and Tas2r105 genes on Chr. 6
were analyzed in B6.D2-Mop2.Qui animals. Briefly, for KapI,
a 245-bp amplicon was generated by PCR from B100 ng of
tail clip DNA using conditions as above for Oprm1, except
that the forward primer was 50-GACTTCTTCACTAAGTGC
TAAC-30, and the reverse primer was 50-TGTTAGCCACCT
GATCTCAAG-30. PCR cycles were as follows: 941C for
5 min, followed by 35 cycles of 941C for 30 s, 561C for 30 s,
721C for 30 s, followed by 721C for 5 min. An A/G SNP
creates an AluI site (50-AGCT-30) in the D2, but not in the
B6, amplicon. For genotyping, 10 ml of the reaction was
digested with 2.5 U of the AluI enzyme (New England
Biolabs) at 371C for at least 2 h. For Tas2r105, a 1044-bp
amplicon was amplified by PCR from B100 ng of tail clip
DNA under the conditions stated above for Oprm1, except
for the addition of 0.8 mg/ml bovine serum albumin and the
use of Tas2r105-specific forward (50-GAACTCAATATA
GAGGACACTC-30) and reverse (50-CCCTCATTATTATTC
TAAATTACGC-30) primers. PCR cycles were as follows:
941C for 5 min, followed by 35 cycles of 941C for 30 s, 581C
for 30 s, 721C for 80 s, followed by 721C for 5 min. An A/G
SNP creates an NheI site (50-GCATGC-30) in the D2 strain
that is not present in the B6 strain (Nelson et al, 2005). For
genotyping, 10 ml of the reaction was digested with 2.5 U
NheI (New England Biolabs) at 371C for 90 min. The
products were analyzed as above.

Data Analysis

For each congenic line, at least two separate experiments
were performed, which included the parental strains (B6
and D2) as controls. Multi-way ANOVA using the Truepi-
stat software package (Epistat Services, Richardson, TX)
was performed to determine whether there were effects
of strain or experiment on the B6.D2-Mop2.Qui data.
For D2.B6-Mop2-P1 and D2.B6-Mop2-D1 data, one-way
ANOVAs for instances where there are different numbers of
individuals in subsamples (ie. experiments) was used to
calculate F using an Excel (Microsoft Corp., Seattle, WA)
spreadsheet and the formulas contained in Statistical
Methods by Snedecor (1950). Endpoints measured were
not significantly different (po0.05) between genotypic
groups studied in separate experiments. Thus, groups from
separate experiments were combined for further analysis.
One-way ANOVA was performed using Truepistat to
determine whether there were strain effects within mea-
sures. One-way ANOVA and a post hoc Newman–Keuls
analysis were performed using the Truepistat software
package to determine confidence interval overlaps between
strains. Graphs were plotted using Prism 4.0 software
(GraphPad Software, San Diego, CA).

In Silico Bioinformatics

Brain expression of genes within the introgressed region of
Chr. 10 in D2.B6-Mop2-P1 mice was determined initially by
searching the Allen Brain Atlas (http://www.brainatlas.org/
aba/) using the gene or cDNA name and accessing the
densitometry graphs. Some cDNAs that were not in the atlas
were documented as having been derived from brain tissue
by checking the tissue source in the corresponding
‘Nucleotide’ record or by querying the ‘Gene Expression
Omnibus (GEO) profiles’ at http://www.ncbi.nlm.nih.gov/
sites/entrez. We also searched the ‘whole brain,’ ‘striatum,’
‘cerebellum,’ and ‘hippocampus’ gene chip expression
profiles of B6 and D2 mice for each gene or cDNA at
www.GeneNetwork.org (Wang et al, 2003) to verify brain
expression. To determine whether there was any relation-
ship between morphine pharmacology and the genes
within the introgressed region in D2.B6-Mop2-P1 mice,
a PubMed (http://www.ncbi.nlm.nih.gov/sites/entrez) litera-
ture search was performed for each gene or cDNA
using various search terms (full gene name, gene symbol,
and so on) in combination with ‘morphine,’ ‘m-opioid
receptor,’ or ‘opiate.’

RESULTS

B6 D2-Mop2.Qui Two-Bottle Choice Experiments

Two separate experiments were performed using the B6.D2-
Mop2.Qui double congenic strain. There was no effect of
experiment for the B6.D2-Mop2.Qui data sets (F¼ 1.130–
1.956, p¼ 0.17–0.294). Therefore, B6.D2-Mop2.Qui groups
from each experiment were combined for further analysis.
In experiments with the B6.D2-Mop2.Qui strain, a strong
effect of strain was seen on morphine and quinine
consumption (F¼ 111.282, po1� 10�8 and F¼ 13.33,
p¼ 3.88� 10�5, respectively) and for total fluid (F¼ 48.66,
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po1� 10�8) and morphine preference (F¼ 21.771,
p¼ 4� 10�7).

We hypothesized that if the introgressed region of
Chr. 6 in double congenic B6.D2-Mop2.Qui mice contained
the gene cluster for bitter-tasting compounds that
controls quinine aversion in B6 mice (Adler et al, 2000;
Chandrashekar et al, 2000; Nelson et al, 2005), then they
would exhibit a reduced preference for morphine compared
with B6 and B6.D2-Mop2 animals (Ferraro et al, 2005). As
predicted and similar to D2 mice, the B6.D2-Mop2.Qui mice
consume significantly more quinine than B6 (Figure 1,
po0.01) and B6.D2-Mop2 mice (Ferraro et al, 2005)
(32.7±16.9 vs 6.74±3.28, respectively, Student’s t-test,
p¼ 3.6� 10�10). However, B6.D2-Mop2.Qui mice consume
significantly more morphine than D2 mice, but significantly
less than B6 mice (Figure 1, po0.01). Thus, morphine
preference of the B6.D2-Mop2.Qui strain was reduced
significantly compared with B6 (Figure 2) and B6.D2-
Mop2 (Ferraro et al, 2005) strains. B6.D2-Mop2.Qui mice

show 60% of the preference for morphine compared with
B6.D2-Mop2 mice (Ferraro et al, 2005) (0.51±0.22 vs
0.85±0.06, respectively, Student’s t-test, p¼ 4� 10�10).
These data suggest that 40% of morphine preference might
be explained simply by taste factors (Lush, 1984; Berrettini
et al, 1994b; Ferraro et al, 2005) and are in agreement with
earlier work indicating that the QTL on Chr. 6 explains
roughly 36% of the genetic variance in morphine consump-
tion between the B6 and D2 strains (Berrettini et al, 1994b).
The difference in morphine preference can be attributed
partially to increased consumption of quinine by B6.D2-
Mop2.Qui mice (Figure 1), which consume approximately
four and a half times more quinine than B6.D2-Mop2 mice
(Ferraro et al, 2005) (32.7±16.9 vs 6.7±3.3 mg/kg/day,
respectively, Student’s t-test, p¼ 3.6� 10�10). These data
suggest that the Chr. 6 QTL influencing quinine aversion in
B6 mice (Berrettini et al, 1994b; Blizard et al, 1999) has been
captured in the B6.D2-Mop2.Qui congenic strain. However,
the B6.D2-Mop2.Qui morphine preference score remains
higher than that of D2 animals (0.51±0.22 vs 0.12±0.02,
Student’s t-test, p¼ 2.4� 10�11; Figure 2), suggesting the
presence of additional alleles (loci) in D2 mice that
influence morphine and/or quinine consumption.

Genetic Characterization of D2.B6-Mop2-P1 and D2.B6-
Mop2-D1 Subcongenic Mice

Since the initial report on the D2.B6-Mop2 congenic mice
(Ferraro et al, 2005), we have continued to backcross these
animals to their parental strain (D2) to generate subcon-
genic strains for refined mapping of the QTL on Chr. 10.
Thus, we created the D2.B6-Mop2-P1 and D2.B6-Mop2-D1
subcongenic strains (see Figure 3 for map) and tested them
for morphine consumption and preference. Notably, these
strains are most useful for fine mapping of the Mop2 QTL
because they do not have the complication of quinine
aversion as does the reciprocal B6.D2-Mop2 strain. The
original D2.B6-Mop2 congenic mice contain an introgressed
region from B6 Chr. 10 that is approximately 21 cM,
extending from the acromere to marker D10Mit3 (Ferraro
et al, 2005). The subcongenic mice, D2.B6-Mop2-P1 and
D2.B6-Mop2-D1, used here have divided this region into
two segments, with the breakpoint between markers
D10Mit28 and D10Mit211 (Figure 3). Fine mapping of
genes within the breakpoint region revealed that both
D2.B6-Mop2-P1 and D2.B6-Mop2-D1 mice were homozy-
gous for the D2 allele at the Grm1 and Stxbp5 loci. Thus,
D2.B6-Mop2-P1 mice contain B6 sequence from the
acromere to marker D10Mit28, whereas D2.B6-Mop2-D1
mice contain B6 sequence between marker D10Mit211 and
marker D10Mit51.

D2.B6-Mop2-P1 and D2.B6-Mop2-D1 Two-Bottle Choice
Experiments

Three separate two-bottle choice experiments were per-
formed using D2.B6-Mop2-P1 and D2.B6-Mop2-D1 congenic
strains. One-way ANOVA revealed no experimental
effect on any measures in the four strains tested. Therefore,
data from animals in the three experiments with
these congenic strains were combined for further analysis.
One-way ANOVA revealed large strain effects for

Figure 1 Morphine and quinine consumption by parental and B6.D2-
Mop2.Qui congenic mice. Mice were tested in the two-bottle choice
paradigm with saccharin plus morphine or quinine as described under
Materials and Methods. The mean ( + SEM) consumption over days 9–12 is
shown. The number of animals in each strain group is indicated. *po0.01 vs
all other strain groups for quinine consumption; #po0.01 vs all other strain
groups for morphine consumption. The data for B6.D2-Mop2 mice are
from Ferraro et al (2005). Note that symbols indicating significance do not
apply to B.D-Mop2 data.

Figure 2 Morphine preference and total fluid intake by parental and
B6.D2-Mop2.Qui congenic mice. Mice were tested in the two-bottle choice
paradigm with saccharin plus morphine or quinine as described under
Materials and Methods. The mean ( + SEM) preference scores and total
fluid intake over days 9–12 is shown. The number of animals in each strain
group is indicated. *po0.01 vs all other strains for morphine preference;
#po0.01 vs all other strains for total fluid intake. The data for B6.D2-Mop2
mice are from Ferraro et al (2005). Note that symbols indicating
significance do not apply to B.D-Mop2 data.
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quinine (F¼ 72.782, po1� 10�8) and morphine consump-
tion (F¼ 44.447, po1� 10�8), as well as for total fluid
intake (F¼ 28.656, po1� 10�8) and morphine preference
(F¼ 226.647, po1� 10�8).

D2.B6-Mop2-D1 and D2 mice consumed similar (not
statistically different) amounts of quinine, which differed
significantly from quinine consumption of D2.B6-Mop2-P1
and B6 mice (po0.01) (Figure 4). Moreover, D2.B6-Mop2-
P1 and B6 mice were significantly different (po0.05) from
each other in quinine consumption (Figure 4). In terms of
morphine consumption, B6 mice drank more than any
other strain (Figure 4, po0.01). D2.B6-Mop2-P1 mice
consumed an intermediate amount of morphine, drinking
significantly more than D2 and D2.B6-Mop2-D1 mice
(Figure 4, po0.01), but significantly less than B6 mice
(Figure 4, po0.01). As with quinine consumption, D2 and
D2.B6-Mop2-D1 mice did not differ in their morphine
consumption (Figure 4). B6 mice were statistically different
from all other strains in total fluid intake (Figure 5,
po0.01). With respect to morphine preference, B6 and
D2.B6-Mop2-P1 mice showed highest preference and were
statistically different from all other strains (po0.01; see
Figure 5). D2 and D2.B6-Mop2-D1 mice were not statisti-
cally different in morphine preference (Figure 5).

Overall, as with the original D2.B6-Mop2 congenic
animals (Ferraro et al, 2005), D2.B6-Mop2-P1 mice exhibit
behavior resembling that which is characteristic of B6 mice
(Figures 4 and 5). Conversely, D2.B6-Mop2-D1 mice
resemble D2 mice in drinking behavior (Figures 4 and 5).
D2.B6-Mop2-P1 congenic mice drank approximately 50% as

much morphine as B6 mice, but still showed high morphine
preference scores relative to D2 mice (0.77±0.11 for P1 vs
0.18±0.10 for D2) (Figure 5). Importantly, the morphine
preference score of D2.B6-Mop2-P1 mice approximates that
of D2.B6-Mop2 mice (0.77±0.11 vs 0.71±0.12, respectively)
(Ferraro et al, 2005). The fact that D2.B6-Mop2-P1 animals
drink less morphine than B6 animals can be explained by a
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B6.D2-Mop2-Qui (6)

Qui

Figure 3 Schematic representation of Chrs. 10 and 6 in congenic strains tested in the two-bottle choice paradigm. The chromosome number presented is
indicated in parentheses. The names of genes and DNA microsatellite markers that were typed for these studies are given above each chromosome. Their
relative positions (in Mbp from the acromere) on the physical map (http://genome.ucsc.edu) are given below the chromosome. Black regions reflect
contributions from the B6 parental strain, while gray regions reflect contributions from the D2 parental strain. White regions between markers and/or genes
indicate regions of undetermined origin. The position of the Qui locus as defined by Nelson et al (2005), which agrees well with the morphine preference
QTL peak (from 100 to 130 Mbp centered on D6Mit13) mapped by Berrettini et al (1994b), is indicated. The position of the original Chr. 10 morphine
preference QTL peak was localized between markers D10Mit28 at roughly 9.1 Mbp and D10Mit15 at 66.4 Mbp.

Figure 4 Morphine and quinine consumption by parental and D2.B6-
Mop2-P1 and D2.B6-Mop2-D1 subcongenic mice. Mice were tested in the
two-bottle choice paradigm with saccharin plus morphine or quinine as
described under Materials and Methods. The mean ( + SEM) consumption
over days 9–12 is shown. The number of animals in each strain group is
indicated. *po0.01 vs all other strains for morphine consumption;
#po0.01 vs B6 and P1 strains for quinine consumption; @po0.05 vs B6,
po0.01 vs D1 and D2 strains for quinine consumption. The data for
D2.B6-Mop2 mice are from Ferraro et al (2005). Note that symbols
indicating significance do not apply to D.B-Mop2 data.
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lack of quinine aversion found on the D2 background. This
fact may also play some role in determining the slightly
lower morphine preference scores for D2.B6-Mop2-P1 mice
when compared with B6 preference scores (0.95±0.01 for
B6 vs 0.77±0.11 for P1) (Figure 5). In contrast, D2.B6-
Mop2-D1 mice show morphine preference scores similar to
D2 mice (0.16±0.08 for D1 vs 0.18±0.10 for D2) (Figure 5).
These data suggest that D2.B6-Mop2-P1 mice still harbor the
gene(s) responsible for the Chr. 10 QTL, whereas D2.B6-
Mop2-D1 mice do not. Therefore, this places the Mop2 QTL
gene(s) within the region of Chr. 10 between the acromere
and the Stxbp5 locus.

Brain Expression of Candidate Genes

Of the 39 B6-derived genes or cDNAs in the critical interval
of D2.B6-Mop2-P1 mice, at least 35 are expressed at some
minimal level in at least one brain region. There are five
genes harbored within the introgressed region of D2.B6-
Mop2-P1 mice whose products have been documented to be
related to morphine pharmacology, including Ppp1r14c (Liu
et al, 2002), Iyd (Baumgartner et al, 1998), Vip (Liu et al,
2004), Rgs17 (Garzon et al, 2005a, b; Rodriguez-Munoz et al,
2007a, b), and Oprm1 (Contet et al, 2004; Pasternak, 2001b).
Although we cannot fully exclude those genes within the
introgressed region that have unknown relationships to
morphine pharmacology, of those mentioned above, we
consider the two strongest candidate genes to be Oprm1 and
Rgs17 (see below).

DISCUSSION

Results obtained from studying B6.D2-Mop2.Qui double
congenic strain suggest that 40% of morphine preference is
attributable to loci on the distal portion of Chr. 6 (Figure 2),
from marker D6Mit10 to the telomere (Figure 3). This
result most likely represents the influence of the Qui
locus near marker D6Mit13 (Berrettini et al, 1994b; Blizard
et al, 1999). The fact that B6.D2-Mop2.Qui double congenic
mice drink approximately 50% of their fluid from the

morphine-containing bottle indicates that they no longer
have a ‘preference’ for one solution or the other. On the
other hand, B6.D2-Mop2.Qui mice show a significantly
higher preference for morphine compared with D2 mice
(Figure 2). This difference may reflect other taste prefer-
ences of D2 and B6 mice. For example, in brief access tests,
D2 mice have a relative taste aversion to saccharin solutions
containing morphine compared with the B6 strain
(Horowitz et al, 1977). However, the magnitude of
difference between these strains in our previous data
(Ferraro et al, 2005) is smaller than that observed by
Horowitz et al (1977), possibly because of the extended
nature of our paradigm and because we compared
morphine–saccharin to saccharin rather than to water.
The B6.D2-Mop2.Qui strain maintains the B6 allele of the
Sac locus for sweet-tasting compounds on Chr. 4 (Blizard
et al, 1999; Nelson et al, 2001; Zhao et al, 2003). Thus, there
is the possibility that the greater preference for the
morphine–saccharin solution of B6.D2-Mop2.Qui mice, as
compared with the D2 strain, reflects some interaction of
the Sac locus with the bitter taste loci on Chr. 6 or elsewhere
in the genome. Taken together with previously published
data demonstrating that morphine preference in the two-
bottle choice paradigm was diminished by 50% upon
administration of naltrexone (Berrettini et al, 1994a), these
results suggest that at least 10% of morphine preference is
not explained by the QTL on Chrs. 6 and 10. Notably,
previous work identified a suggestive QTL (Lod¼ 3.1) on
Chr. 1 that explained about 10% of the genetic variance
between the parental B6 and D2 strains (Berrettini et al,
1994b). Thus, an allele on Chr. 1 may also contribute to the
difference in morphine consumption and/or preference
observed between the B6.D2-Mop2.Qui and D2 strains.
Alternatively, more pronounced peripheral effects of
morphine, such as nausea or constipation, in D2 mice
might cause them to avoid the morphine solution.

Comparison of congenic strains created to refine the Chr.
10 QTL reveals that the D2.B6-Mop2-P1 subcongenic strain
behaves similarly to the D2.B6-Mop2 congenic strain used
for the initial QTL confirmation (Ferraro et al, 2005),
showing B6-like morphine preference (Figure 5). The
introgressed region in the D2.B6-Mop2 congenic strain
was relatively large (B21 cM from the acromere to
D10Mit3) compared with that of the D2.B6-Mop2-P1
subcongenic strain (B4 cM from the acromere to Stxbp5).
Fine mapping of the breakpoint between markers D10Mit28
and D10Mit153 in D2.B6-Mop2-P1 congenic mice identified
D2 alleles at the Grm1 and Stxbp5 loci. According to
Ensembl (release 46, mouse genome build 36), there are 37
known or novel genes or cDNAs between the acromere and
marker D10Mit28, and an additional two novel genes or
cDNAs between marker D10Mit28 and Stxbp5. Therefore,
we conservatively estimate that there are 39 B6-derived
candidate genes or cDNAs remaining within the intro-
gressed region of Chr. 10 in D2.B6-Mop2-P1 congenic mice,
one or more of which contains a variation(s) that has a
major influence on the difference in morphine consumption
and preference between B6 and D2 mice.

A recent paper describing the mouse SNP Miner database
(Reuveni et al, 2007) attempted to identify the causative
gene(s) for morphine consumption within the introgressed
region of Chr. 10 of the B6.D2-Mop2 and/or D2.B6-Mop2

Figure 5 Morphine preference and total fluid intake by parental and
D2.B6-Mop2-P1 and D2.B6-Mop2-D1 subcongenic mice. Mice were tested
in the two-bottle choice paradigm with saccharin plus morphine or quinine
as described under Materials and Methods. The mean ( + SEM) preference
scores and total fluid intake over days 9–12 is shown. The number of
animals in each strain group is indicated. *po0.01 vs all other strains
for morphine preference; #po0.01 vs all other strains for total fluid intake.
The data for D2.B6-Mop2 mice are from Ferraro et al (2005). Note that
symbols indicating significance do not apply to D.B-Mop2 data.
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reciprocal congenic strains (Ferraro et al, 2005). Reuveni
et al (2007) note that Syne1 and Gpr126 both have variations
in D2 mice predicted to be functionally deleterious by their
algorithm(s), but rule out Syne1 because the splice variant
containing the critical (perhaps functional) SNP in this gene
is not expressed in the brain (Reuveni et al, 2007).
Therefore, they propose that the orphan G-protein-coupled
receptor Gpr126 is a good candidate gene for the morphine
consumption QTL (Reuveni et al, 2007). Results with
subcongenic strains reported here argue strongly against
Gpr126 being the causative Mop2 QTL gene, however, as the
B6 allele remains harbored in the D2.B6-Mop2-D1 animals,
which show low preference for morphine, whereas the
D2.B6-Mop2-P1 animals (which show high morphine
preference; Figure 5) possess the D2 allele at Gpr126.
Conversely, B6 alleles for Syne1 are harbored in the D2.B6-
Mop2-P1 animals and, thus, this gene remains a candidate
for further analysis.

Results of the present study indicate that the major
genetic influence mediating the difference in morphine
consumption and/or preference between B6 and D2 mice
arises from the most proximal portion of Chr. 10 between
the acromere and Stxbp5. The MOR gene (Oprm1) spans
approximately 250 kb of proximal Chr. 10 (Kozak et al,
1994; Giros et al, 1995) and contains at least 19 alternatively
spliced exons (Doyle et al, 2007a, b) that encode a number
of MOR isoforms capable of binding morphine, other
opiates, and endogenous opioid peptides (Pan et al, 1999,
2000, 2001, 2005; Pan, 2005; Bolan et al, 2004). There is
ample pharmacological evidence that MORs represent the
major sites of interaction of clinically used opioid
analgesics, particularly morphine (Pasternak, 2001a). Their
role in morphine-based responses, including analgesia,
tolerance, dependence and withdrawal, respiratory depres-
sion, and hypothermia, has been confirmed in various
MOR-knockout mouse lines (Matthes et al, 1996; Sora et al,
1997; Tian et al, 1997; Loh et al, 1998; Schuller et al, 1999).
Thus, we believe that Oprm1 remains the strongest
candidate gene for explaining the Mop2 QTL because (1)
it functions as the main receptor for morphine in the brain
(Pasternak, 2001a), (2) the B6 allele remains within the
introgressed region in D2.B6-Mop2-P1 animals, which show
high morphine consumption and preference, (3) studies
with naltrexone suggest a receptor-based B6 morphine
preference phenotype (Berrettini et al, 1994a), and (4) it
harbors coding and non-coding polymorphisms that may
have functional significance (data not shown; Ferraro et al,
2005; Doyle et al, 2006). Therefore, results of studies on the
D2.B6-Mop2-P1 subcongenic strain continue to support
the hypothesis regarding Oprm1 as the causative gene for
the Chr. 10 morphine preference QTL.

Despite strong circumstantial evidence suggesting that
variation in Oprm1 represents the quantitative trait gene for
the Chr. 10 QTL, preliminary data in our laboratory indicate
differences in expression levels for Rgs17 mRNA in naı̈ve
brain tissue from D2 and B6 mice (data not shown). We do
not yet know what influence morphine might have on
these expression differences. Nonetheless, the regulator of
G-protein signaling 17 (Rgs17, aka RgsZ2) exists in a
complex with the MOR (Garzon et al, 2005a; Rodriguez-
Munoz et al, 2007a) and morphine regulates Rgs17-
mediated MOR desensitization and internalization in

neurons (Rodriguez-Munoz et al, 2007b), as well as its
association with Rgs17 in brain (Garzon et al, 2005b). It is
important to note that because Rgs17 is involved in MOR
desensitization, it too might have been affected by the MOR
antagonist naltrexone (Berrettini et al, 1994a). Thus, Rgs17
is another strong candidate gene within the introgressed
region of D2.B6-Mop2-P1 mice.

In conclusion, the Oprm1 and Rgs17 genes may both
contribute (along with other genes remaining within the
critical interval) to the differences seen in voluntary oral
morphine consumption and/or preference. If this is the
case, perhaps the most feasible way to differentiate their
relative involvements is by using congenic mice. A
fortuitous breakpoint at marker D10Mit49 (which lies
between Oprm1 and Rgs17) would facilitate the identifica-
tion of the causative gene(s) for this QTL. Thus, we continue
our attempts to further refine the QTL by additional
backcrossing of D2.B6-Mop2-P1 congenic mice to the D2
parental strain, while also conducting molecular genetic
studies on Rgs17 and Oprm1 in B6 and D2 mice.
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