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Abstract

Although hundreds if not thousands of quantitative
trait loci (QTL) have been described for a wide vari-
ety of complex traits, only a very small number of
these QTLs have been reduced to quantitative trait
genes (QTGs) and quantitative trait nucleotides
(QTNs). A strategy, Multiple Cross Mapping (MCM),
is described for detecting QTGs and QTNs that is
based on leveraging the information contained
within the haplotype structure of the mouse ge-
nome. As described in the current report, the strat-
egy utilizes the six F, intercrosses that can be formed
from the C57BL/6] (B6), DBA/2] (D2}, BALB/cJ (C),
and LP/J (LP) inbred mouse strains. Focusing on the
phenotype of basal locomotor activity, it was found
that in all three B6 intercrosses, a QTL was detected
on distal Chromosome (Chr) 1; no QTL was detected
in the other three intercrosses, and thus, it was as-
sumed that at the QTL, the C, D2, and LP strains had
functionally identical alleles. These intercross data
were used to form a simple algorithm for interro-
gating microsatellite, single nucleotide polymor-
phism (SNP), brain gene expression, and sequence
databases. The results obtained point to Kcnj9
(which has a markedly lower expression in the B6
strain) as being the likely QTG. Further, it is sug-
gested that the lower expression in the B6 strain
results from a polymorphism in the 5-UTR that
disrupts the binding of at least three transcription

Correspondence to: R. Hitzemann; email: hitzeman@ohsu.edu

factors. Overall, the method described should be
widely applicable to the analysis of QTLs.

Multiple cross mapping (MCM) has been used in the
laboratory as an empirical method to significantly
reduce the QTL interval (Hitzemann et al. 2000,
2002). Interest in MCM built from the observation
that QTL data generated by three different inter-
crosses in three different laboratories resulted in the
detection of what appeared to be an identical QTL
for basal locomotor activity (BLA) on distal Chr 1
[C57BL/6J (B6) x BALB/cJ (C), Flint et al. 1995; B6 x
A/] (A), Gershenfeld et al. 1997; B6 x DBA/2] (D2),
Koyner et al. 2000]; the QTL was not detected in a
CxLP/] (LP) intercross (Hitzemann et al. 2000). We
proposed that this multiple cross information could
be used to develop an empirical algorithm for sorting
microsatellite markers to detect chromosomal re-
gions with the highest probability of containing the
QTL (Hitzemann et al. 2000). The underlying prin-
ciple was that the genetic map contained an em-
bedded haplotype structure derived from the
common lineage of the inbred strains and that this
structure provided information (and thus statistical
power) which could enhance QTL analyses. A sim-
ple sequential sort of the microsatellite data con-
firmed that there were three regions on distal Chr 1
that showed a relative enrichment in marker den-
sity. This analysis showed promise in that the two
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distal areas of enrichment generally coincided with
the estimated peak position(s) of the basal activity/
open-field activity QTLs (Flint et al. 1995; Gers-
henfeld et al. 1997; Koyner et al. 2000).

Despite the apparent promise of the paradigm,
the initial attempt at multiple cross mapping relied
on opportunistic samples, and consequently impor-
tant data were missing. For example, it was not
known whether a QTL on distal Chr 1 would be de-
tected in an AxC, AxD2, or CxD2 intercross. If a QTL
was present in one or more of these crosses, it would
certainly confound, if not invalidate, the approach.
With this point in mind, it was concluded that rather
than rely on opportunistic data, a prospective study
was needed with a completely balanced design. Giv-
en that data were on hand for B6xD2 and CxLP
intercrosses (Hitzemann et al. 2000), the QTL anal-
ysis was extended to include the remaining four
crosses (B6xC, B6xXLP, D2xLP, and D2xC; Hitzemann
et al. 2002). The balanced MCM design was first ap-
plied to the study of a QTL for ethanol-induced acti-
vation, also on Chr 1. The empirical algorithm
reduced the QTL interval to approximately 3 cM,
which was confirmed by fine mapping in heteroge-
neous stock (HS) mice (Hitzemann et al. 2002).

The potential of using the MCM to also integrate
QTL, gene expression, and sequence analysis has
been discussed previously, and some preliminary
evidence to support this use has been provided
(Hitzemann et al. 2000, 2002; Xu et al. 2002). The
essence of the argument is that the same algorithm
used to reduce the QTL interval can also be used to
sort through differences in gene expression and se-
quence to find those differences most relevant for
the QTL of interest. The earliest proof of principle
(in rodent models) for the integration of QTL and
gene expression data were two studies that identified
genes involved in insulin resistance (Aitman et al.
1999; Collison et al. 2000) and airway hyper-
responsiveness (Karp et al. 2000). The first applica-
tion of the approach to neural phenotypes is found in
Sandberg et al. (2000). These authors reported
marked differences in brain gene expression between
two inbred mouse strains, B6 and 129S1/SxIm], in
whole brain and discrete brain regions (cortex, mid-
brain, hippocampus, and cerebellum). These data led
the authors to the salient observation that some of
these differences appeared to coincide with the
known location of “behavioral” QTLs; a particular
note was made of the fact that Kcnj9 (which encodes
GIRK3, a G-protein coupled inwardly, rectifying
potassium channel) had a markedly lower expression
in the B6 strain and was located in a QTL-rich region
on Chr 1 (see, e.g., Flint 2003). Subsequent publica-
tions from this laboratory (Carter et al. 2001; Lock-
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hart and Barlow 2001; but also see Gerschwind 2000;
Belknap et al. 2001; Flint and Mott 2001; Wayne and
MclIntyre 2002) continued the argument and pro-
vided additional data for combining analyses of
transcript levels (using expression arrays) with in-
formation from QTL mapping to nominate candidate
genes (see also Mackay 2001). We now report that by
coupling the MCM approach with gene expression
analysis, we can confirm that Kcnj9 is indeed a
strong candidate quantitative trait gene (QTG) for
basal locomotor activity; further, we have used the
MCM strategy to identify a candidate quantitative
trait nucleotide (QTN) associated with the differen-
tial gene expression.

Materials and methods

Animals. Male and female B6, D2, C, and LP mice
were obtained from The Jackson Laboratory and used
to establish breeding pairs which provided all ani-
mals used in the experiments. Details of the B6xD2
intercross are provided elsewhere (Hitzemann et al.
2000, 2002). For the remaining five crosses, recipro-
cal F; animals were developed, and these pairs were
mated to obtain the F, animals. A new CxLP inter-
cross was generated for this study; these animals
were subsequently used as the founders of a CxLP
advanced intercross (see Davarsi 1998). Equal num-
bers of males and females were used in all crosses.
Animals were maintained on a 7 am-7 pm light-
dark cycle with food and water available ad libitum.
Animals were tested only between 10 am and 3 pm.
All procedures were approved by the institutional
animal review boards at both OHSU and the Portland
VAMC. The sample of heterogeneous stock (HS)
animals used here have been described previously
(Demarest et al. 2001).

Measurement of basal locomotor activity. Mice
were removed from the home cage, injected with
saline (10 mL/kg, ip)(which is a mild stressor), and
placed individually in the testing arena; the arena
floor was covered with standard laboratory bedding.
Activity was monitored for 20 min under standard
laboratory lighting conditions. One week later, the
test was repeated and the two responses were aver-
aged (Markel et al. 1995). Locomotor activity was
assessed in a San Diego Instruments Flex Field lo-
comotor system. The apparatus comprises a four by
eight array of photo cells mounted in a 25 x 47 cm
metal frame, situated 1 cm off the floor, and sur-
rounding a 22 x 42 x 20 cm high plastic arena.
Activity was recorded over eight 2.5-min blocks.
Data were collected as distance (cm) traveled in each
interval.
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DNA isolation. High-molecular-weight genom-
ic DNA was isolated from liver samples as follows:
250-500 mg of liver tissue was minced with a sterile
razor blade, transferred to a 15-mL polypropylene
Falcon tube with 5 mL lysis buffer [100 mm Tris-HCl
(pH 8.0), 5 mm, EDTA, 100 pg/mL proteinase K, 200
mM NaCl], and incubated with rocking at 55°C
overnight. After incubation, 20 uL/mL of 5 m NaCl
was added with gentle inversion. The tissue digest
was extracted twice with equilibrated phenol, once
with equal volumes of phenol and chloroform:isoa-
myl alcohol (24:1), and once with chisam alone.
DNA was precipitated with 0.5 vol of 7.5 M ammo-
nium acetate and 2 vol of ice-cold ethanol. Dried
DNA pellets were resuspended in double-distilled
water (ddH,O). Purity and concentration of the final
samples were evaluated by u.v. spectroscopy, and
only samples with a 260/280 ratio >1.4 were used for

genotyping.

Genotyping microsatellite polymorphisms. All
of the genotyping involved the -(CA),-repeating
microsatellites first described by Dietrich et al.
(1992). The PCR primer sets were obtained from
Research Genetics; 1-5 ng of genomic DNA was
amplified with 18 pmol of each primer, 0.5 units of
TAQ polymerase [AmpliTaq (Perkin Elmer Cetus) or
Taq DNA polymerase (Boehringer Mannheim Bi-
ochemica)|, and 100 nm dNTPs in a 20-pL reaction
under the standard conditions recommended by the
manufacturer. All reactions are amplified in a Perkin
Elmer 9700 Thermal Cycler. Products were visual-
ized by electrophoresis in 1x TBE buffer on a 6%
agarose gel (3:1 NuSieve; SeaKem FMC, Inc.). Prod-
uct bands were visualized by ethidium bromide
staining.

QTL data analysis. The collection and analysis
of the B6xD2 data set have been described previously
(Koyner et al. 2000; Demarest et al. 2001; Hitzemann
et al. 2000). For the B6xD2 intercross, at least two
and perhaps three separate QTLs have been identi-
fied on Chr 1 (Koyner et al. 2000 and unpublished
observations). The focus of the current investigation
is on the most distal QTL (located at ~90 cM), which
has been detected in the B6xD2 intercross at —Log P
= 7.4. The threshold for confirmation of this QTL in
the other five crosses was set at —Log P = 4, which
exceeds the threshold for confirmation established
by Lander and Kruglyak (1995). Data for the other
five crosses were collected in two cohorts, an initial
cohort of ~400 animals followed by a second cohort
of ~200 animals. Within the first cohort, ~250 ani-
mals were genotyped for each cross, including all of
the animals in the phenotypic top and bottom 20%.
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In general, the intermarker distance was kept at 15
cM. The phenotype x genotype interaction was an-
alyzed separately for each D1Mit marker across the
region of interest by using standard ANOVA proce-
dures. The threshold for a putative QTL from this
stage of the analysis was set at p < 0.05; despite the
multiple comparisons being made (five intercrosses),
the low threshold was seen as acceptable to avoid
the catastrophe of a false negative and because the
QTL would be confirmed in the larger sample. The
first stage had a sample power of 0.95 to detect a
QTL with an effect size of h*qr. = 0.05. The B6xC
and B6XLP intercrosses met this threshold. All of the
remaining animals in both cohorts were then
genotyped. All data are presented graphically as the
—Log P value (equivalent to the logarithm of the
likelihood for linkage or LOD value) obtained for
each marker. DNA samples from the HS animals
described in Demarest et al. (2001) were sent to
Oxford for analysis by using the procedures outlined
in Mott et al. (2000). These data are also reported as
the —Log P.

To test for cis-regulation of gene expression, the
WebQTL mapping service and BXD recombinant
inbred (RI) transcriptome database were used (http://
webqtl.roswellpark.org/). The database contains ex-
pression data (U74Av2 chip; see below) for 27 of the
BXD RI strains, the two parental strains, and a B6D2
F, intercross. 575 unique markers are entered into
the analysis. Marker regression is used to detect
QTLs, and the program automatically performs a
permutation test (n = 1000); cis-regulated genes are
expected to map to their respective chromosomal
locations.

Preparation  of tissue for microarray
analysis. For all experiments, animals were sacri-
ficed by cervical dislocation followed immediately
by decapitation, with the brains removed and frozen
on dry ice. The entire process took less than 60 s.
Brains were then stored at —80°C; no sample was
stored for more than 3 months. Within this time
frame, we could find no effect of storage on the
quality or quantity of the RNA extracted. This was
assessed at 2 weeks and 1, 2, and 3 months of stor-
age, by using a whole brain sample and the Af-
fymetrix test chip. For the whole brain studies, RNA
was isolated without further manipulation as de-
scribed below. Brains used for microdissection were
removed from the freezer, placed on a stage chilled
with dry ice, allowed to thaw for 1-2 min, and then
sliced in 0.5- or 1-mm coronal sections. For dissec-
tion of the dorso-medial striatum, the section ex-
tending 1-2 mm rostral to bregma was used. Tissue
was punched (0.5 mm, internal diameter) bilaterally
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from the caudal to rostral surface, at both 1 and 1.5
mm from midline, just below the corpus callosum,
angling the punch to avoid the corpus callosum on
the rostral surface. The lateral bed nucleus of the
stria terminalis (BSTL) was punched from a section
that extended approximately from bregma to +0.5
mm rostral; tissue was punched from the caudal to
rostral surface by using the lateral ventricle and an-
terior commissure as the guide. For the central nu-
cleus of the amygdala (CeA), a section that extended
—1.0 to —1.5 mm from bregma was used. The exter-
nal capsule and the medial globus pallidus (previ-
ously referred to as the entopeduncular nucleus)
were used to guide the external and internal lateral
boundaries of the punch. The samples from the CeA
and BSTL were combined.

RNA isolation. Total RNA was isolated with
TRIZOL® Reagent (Life Technologies) with a modi-
fication of the single-step acid guanidinium isothi-
ocyanate phenol-chloroform extraction method,
according to the manufacturer’s protocol. The ex-
tracted RNA was then purified with RNAeasy (Qi-
agen). RNA samples were evaluated by u.v.
spectroscopy for purity and concentration. Only
samples with a 260/280 ratio of >1.8 were used.
Samples too dilute for subsequent analysis were
concentrated by precipitation with 7.5 M ammonium
acetate. RNA quality was monitored by visualiza-
tion on an ethidium bromide-stained denaturing
formaldehyde agarose gel.

Oligonucleotide (Affymetrix arrays). Samples
containing at least 10 ug of total RNA were sent to
the OHSU Gene Microarray Shared Resource
(GMSR) facility for analysis. The procedures used at
the facility precisely follow the manufacturer’s
specifications. Additional details are found at
(www.ohsu.edu/gmsr/). Following labeling, all sam-
ples were hybridized to the GeneChipTest3 for
quality control. If target performance did not meet
recommended thresholds, the sample was discarded.
Samples passing the threshold were then hybridized
to the U74Av2 array.

Analysis of oligonucleotide array data (MAS
5.0). The Affymetrix Microarray Suite 5 (MAS 5.0)
software was used for the initial processing of all
data. The software parameters used for processing
the data were set as follows: alpha 1 = 0.1; alpha 2 =
0.15; tau = 0.015; gammalH = 0.0025; gammalL =
0.0025; gamma2H = 0.003; gamma2L = 0.003; scaling
factor = 200. The parameter values were determined
empirically through data modeling; details of the
modeling algorithms may be obtained by contacting
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the GMSR (see above). Two of the parameters are
noteworthy: alpha 1 sets the p value for detection
(present call) at p < 0.1; the scaling factor sets the
mean signal for all probe sets.

Analysis of the whole brain array data (stand-
ard procedures). The whole brain array data were
collected in two separate experiments (n = 3/strain/
experiment); the correlation between experiments 1
and 2 was used as a measure of assay reliability. Data
from both experiments were combined, and standard
ANOVA procedures were used to detect strain dif-
ferences in gene expression; the Neuman-Keuls Test
was used for post-hoc comparisons. Even though the
analysis in the current study focuses only a small
interval of Chr 1, a genome-wide correction for
multiple comparisons was used. It was assumed that
there were approximately 5000 unique transcripts
from the U74Av2 chip expressed in the brain, and
thus a conservative Bonferroni correction was used
to set the threshold at p < 0.00001(0.05/5000) for the
ANOVA. An alternative method for analysis would
be to set the differentially expressed genes by using
the false discovery rate (Storey and Tibshirani, 2003).
Setting the false discovery rate at 0.01 lowers the
threshold for detecting differentially expressed genes
to ~p < 0.001.

Analysis of the array data (exploratory proce-
dures). Array data were also collected (N = 3/strain)
for the dorsomedial striatum and central extended
amygdala. A priori (see Discussion) there were rea-
sons to believe that these regions would have a role
in basal locomotor activity (see Hitzemann and
Hitzemann 1999). The data from these regions were
qualitatively examined to determine whether there
were transcripts differentially expressed in these re-
gions but not in the whole brain or vice versa.

Analysis of B6 and D2 sequence data. The
general strategy for extracting the B6 and D2 se-
quence data for Kcnj9 is found in Marshall et al.
(2002). Polymorphisms for 2 kb upstream from the
transcription start site were analyzed with the
TRANSFAC software (Wingender et al. 2001) (http://
www.gene-regulation.com/) to determine whether
the polymorphisms occurred within consensus
transcription factor binding sites.

DNA sequencing. Sequencing reactions were
performed by using Big Dye Terminator Cycle
Sequencing Ready Reaction Kit (Applied Biosys-
tems). The PCR products were directly sequenced
on a 64-lane upgraded ABI 373 automated DNA
sequencer.
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Results

Step 1: multiple cross mapping (MCM). The data in
Fig. 1A and 1B summarize the multiple cross
mapping results. No QTL in this region of Chr 1
(150-190 Mb) was detected in the D2xC, D2XLP, or
CxLP intercrosses (Fig. 1A); the latter result con-
firms an earlier observation (Hitzemann et al. 2000).
The QTL, originally detected in the B6xD2 inter-
cross (Koyner et al. 2000) was confirmed (p < 0.0001)
in both the B6xC and B6XLP intercrosses (Fig. 1B).
For all three QTLs, the B6 allele was associated
with increased BLA (Fig. 1C). It should be noted
that the shared QTL was temporally dependent and
was strongest for the first 2.5-min interval after the
animal was placed in the testing apparatus (data
shown in Fig. 1). Further details on the temporal
dependence of this QTL are found in Koyner et al.
(2000).

Step 2: using the MCM algorithm to reduce the
QTL interval. Polymorphic Mit series microsatel-
lites within the region of interest, whose location
could be confirmed in MGSCv3 (www.ensembl.org/
Mus_musculus/) (N = 106), were sorted to find the
subset of markers for which the B6 strain was dif-
ferent from the C, LP, and D2 and C = D2 = LP, i.e.,
the residual set contained only those markers that
had identical alleles for the C, LP, and D2 strains.
Each step of the selection process is illustrated in
Fig. 2. Seventy-two of the markers were polymorphic
between the B6 and D2 strains (Panel B); this pro-
portion was not significantly different from the
proportion for all Chr 1 markers (263 out of 444) (5> =
2.7, p > 0.09). Selecting for those markers also poly-
morphic between the B6 and C strains reduced the
number of residual markers to 50 (Panel C). Select-
ing for makers also polymorphic between the B6 and
LP strains had only a small effect (Panel D). The
inclusion of additional selection routines (e.g., B6 vs
A; B6 vs C3H/HeJ; B6 vs AKR/J) had no further ef-
fect, i.e., the subset of markers in which the B6
strain was different from the C, LP, and D2 strains
identified all of the markers for which the B6 strain
was different from the other six inbred strains in the
Mit catalogue. The fourth selection (C = LP) (Panel E)
reduced the number of residual markers to 18. The
fifth and final selection (D2 = LP) reduced the
number of residual markers to 12 (Panel F). A sixth
selection was not necessary as the markers with
identical alleles for the C, LP, and D2 strains were
already identified. Overall, the selection process
identified two and perhaps three distinct chromo-
somal regions; of these, the middle region at ~174
Mb appeared the most QTL congruent (see Fig. 1).
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Fig. 1. Multiple cross mapping of basal locomotor activity
(BLA). BLA was mapped in the six intercrosses that can be
formed from the B6, D2, C, and LP mouse strains. The data
in Fig. 1 are from the first 2.5-min interval of the test
session. Sample sizes for all intercrosses except the B6 x
D2 intercross were 500-600; sample size for the B6 x D2
intercross was approximately 1100/marker. Data analysis
used marker by marker ANOVA procedures. Panel A
shows the genotype x phenotype interaction for the three
B6 intercrosses: data are presented for D1Mit150, located
at 175.94 Mb. Results are presented as the mean = SE.
Panel B illustrates the B6 x D2, B6 x LP, and B6 x C
intercrosses. Panel C compares the C x LP, C x D2, and D2
x LP intercrosses with the B6 x D2 intercross.

The selection process was also applied to single
nucleotide polymorphisms (SNPs) (see, e.g., Hitz-
emann et al. 2002). To examine this issue, we first
turned to the Whitehead-Roche SNP database found
at (http://www.nervenet.org.main.dictionary.html).
There were no SNPs in this database for the interval
between 170 and 180 Mb; however, it was of some
interest to note that over the 163-170 Mb interval,
the D2 and C strains had an identical haplotype. We
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Fig. 2. The application of the MCM algorithm to the
microsatellite markers across the interval of interest.
Panel A illustrates the distribution of all microsatellite
markers in the Mit catalog, fully informative for the B6,
D2, C, and LP strains and lying between 155 and 195 Mb
on Chr 1. Panel B illustrates the distribution of the
markers that are polymorphic between the B6 and D2
strains. Panel C illustrates the markers that are polymor-
phic between the B6 and (D2 and C) strains. Panel D il-
lustrates the markers that are polymorphic between the B6
and (D2, C, and LP) strains. Panel E illustrates the markers
that are polymorphic between the B6 and (D2, C, and LP)
strains and identical between the C and LP strains. Panel F
illustrates the markers that are polymorphic between the
B6 and (D2, C, and LP) strains and identical among C, LP,
and D2 strains.

next turned to the SNP database found at (www.
celera.org). Data were extracted through use of the
Celera Discovery System and Celera Genomics-
associated databases for the B6, D2, and A strains
over the interval of 160-190 Mb. The A strain was
included in the analysis, given that data were not
available for the C and LP strains and given that
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Fig. 3. The application of the MCM algorithm to single
nucleotide polymorphisms (SNPs) across the regions of
interest. Panel A illustrates the SNPs polymorphic be-
tween the B6 and D2 strains (generated through use of the
Celera Discovery System and Celera Genomics associated
databases). Panel B illustrates the SNPs polymorphic be-
tween the B6 and A strains. Panel C illustrates the SNPs
polymorphic between the B6 and (D2 and A) strains. Data
are presented as SNPs/10 kb interval.

there is evidence of a QTL in the region of interest
for a B6XA intercross (Gershenfeld et al. 1997). The
SNPs lying between 160 and 190 Mb and polymor-
phic between the B6 and D2 and the B6 and A strains
are illustrated in Figs. 3A and 3B. The subset of
markers polymorphic between the B6 and both the
D2 and A strains is illustrated in Fig. 3C; in this
latter category, there were a total of 9600 SNPs. The
distribution of these residual SNPs was qualitatively
similar to the microsatellite distributions found in
Figs. 2C and 2D and included a high density of SNPs
between 171 and 174 Mb. Overall, both the micro-
satellite and SNP data suggested that a QTL was
likely to be centered at ~173 Mb. It is of interest to
note that of the 3000 10-kb segments plotted in Fig.
3c, 1287 contained no SNPs; further, there were large
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Fig. 4. QTL mapping for BLA in HS/Npt mice on distal Chr
1. Data were extracted for a sample of 550 HS mice by
using the analysis strategy described by Mott et al. (2000).
Data are plotted by using the ¢cM placement of the markers
found at (www.jax.org); the Mb scale provides the best
estimate of marker position available in MGVSv3
(www.ensembl.org). Importantly, it should be noted that
the QTL peak was found at DI1Mit113, which is located at
173.1 Mb. This marker also gave the QTL peak for Kcnj9
expression (Table 4). The black bar illustrates the maxi-
mum extent of the introgressed interval in the B6.D2-Mtv
congenic mice (see Fig. 5).

SNP-poor domains [from the perspective of the B6 vs
(D2 and A) strains] that appear to stretch over several
Mb. This ““mosaic’’ structure is in general agreement
with that reported by Wade et al. (2002).

Step 3: confirmation that a QTL is associated
with the interval(s) predicted by MCM. To confirm
that a QTL was indeed centered at 173 Mb, BLA was
mapped in heterogeneous stock animals (N = 550) at
G35 following the design of Talbot et al. (1999) and
was analyzed as described by Mott et al. (2000).
These data (Fig. 4) confirmed the presence of a QTL
in the predicted region. Additional verification of the
MCM predicted region was obtained from the
B6.D2-Mtv7 congenic strain (Taylor and Frankel
1993; Ferraro et al. 2001). The maximum extent of
the D2 introgressed region is indicated by the black
bar in Fig. 4. The congenic mice were backcrossed to
B6 mice, and these mice were subsequently mated to
produce mice B6 or D2 homozygous or heterozygous
across the congenic interval;, data from a group of
standard D2 mice are included for comparison. Fig. 5
illustrates that, compared with the B6 homozygotes,
BLA was significantly lower in the congenic ani-
mals; the heterozygote animals were somewhat in-
termediate, although the data suggest partial D2
dominance.
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Fig. 5. Basal locomotor activity in B6.D2 Mtv congenic
mice. B6.D2 Mtv congenic mice (Frankel and Taylor, 1993)
were backcrossed to B6 mice, and the progeny were mated
to produce animals B6 and D2 homozygous and heterozy-
gous across the Mtv interval (see Fig. 4). Data are also
provided for D2 inbred mice. N= 10-15/group. Data are for
the first 2.5-min interval of the test session.

Step 4: gene expression among the four inbred
mouse strains across the region of interest. Gene
expression data (Affymetrix U74Av2 gene chip) were
collected for whole brain (N = 6/strain), the dorso-
medial striatum (N = 3/strain), and the central ex-
tended amygdala (N = 3/strain). Data were analyzed
with the MAS 5.0 software, provided by Affymetrix.
The whole brain data were collected in two cohorts
(N = 3/strain); test/retest reliability was >0.99 for all
strains, focusing only on those genes (or transcripts)
called as present (“p’’ value <0.1). Genome-wide, the
coefficient of variation was less than 0.1 for all
strains; examples of these data are found in Table 1.
Of the 12422 genes and transcripts on the U74Av2
chip, 7175 were called as present in one or more of
the strains, and 6750 were called as present in all
four strains. Given the redundancy of the U74Av2
chip, the actual number of unique genes expressed
will be significantly less than 6750. A standard one-
way ANOVA revealed that genome wide the number
of genes or transcripts differentially expressed at p <
1077, 107°%, 107>, 107*, and 1072 were 181, 249, 337,
506, and 784, respectively.

Steps 1-3 identified a QTL region of interest,
centered at ~173 Mb, which for the purpose of the
gene expression experiments was broadly defined as
the interval from 168 to 178 Mb. MGVSv3
(www.ensembl.org) reports 117 genes, 10 predicted
genes, and 9 ambiguous gene sequences for this in-
terval. The major class of genes within the interval
are a family of olfactory receptor genes (N = 17).
Fifty-nine genes or expressed sequence tags (ESTs)
associated with the 168- to 178-Mb interval are
found on the U74Av2 chip, and of these 33 were
called as expressed in whole brain, the dorsomedial
striatum, and the central extended amygdala (Tables
1-3). No differential gene expression among brain
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Table 1. Whole brain gene expression among four inbred mouse strains, Chromosome 1 (168 to 178 Mb)

Mean Signal = SD

Gene Mb C57B1/6] DBA/2] LP/] BALB/c] F value
Uck 168.40 93 +6 83 + 4 89 +6 96+ 6 1.1
1190006A0 168.50 218 +9 260 + 16 246 = 15 251 + 20 1.3
Aldh9al 168.60 125 £ 5 32 +3 125+ 6 113 + 13 32.7
Mgst3 187.70 1058 + 24 1588 + 46 1037 + 36 1023 + 39 55.3
Pbx 169.40 118 £ 5 141 + 6 133 £ 5 122 = 5 3.8
Rgsb 170.96 121 + 12 131 +9 42 + 6 167 + 11 101.1
Rgs4 171.02 145 + 17 160 + 11 157 = 16 180 + 24 2.5
Eef1bl 171.47 1307 + 44 1344 + 80 1298 + 146 1449 + 57 2.1
Dusp12 172.16 141 + 10 152 + 23 141 = 16 127 + 11 1.5
Sdhc 172.41 1152 + 57 1459 + 39 1456 + 46 1062 + 50 65.6
Nr1i3 172.50 138 + 4 123 =+ 5 131 = 8 139 + 9 4.3
Ndufs2 172.51 1378 + 226 1573 + 79 1217 + 49 1077 + 51 10.5
B4galt3 172.55 334 = 14 304 = 36 306 = 22 279 £ 20 3.1
Usp23 172.56 151 + 14 153 + 14 176 = 15 195 + 48 2.1
1110021HO 172.57 293 + 33 274 21 292 + 37 265 + 22 0.8
Dedd 172.62 57 +6 73 £3 74 £ 3 69 +11 5.1
Nit1 172.62 151 = 29 153 + 30 141 + 12 134 + 15 0.5
Usf1 172.70 97 + 17 83 +9 132 + 10 121 + 9 13.3
Jecaml1 172.74 93 £ 9 125 + 11 96 + 14 109 + 1 7.4
Copa 173.41 921 + 120 716 = 53 744 + 143 777 £ 125 2.2
Pxf 173.42 260 + 23 266 = 8 253 + 21 243 + 24 0.9
AA408877 173.49 222 +5 204 + 13 209 + 12 192 + 4 6.4
Pealb 173.49 803 + 99 713 + 60 675 £ 51 662 + 63 2.9
Atpla2 173.56 1362 + 93 1424 + 198 1290 + 43 1188 + 35 2.9
Igsf8 173.61 1146 + 37 1179 + 87 1073 + 38 1000 = 55 6.9
Kcnj9 173.61 162 + 12 801 + 39 880 + 45 832 + 71 190.7
Pigm 173.67 169 + 14 149 + 15 165 = 16 155 £ 27 0.9
Tagln2 173.80 422 + 87 393 £ 33 406 + 70 421 + 81 0.1
Dfy 174.63 209 = 14 149 = 8 160 = 9 175 £ 14 18.5
Prdc 176.15 64 +4 81 +8 67 +9 69 +5 4.4
Rgs7 176.37 448 + 44 344 + 54 364 + 28 338 + 27 5.8
Fhi 176.92 546 + 18 566 + 35 492 + 64 546 + 38 2.0
RbmS8 177.29 166 + 31 204 + 35 199 + 24 198 + 28 1.2

regions was detected for this interval. The data in
Table 1 illustrate that six genes (Aldh9al, Mgst3,
Rgs5, Sdhc, Kenj9, and Dfy) or 19% of the total met
the threshold from the ANOVA (F3,; »>17,
p < 0.00001) for a significant difference in expression
(see Methods). Although only a qualitative compar-
ison is possible, given the smaller sample sizes for
the dorsomedial striatum and central extended
amygdala, the whole brain pattern of differential
gene expression for Aldh9al, Rgs5, and Kcnj9 ap-
peared to persist in these discrete brain regions (Ta-
bles 1-3). The pattern of Sdhc expression persisted in
the dorsomedial striatum, but not the central ex-
tended amygdala, whereas for Mgst3, the whole
brain pattern persisted in the extended amygdala but
not the striatum. Finally, across the three tissues,
three distinct patterns of Dfy expression were found.
Of the genes significantly differentially expressed in
the whole brain, only Kcnj9 met the MCM criteria of
B6 different from the D2, C, and LP strains and the
MCM criteria of D2 = C = LP.

Step 5: testing for cis-regulation of the candi-
date quantitative trait gene(s). For candidate QTGs
detected from the integration of QTL and gene ex-
pression analyses, it follows that the QTGs must
show apparent cis-regulation. Regulation of Kcnj9
transcription was characterized by using the Web-
QTL mapping service and the BXD recombinant in-
bred (RI) transcriptome database (see Methods). Cis-
regulated genes are expected to map to their respec-
tive chromosomal locations. The results obtained
are suminarized in Table 4 and illustrate that Kcnj9
exhibits the expected cis-regulation. In addition,
suggestive trans modifiers were found on Chrs 1
(proximal to Kcnj9), 3, 4, 18, and 19.

Step 6: interrogation of the sequence databases.
With public and private databases (Ensembl and
Celera), both the coding and promoter sequences of
Kcnj9 were analyzed for polymorphisms between
the D2 and B6 strains. For the coding region, the
BLAST searches were aligned; the DBA sequence
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Table 2. Dorsomedial striatum gene expression, Chromosome 1 (168-178 Mb)

Mean Signal + SD

Gene Mb C57B1/6] DBA/2] LP/T BALB/c]
Uck 168.40 89 + 3 83 + 10 98 + 16 74 + 16
1190006A0 168.50 237 + 23 282 + 46 245 + 46 251 + 14
Aldh9al 168.60 473 + 64 271 + 23 279 + 60 256 + 56
Mgst3 168.70 840 = 140 907 = 90 893 = 240 750 = 44
Pbx 169.40 540 = 137 859 + 42 651 + 63 763 + 44
Rgs5 170.96 131+ 7 166 + 49 61«8 150 + 59
Rgs4 171.02 577 + 170 613 =218 474 + 51 507 + 293
Eef1bl 171.47 836 = 135 1024 + 55 932 = 107 1001 = 70
Dusp12 172.16 164 + 15 150 = 18 151 + 13 183 + 29
Sdhc 172.41 1444 = 181 1879 «128 1918 « 116 1389 + 34
Nrli3 172.50 143 =+ 8 159 + 5 155 + 24 153 + 24
Ndufs2 172.51 1415 = 181 1699 = 246 853 = 73 1257 + 270
Bdgalt3 172.55 284 + 24 266 + 31 231 + 30 230 = 20
Usp23 172.56 161 = 15 158 + 31 155 + 13 163 = 29
1110021HO 172.57 315 + 31 289 + 32 252 + 18 268 = 15
Dedd 172.62 75 + 18 94 + 30 77 + 10 67 +5
Nit1 172.62 111 + 6 117 + 12 119 + 6 106 + 4
Usf1 172.70 102 + 47 102 + 7 134 + 15 139 = 18
Jeam1 172.74 104 + 12 123 + 25 111 + 12 81 +4
Copa 173.41 795 + 124 573 = 80 604 = 39 604 = 148
Pxf 173.42 234 + 71 232 + 44 163 + 22 187 + 35
AA408877 173.49 203 = 25 168 + 12 169 + 2 167 = 19
Peals 173.49 980 + 63 1020 + 95 1105 + 69 836 + 109
Atpla2 173.56 920 + 104 957 = 122 879 = 68 843 = 114
Igsf8 173.61 1020 = 94 1027 + 174 901 = 106 986 + 41
Kenj9 173.61 93 + 21 397 + 59 318 + 45 276 = 50
Pigm 173.67 145 + 20 150 + 21 130 + 25 122 + 14
Tagln?2 173.80 355 + 31 426 = 69 453 + 10 379 + 24
Dfy 174.63 73 + 33 101 = 16 74 + 23 107 + 18
Prdc 176.15 88 + 26 105 = 11 93 + 30 119 = 11
Rgs7 176.37 336 = 41 341 = 49 325+ 19 266 + 98
Fh1 176.92 607 = 50 596 + 29 542 = 28 612 + 94
RbmS8 177.29 168 = 20 180 =+ 11 165 + 28 192 + 20

Data were collected for N = 3 per strain. Each sample was pooled from 10-20 animals; the dissection protocol is described in the Methods.
Expression data were collected and analyzed as for the whole brain (see Table 1).

was identical to the sequence of the Genbank entry.
Six silent polymorphisms were detected in the cod-
ing region (Table 5). The promoter region (1.1 kb)
was queried using both “in silico” (e.g., Marshall
et al. 2002) and direct sequencing approaches.
Seventeen polymorphisms were detected between
the B6 and D2 strains; for all of these polymor-
phisms, the D2 and A strains were identical. One
polymorphism, at —237 bp, was predicted by using
the TRANSFAC program (Wingender et al. 2001)
(http://www.gene-regulation.com/) to disrupt the
binding of three different transcription factors, i.e.,
Ikaros 1, MZF1, and C/EBPbeta (Table 6). For these
factors, the homology of the binding site motif to
that found in Kcnj9 was highest for Ikaros 1 and
poorest for C/EBPf (Table 6). Note that a polymor-
phism has never been reported for the bp of interest
in the Ikaros 1 binding site. The sequence structure
was confirmed in independent B6 and D2 samples.

The C and LP strains were then sequenced; these
strains had the D2 genotype.

Discussion

Multiple Cross Mapping (MCM) is one of two map-
ping strategies that formally incorporate the haplo-
type structure of the mouse genome into QTL
analysis (Hitzemann et al. 2000, 2002). The other
and related strategy, which we have termed Multiple
Strain Mapping (MSM), has been described in at least
two different contexts (Grupe et al. 2001; Wade et al.
2002). To be fully successful, MSM will require both
phenotypic and genotypic data from a large panel of
inbred mouse strains, probably >50 (Chesler et al.
2001; Hitzemann et al. 2002). Both MCM and MSM
strategies recognize that the haplotype structure
present in the mouse genome provides a source of
information and, thus, statistical power, which can
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Table 3. Central extended amygdala gene expression, Chromosome 1 (168-178 Mb)

Mean Signal + SD

Gene Mb C57B1/6] DBA/2] LP/] BALB/c]
Uck 168.40 103 + 27 81«3 101 =2 88 + 20
1190006A0: 168.50 283 + 6 295 + 38 245 + 10 347 + 127
Aldh9al 168.60 163 + 4 87 £ 17 125 + 19 116 = 37
Mgst3 168.70 960 = 65 1429 + 137 905 =+ 26 1185 + 36
Pbx 169.40 1031 = 107 919 + 44 923 + 87 866 = 68
Rgs5 170.96 88 + 48 74 + 23 37 + 15 95 + 10
Rgs4 171.02 296 + 89 180 + 58 192 + 85 265 + 61
Eef1bl 171.47 156 + 16 143 + 20 157 + 34 172 + 41
Dusp12 172.16 114 + 12 148 + 41 148 + 16 201 + 10
Sdhc 172.41 1235 + 131 1379 + 130 1286 + 61 1198 + 68
Nr1i3 172.50 114 = 17 118 + 19 119 + 13 129 + 14
Ndufs2 172.51 1508 + 46 1691 = 145 1179 + 116 1167 + 129
B4galt3 172.55 296 + 1 253 + 46 237 + 71 225 + 4
Usp23 172.56 159 + 26 150 + 28 158 + 28 161 + 28
1110021H0. 172.57 356 + 53 300 = 36 293 + 33 281 + 18
Dedd 172.62 57 + 4 77 + 8 58 + 16 61 £ 16
Nitl 172.62 163 + 10 100 + 8 123 =+ 11 144 + 20
Usf1 172.70 79 £ 2 66 + 26 125 + 27 118 + 8
Jecam1 172.74 86 +5 99 + 20 90 = 1 90 +7
Copa 173.41 1076 + 35 930 + 84 904 + 35 915 + 84
Pxf 173.42 234 + 31 190 = 12 224 £ 15 178 = 37
AA408877 173.49 216 + 48 211 = 19 170 = 14 176 + 17
Peal5 173.49 992 + 63 932 + 118 1013 = 116 856 + 58
Atpla2 173.56 741 + 59 823 + 73 677 = 101 680 + 2.8
Igsf8 173.61 870 = 87 1103 = 67 889 + 9 828 + 58
Kcnj9 173.61 117 + 4 426 + 48 327 + 105 412 + 52
Pigm 173.67 152 + 13 151 = 18 145 + 43 151 + 10
Tagln2 173.80 318 + 39 360 + 55 304 + 34 379 + 14
Dfy 174.63 130 = 8 92 +5 76 £ 32 123 = 10
Prdc 176.15 113 + 10 116 + 25 121 + 27 140 + 8
Rgs7 176.37 535 + 22 347 + 31 342 + 55 417 + 56
Fhi 176.92 739 + 125 691 £ 9 659 + 55 612 + 73
RbmS8 177.29 184 + 3 203 + 17 231 + 36 169 = 5

Data were collected for N = 3 per strain. Each sample was pooled from 10-20 animals; the dissection protocol is described in the Methods.
Expression data were collected and analyzed as for the whole brain (see Table 1).

be leveraged to reduce the QTL interval. The current
study extends the MCM method and illustrates its
usefulness for interrogating gene expression and se-
quence information.

The reasons for choosing the four strains used in
the current study have been described in detail
elsewhere (Hitzemann et al. 2002). Briefly, these
strains are the phenotypic extremes for a number of
phenotypes of interest to the laboratory, including
BLA (B6, C vs D2, LP), ethanol-induced activation
(D2, C vs LP, B6) and haloperidol-induced catalepsy
(D2, C vs B6,LP) (Koyner et al. 2000; Demarest et al.
2001; Kanes et al. 1993). The strains were not chosen
S0 as to optimize genetic diversity and/or to inte-
grate with existing sequence databases, which for
future initiatives may be desirable. The question
arises as to whether or not four strains (and the as-
sociated six intercrosses) are necessary, sufficient or

even optimal for MCM. Presumably, it would be
possible to statistically answer this question given
the availability for multiple inbred strains of very
dense SSLP and/or SNP databases. For the present
and focusing on the seven standard laboratory strains
in the Mit catalog of microsatellites, we have found
that four strains are always sufficient to specify any
of the microsatellite markers, providing the B6
strain, the most genetically unique (see www.
jax.org), is one of the four (unpublished observa-
tions). The fact that four strains are sufficient re-
flects both the relatedness of the strains and the
“relatively” simple underlying haplotype structure
(e.g., Wade et al. 2002). The question of whether or
not a balanced intercross design is always necessary
appears difficult to answer a priori. Most of the rel-
evant information is contained in three or four of the
crosses (see Fig. 2 and Hitzemann et al. 2002).
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Table 4. QTL analysis for Kcnj9 expression

Marker Mb LRS Coefficient
D1Mit200 151.2 18.63* 0.501
D1Mit425 157.7 13.99 0.453
DI1Mit105 161.6 18.63* 0.501
DI1Mit106 163.5 12.88 0.432
DI1Mit145 168.5 17.31 0.484
P1Ehs1 N/A 18.63* 0.501
Mpmv25 N/A 25.92* 0.567
Di1Mit113 173.1 62.99** 0.698
D1Mit150 175.9 33.88** 0.623
D1Mit426 181.8 24.46* 0.549
D3Mit12 100.6 10.46 0.402
D3Mit347 N/A 10.8 0.404
D4Mit135 19.4 12.57 0.428
D18Mit19 4.9 10.69 0.401
Iapls3-5 NJ/A 17.99 0.493
D18Mit31 11.1 14.44 0.458
D18Mit83 20.9 20.71* 0.531
D19Mit68 7.2 11.74 0.437

Data were extracted from WebQTL (http://webqtl.rosewellpark.
org/) which contains the Kcnj9 expression data for 27 BXD RI
strains, the B6 and D2 strains, and a B6D2 F; intercross. Data were
calculated from 1000 permutations. The thresholds for sugges-
tive,* significant, and highly significant** likelihood ratio scores
was 9.65, 18.34 and 28.46, respectively.

Unfortunately, there appears to be no direct mecha-
nism for determining which crosses will be the most
informative. However, it may be possible to a priori
determine unnecessary crosses; for example, in the
current study, only two of the non-B6 crosses are
necessary to establish the markers where the C, D2,
and LP strains have identical alleles.

The use of four strains is also likely to prove
optimal for a reason not addressed in the current
study but will be addressed in future iterations of the
MCM protocol. It is reasonable to argue that genetic
background effects may reduce or even silence the
detection of a QTL which in turn would confound
the MCM algorithm (see Hitzemann et al. 2002). In
the current study, the QTL was detected in HS ani-
mals, formed by an eight-way cross (Demarest et al.
2002) that included the four MCM strains (Fig. 4).
These data suggest that the QTL persists, despite the
heterogeneous genetic background. However, at
present, one can only estimate (Mott et al. 2000)
which strains contribute to the QTL and what is the
direction of the individual strain effects (remem-
bering that for an eight-way cross, there are 36 dif-
ferent genotypes). Further, despite the similarity in
location, the QTL detected in the eight-way cross
may not be the same as that detected in the two
strain intercrosses. We argue that a solution to this
problem is to construct a balanced four-way cross of
the MCM strains. The four-way cross is markedly
simpler (10 different genotypes), and it should be
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Table 5. Nucleotide changes within the coding region of
Kcnj9

Nucleotide change SNP sequence context

A270G CTG GA(A/C) CAC CTG
G378C CAC CG(G/C) GTC ATC
G594A TCC TC(G/A) CAC ATC
C618A ATC CG(C/A) GCC CTC
G918C ACA TC(G/C) GTG CTC
C1035T CGC CT(C/T) GAT GCC

Sequence changes are listed as base pairs from the start codon. The
B6 sequence is listed to the left; the D2 sequence is to the right.

possible to precisely or almost precisely correctly
determine genotype. For the strains used in the
current study, there is a subset of microsatellite
markers (~300/genome) which discriminate among
all four strains. In addition, we find that for most
locations, there are always two or three sufficiently
closely linked markers to permit a strong estimation
of genotype. Overall, the four-way cross should pro-
vide an effective mechanism for investigating geno-
type vs phenotype interactions in the context of a
complex genetic background.

The current study again confirms that the MCM
strategy can parse a broad QTL interval into regions
with low and high probability of containing the QTG
or QTGs. The data in Fig. 2 confirm a previous ob-
servation (Hitzemann et al. 2000) with opportunistic
intercross samples and suggest the presence of two
or three high probability regions. Among these, the
region centered at 173-174 Mb appears to be the
most QTL congruent. However, the problem with
the microsatellite data used here is the relatively
small number of markers across the region of inter-
est (~100), which in turn is reduced to a handful of
markers (N = 12) by the selection process. Thus, one
could argue that the selection is an artifact of the Mit
database. Of great interest is the observation that
despite the marked differences in the origin of the
SNPs and microsatellites (SSLPs), the two distribu-
tions of residual markers show a remarkable quali-
tative similarity and clearly (we argue) define those
regions of high and low probability for containing
the QTL or QTLs (Figs. 2 and 3). Similarly, Wade
et al. (2002) have noted that there is a general overlap
between regions of high and low SSLP polymor-
phisms and regions of high and low SNP density
(although this is not always the case).

Two methods were used to confirm that the
MCM strategy had indeed located the regions likely
to contain the QTG(s). One, the B6.D2-Mtv7 con-
genic strain (Taylor and Frankel 1993; Ferraro et al.
2001) captured the QTL. Two, fine mapping in HS
animals (Talbot et al. 1999; Mott et al. 2000) placed
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Table 6. Evidence for disruption of transcription binding site in the 5 UTR of Kcnj9 for the B6 but not D2, C, or LP strains

Sequence

Strain (bp) -219 -220 -221 -222 -223 -224 -225 -226 -227 -228 -229 -230 -231

D2 C A G T T C C C C C A C A C

B6 C A G T C C C C C C A C A C

C C A G T T C C C C C A C A C

Lp C A G T T C C C C C A C A C

Predicted Transcription Factor Binding Site Disruptions: No. of seq.

Ikaros1 22 24 24 24 22 24
T T C C C

MZF1 18 20 19 18 20 20

T C C C C

C/EBPbeta 21 20 0 21 5 21

T T C C C

the QTL in the expected location. Recently, Talbot
et al. (2003) have shown that this QTL is distinct
from the QTL for fear conditioning. Overall, this is
the second example of where the MCM approach (for
reduction of the QTL interval) has been confirmed
(see also Hitzemann et al. 2002).

The main advantage of the MCM strategy is that
it simultaneously reduces the QTL interval and
provides a mechanism for interrogating expression
and sequence data. Across the region of interest
(Table 1), 19% of the genes were differentially ex-
pressed at p < 107 or better; this is approximately
five times the genome-wide rate. Previously, we ar-
gued (Belknap et al. 2001) that the rate of differential
gene expression would likely be low (see, e.g.,
Sandberg et al. 2000), and thus, expression would be
an effective filter for sorting through candidate
QTGs. At least in the current example, this is not
the case. Further, given that the U74Av2 chip pro-
vides coverage for only 50% of the genes in the re-
gion, there may well be ten or more genes that would
meet the criteria for differential expression. The
question arises as to whether or not this will be
typical for QTL-rich regions such as distal Chro-
mosome 1. At the moment, we have too few data to
answer this question. However, it is perhaps of in-
terest to note that there are only two regions on all of
Chr 1 which have an SNP density similar to that
found at ~173 Mb (unpublished observations).

The application of the MCM algorithm to the
gene expression data reveals only one gene, Kcnj9,
which meets the criteria of B6 different from C, D2,
and LP and C = D2 = LP. This pattern of expression
detected in the whole brain was also found to be
qualitatively similar in both the extended amygdala
and dorsomedial striatum; previous studies have
suggested that the extended amygdala has a key role

in regulating the response to a novel environment
(Hitzemann and Hitzemann 1997, 1999). Kcnj9
encodes a G-protein inwardly rectifying potassium
channel (known as GIRK3) which is coupled to a
wide variety of neurotransmitter systems, including
dopamine, opiate, and serotonin and thus, a broad
effect on behavior cannot be unexpected (see Torre-
cilla et al. 2002). Sandberg et al. (2000) noted that,
compared with the 129S1 strain, Kcnj9 expression
was markedly lower in the B6 strain; this pattern
was found in whole brain and multiple brain regions.
These data led the authors to suggest that Kcnj9 may
be associated with open-field/basal locomotor ac-
tivity QTL on distal Chr 1. The data presented here
confirm and extend their conclusion.

For a QTG found within the QTL interval and
detected from analysis of expression data, it follows
that the QTG should show apparent cis-regulation.
The term “apparent” is key since the analysis
strategy used to detect cis-regulation could not
detect the difference between true and pseudo
cis-regulation. The latter term would apply to the
situation where a gene or regulatory site affects the
expression of the candidate QTG but is closely
linked only from the QTL perspective and may in-
deed lie some considerable distance from the gene of
interest. The WebQTL mapping service and the BXD
RI strain transcriptome database were used to de-
termine that Kcnj9 did indeed exhibit apparent cis-
regulation (Table 4). Taking Kcnj9 expression as the
phenotype and performing a standard QTL analysis
with permutation test (N = 1000), a peak LOD score
of >12 was detected on distal Chr 1. Interestingly,
evidence for modifiers was found on Chr 1 (proximal
to Kcnj9) and Chrs 3, 4, 18, and 19; none of these
peaks were associated with the DNA binding pro-
teins found in Table 6.
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Although the emphasis of the current study has
been on integrating QTL and expression data, the
multiple cross approach could easily be applied to
interrogating coding region sequences. Marshall et al.
(2002) have recently developed an algorithm for
extracting coding region sequence information for
the B6 and D2 strains from public and private dat-
abases and detecting putative functional polymor-
phisms. The algorithm can be readily applied to the A
and 129 strains for which extensive sequence data are
also available. Previously we (Xu et al. 2002) used the
MCM to determine that coding sequence polymor-
phisms in Cas1 and Bdnf were not associated with a
QTL for ethanol-induced activation. The QTL was
originally mapped in a B6 x D2 intercross. Polymor-
phisms between the B6 and D2 strains in both Cas1
and Bdnf (both considered to be plausible candidate
QTGs) were first detected by both direct sequencing
and ““in silico” approaches. Sequence data were then
obtained for the C and LP strains, which did not
match with the QTL results (Hitzemann et al. 2000).
A similar approach was applied to Kcnj9 in the cur-
rent study. Six polymorphisms between the B6 and
D2 strains were detected in the coding sequence,
none of which are predicted to change amino acid
composition; however, the possibility that these
polymorphisms may affect transcriptional efficiency
cannot be discounted. Numerous polymorphisms
were found between the B6 and D2 strains in the
promoter region, consistent with the high density of
SNPs (Fig. 3). One of these polymorphisms was pre-
dicted to disrupt a binding domain for three tran-
scription factors (Ikaros, MZF1, and C/EBPp). For
these factors, the binding of Ikaros1 was predicted to
be the most affected. Although generally associated
with the hemopoietic system, Ikaros1 is also found
in the brain (Yu et al. 2002).

The multiple cross method is tied to the idea
that the haplotype structure of the mouse genome
can be used to reduce the QTL interval and interro-
gate expression and sequence databases (Hitzemann
et al. 2000, 2002). Wade et al. (2002) have reached
essentially a similar conclusion based on their
analysis of SNP structure (but see also Grape et al.
2001). For the moment, we favor the multiple cross
as opposed to the multiple strain method, given the
relative lack of detailed maps for a large number of
multiple strains; however, given that collecting the
data for multiple strains is technically feasible and
given the advantages of working with precisely de-
termined strain means, the multiple strain approach
may ultimately prove the most effective. Whether or
not one favors the multiple cross or multiple strain
approach, the need for alternative strategies to the
conventional approaches for detecting QTGs is ob-
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vious. Perhaps the most widely accepted approach
for moving from QTL to QTG involves capturing the
QTL in a congenic strain, followed by further re-
duction of the QTL interval in recombinant con-
genic strains (Darvasi 1998). This process may well
take 3-4 years, with no guarantee of success; i.e., the
QTL may be lost during the production of the con-
genic animals. When one succeeds in capturing the
QTL in a small interval, the next steps still require
an effective mechanism for determining which
polymorphisms within the interval are functionally
important and which are not.

The multiple cross approach emphasizes the
most successful aspect of QTL analysis, namely,
QTL detection. For rodent behavioral traits alone,
more than 120 QTL have been detected and con-
firmed with LOD scores of >3 (Crabbe et al. 1999;
Flint 2003), and most certainly this is an underesti-
mate. This success in QTL detection, which has
largely occurred almost entirely in the last 10 years,
is due to several factors, including marked im-
provements in experimental design and analysis and
the availability of dense genetic maps with easily
genotyped markers (e.g., Belknap et al. 1996; Darvasi
1998; Churchill and Doerge 1994; Dietrich et al.
1994, 1996). The multiple cross approach builds
from this success and is most effective when one
starts with known QTLs, which focuses the geno-
typing effort. The goal of the multiple cross approach
is not to detect new QTLs. The multiple cross ap-
proach will be aided by several tools and databases
which should soon become widely available to all
investigators. For example, multiple strain SNP and
sequence databases will be developed (e.g.,, Wade
et al. 2002), which in turn will provide greater detail
of haplotype structure and thus greater statistical
power to dissect QTLs. In addition, one of the
authors (R. Hitzemann) has posted a brain gene
expression database for nine inbred mouse strains,
which should be publicly available at (www.jax.org)
in the summer of 2003. However, a cautionary note
must be sounded about expression databases, espe-
cially when working with the brain. Currently
available databases have only a limited power to
detect small but potentially functionally important
changes. Further, some changes may only occur in
very discrete brain regions and/or only at very dis-
crete stages of development, and these will be mis-
sed. Thus, the current configuration of the gene
expression tool will be most useful for those genes
that show both global and persistent differences in
expression.

Overall, the data presented here illustrate a
strategy for moving in a timely fashion from a QTL
to “‘candidate’” QTG and to “candidate’” QTN. The
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conversion of “candidate’” QTG and candidate QTN
to “proven” QTG and “proven” QTN will presum-
ably be implemented by a variety of strategies. In
some cases it will be possible to swap alleles, se-
lectively silence gene expression, or use some related
molecular methods. For some cases, pharmacologi-
cal approaches may be the most useful. However,
regardless of the method used, we argue that the
multiple cross approach has the potential to move
one quickly to the final stage.

Note added in proof: Kcnj10, an ATP sensitive in-
wardly rectifying potassium channel, is found 12,000
bps from Kcnj9. Hybridization of the whole brain
samples to the new Affymetrix MOE430A array has
revealed that Kcnj10 exhibits the Kcnj9 pattern of
differential regulation i.e. low in the B6 strain.
However, Kcnj10 exhibits only suggestive cis-reg-
ulation and thus we still conclude that Kcnj9 is the
best candidate for the QTG.
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