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Methods

Mapping of Quantitative Trait Loci
with Knockout/Congenic Strains

Valerie |. Bolivar, Melloni N. Cook, and Lorraine Flaherty'

Genomics Institute, Wadsworth Center, Albany 12201-2002, New York, USA, Department of Pediatrics, Albany Medical
College, Albany 12201, New York, USA; Department of Biomedical Sciences, University at Albany, Albany 12201,

New York, USA

Recently we have explored the use of knockout/congenic mouse strains for isolating and mapping quantitative
trait loci (QTLs). Because most knockout strains have been bred to be B6.129 congenic strains, they can be used
to test for QTLs in the targeted chromosomal area as long as there is a genetic difference between Bé and 129.
Thus, we have tested a number of knockout/congenic strains in a series of behavioral tests in which mouse
performance has a significant genetic component. We have also developed a breeding scheme for distinguishing
the effects of background flanking genes from the targeted ablation. In screening several knockout/congenics,
we have found at least one that harbors a behavioral QTL in the 129 chromosomal segment. The position of this

QTL was confirmed subsequently by several FI crosses.

Mice with ablations of single genes have been extremely use-
ful in analyzing gene function. They have revolutionized our
ability to test new hypotheses about the nature of human
diseases, especially ones that are caused by genetic mutations.
However, because of the way that these strains are generally
derived, they also can be used to map complex traits. In es-
sence, many established knockout mice are also congenic
strains that have retained a short piece of 129 genetic material
surrounding the target ablated locus. Commonly, when
knockout mice are made, embryonic stem cells derived from
the 129 strain of mice are used. Once these stem cells become
germline, the mice are routinely backcrossed to the B6 strain
for a number of generations (usually 6-10). This backcrossing
scheme yields a congenic strain in which most background
genes are derived from B6 but the chromosomal segment
flanking the target gene remains of 129 origin. There are >50
of these knockout/congenic strains commercially available.
Thus, these knockout/congenic strains represent a potential
resource for mapping genes surrounding the target (or
knocked out) locus. To investigate this resource, we have used
these strains to map genes affecting certain behaviors, includ-
ing open field activity. We selected open field activity as it has
successfully been used as a measure of exploratory behavior
and emotionality in mice (Flint et al. 1995; Gershenfeld et al.
1997; Koyer et al. 2000). The positions of any potential QTLs
were then confirmed by additional crosses.

RESULTS

We have tested a number of knockout/congenic mouse
strains in hopes of detecting background flanking 129 genes
that affect behavioral characteristics. In past studies, we have
found that the 129S1/Svim] (129) strain performs differently
from C57BL/6] (B6) on a variety of behavioral tests (Bolivar et
al. 2000a; Cook et al. 2001; Bolivar et al., in press). Others
have found differences between 129 and B6 strains as well
(Logue et al. 1997; Owen et al. 1997b; Balogh et al. 1999;
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Paulus et al. 1999; Tarantino et al. 2000). This evidence sup-
ports our search for 129-derived chromosomal regions that
may influence behavioral phenotypes. Although the 129
source of embryonic stem cells in many of the knockouts may
be from a different 129 substrain than the one used in our
initial experiments, this problem can be resolved by follow-up
breeding studies.

We developed a testing scheme to enable the separation
of flanking and target gene effects on behavioral performance
(Fig. 1). The first step in this scheme is determining if there is
a difference between B6 and B6-KO (B6 with homozygous
knockout region). If there is a difference, then B6 is compared
to (B6 X B6-KO) F1. A difference at this stage would be indica-
tive of dominance (or additive) inheritance of the trait. In that
case, backcrossing should be used to separate the flanking
region from the target gene. If there is no difference between
B6 and (B6 X B6-KO) F1, then inheritance is recessive and a
comparison between (129 X B6) versus (129 X B6-KO) will
distinguish between target locus and flanking region effects.

To test this scheme, we screened several knockout/
congenic mouse strains in a battery of behavioral tests includ-
ing open field, zero maze, and fear conditioning. Only open
field activity is reported here. Several of these strains have
targeted mutations in genes known to influence behavior
(e.g., Apoe, Fmrl1 and I16) (for review, see Bolivar et al. 2000b);
however, these latter strains did not behave differently from
B6 in our open field test. We found that at least two knock-
out/congenic strains, B6-I110~/~ (N10F14) and B6-Cd28 "/~
(N12F8), behaved differently from B6 in the open field (Fig.
2). As B6-1110~/~ performance differed the most from B6, it
was selected to test our scheme. Under this strategy, having
established that B6 differs from B6-1110/~ (Fig. 3), B6 mice
were then compared to (B6 X B6-I110~/~) mice. As these two
groups did not differ from each other (Fig. 3), we hypoth-
esized a recessive genetic effect (Fig. 1). To determine whether
this recessive trait is due to flanking 129 genes or the ablated
target gene, (129 X B6-I110~/7) F1 mice were compared to
(129 X B6) F1 mice. (129 X B6-1110~/7) F1 and (129 X B6) F1
mice performed differently in the open field (Fig. 3), thus
indicating flanking 129 genes and not I/10 are responsible.
This conclusion is not surprising based on the known func-
tion of 1110 (Kuhn et al. 1993).
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Figure 1 Strategy for determining whether a specific phenotype is the result of the ablated target gene or the flanking 129 genes. Comparisons
are made to determine the cause of the genetic effect (target or flanking) as well as its mode of inheritance — dominant, additive or recessive. Lines
represent chromosomes; target indicates the chromosome with the mapped target locus; background indicates the other 19 chromosomes. KO
indicates that the chromosome contains the targeted ablation. Heavy lines indicate that the origin of the chromosomal segment is 129. Thin lines
indicate B6 chromosomal segment origin. B6-KO indicates that a strain is homozygous for the targeted ablated or knocked out region. In a B6
congenic/knockout strain, after N9, >99.8% of the unlinked genes are of B6 origin. Arrows indicate the next step to be taken in scheme.

To explore the origin of the deficient behavior in the
B6-1110~/~ mice, we performed further genotyping of this
strain in the vicinity of the target gene, I/10, on Chromosome
1 (Table 1). As predicted, a considerable segment of the chro-
mosome remains of 129 origin. This is expected based on the
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Figure 2 Open field performance of inbred and knockout/congenic
mouse strains. The knockout mouse strains tested included Bé6-
110™7<9" (N10F14), B6-Fmr1'™<9" (N9), B6-Apoe™Y"< (NT10F19),
B6-Selp'™5 (N10F14), B6-Lck'™ "Mk (N12), B6-Cd4'™' ™ (N10F8),
B6-1/61"koPf (N11F7), and B6-Cd28™™'Mak (N12F8). Knockout mice
are all on a B6 background and in at least the N9 generation of
backcrossing. They are indicated by the name of the ablated target
gene. Twelve male mice of each strain were tested. Results are shown
+s.e.m. There was a significant effect of strain (Fg oo = 4.236, P<.001).
Fisher’s posthoc tests were then used to make pairwise comparisons.
Single asterisks indicate P<0.05; double asterisks indicate P<0.01 in
ANOVA analysis using STATVIEW.
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usual methods used to produce congenic strains (for review,
see Flaherty 1981; Silver 1995). Furthermore, our results
strongly indicate that the gene or genes controlling this open
field activity must reside in this region and be polymorphic
between 129 and B6. In a backcross of the B6-1110 7~ knock-
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Figure 3 Open field performance of F1 and knockout/congenic
mice. Twenty-four male mice of each strain were tested. Results are
shown + s.e.m. There was a significant effect of strain (F, 1,5 = 7.733,
P<.001). Fisher’s posthoc tests were then used to make pairwise com-
parisons. Double asterisks indicate P<0.01 in ANOVA analysis using
STATVIEW.
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Table 1. Genotypings of 129 and 1110 Knockout on Chromosome 1

cM position of Chromosome 1 markers

Strain 32.8 34.8 36.9 42.6 52.5 59.0 64.5 69.9 75.4 80.9
B6 b b b b b b b b b b
B6-1110~ b b 1 1 1 1 1 1 b b
129 (six strains)® 1 1 1 1 1 1 1 1 1 1

“All 129 substrains typed the same at all Chromosome 1 markers listed above indicating that this region is highly preserved among these
substrains. The 129 strains tested were 129P1, 129P3, 129P4, 12951, 12972, and 129X1. Markers were (listed from left to right) D1Mit5,
D1Mit303, DT1Mit19, D1Mit181, D1Mit215, D1Mit440, D1Mit60, D1Mit308, D1Mit495, D1Mit102, and D1Mit501.

b, B5; 1, 129.

out/congenic to B6, open field activity segregated with mark-
ers adjacent to I110 on Chromosome 1 (P < 0.01). This obser-
vation confirms that this trait is governed by a gene or genes
linked to 1110 and not by an unlinked contaminant. These
findings agree with several previous studies that map QTLs for
emotionality to this region (Flint et al. 1995; Caldarone et al.
1997; Gershenfeld et al. 1997; Gershenfeld and Paul 1997;
Owen et al. 1997a; Wehner et al. 1997; Talbot et al. 1999;
Turri et al. 1999; Koyer et al. 2000). In a recent paper, Talbot
et al. (1999) have narrowed the region for the open field be-
havior QTL on chromosome 1 obtained by Flint et al. (1995)
to a 0.8 cM interval. This region overlaps with the 129 flank-
ing region in the B6-1110~/~knockout/congenic strain.

DISCUSSION

This scheme of testing knockout/congenic mice for behav-
ioral traits has several distinct advantages over more com-
monly used breeding protocols. First, it yields a ready-made
congenic strain for detecting a behavioral phenotype. Thus,
mapping is precise and fine mapping can be performed
readily. Second, the use of identical members of the knock-
out/congenic strain will allow repeat observations that will
increase the power of the investigation. Third, problems re-
lated to the mixing of genetic backgrounds, normally occur-
ring in a backcross or intercross QTL study, will be reduced
since the strains will all be on the B6 background.

By testing a number of knockout/congenic strains of
mice, we were able to locate a gene or genes that influence
performance in an open field activity test. We confirmed the
location of these genes in further breeding studies. This
scheme of testing knockout/congenic strains for a number of
quantitative traits could have much value in identifying weak
genetic influences such as those seen in complex diseases. As
long as there is a difference between 129 and B6, this tech-
nique can be used for mapping and obtaining a readymade
congenic. The new Mouse Phenome Project (designed to char-
acterize phenotypically eight strains of mice including B6 and
129 and sponsored by the National Institutes of Health and
The Jackson Laboratory) should provide a larger number of
complex trait differences between 129 and B6. In addition, an
important side benefit of this effort would be to determine
whether certain ablated genes have unknown pleiotropic ef-
fects that are not obvious from visual inspection. Moreover,
with the rapid addition of new knockout mice to the already
available repertoire, it may soon be possible to use these
strains for fine mapping as well. If there are several strains
with target genes in close vicinity to one another, overlapping

129 chromosomal segments may allow finer map discrimina-
tion.

Finally, the mapping of genes influencing complex traits
to the 129 passenger chromosomal segment points to the ne-
cessity of confirming that the ablated target gene is actually
responsible for the phenotype to be studied. Even with knock-
out strains that have been made congenic, there is still a large
flanking region that is derived from the donor strain. The
concept that flanking regions in congenic strains could be
influencing a particular phenotype is not new and has been
pointed out by some of the early workers in mouse genetics
(Snell 1948; Green 1966; Boyse 1977). These passenger genes
may be particularly problematic when considering complex
traits such as behavior, as pointed out by several more recent
reviews (Crusio 1996; Gerlai 1996; Wolfer and Lipp 2000).
Thus, some results involving knockout strains may be mis-
leading. Polymorphic differences between strains that are
governed by genes in the vicinity of the targeted locus may
often be responsible.

Because these knockout/congenics provide the re-
searcher with a set of strains, which predominantly differ at a
very short stretch of chromosome, they may become a very
useful tool in identifying the causative gene(s) as well. With
the anticipated completion of the sequencing of the mouse
genome, it will be possible to enumerate all of the genes
within this chromosomal segment. For a 5-cM stretch, the
average number of genes is predicted to be 100 (Claverie
2001). Moreover, because both B6 and 129 genomes are being
sequenced (B6 in public domain and 129 in Celera), we will
also know all of the polymorphic differences between these
two strains in this segment. This should aid greatly our ability
to identify candidate genes and to make good hypotheses for
future experiments.

METHODS

Animals

We either purchased mice from The Jackson Laboratory or
bred them at the Wadsworth Center. We tested all mice be-
tween 8 and 16 weeks of age. The Institutional Care and Use
Committee approved all procedures. The 129S1/Svim] sub-
strain (former name 129S3/SvimJ; renamed Feb. 2001) was
used for all of our breeding studies.

Open Field

We tested all mice in a Digiscan 16-beam automated activity
monitor (42cm X 42cm X 30cm, Accuscan) as previously de-
scribed (Bolivar et al. 2000a). We used total distance traveled
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by the mouse during five minutes in a darkened and sound-
attenuated chamber as our measure of activity.

Genotyping

We used MIT DNA markers to determine the extent of the 129
flanking region. We performed genotypings by gel electro-
phoresis and staining of the gels with ethidium bromide as
previously described (Caldarone et al. 1997).
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