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ABSTRACT
Anxious behavior in the mouse is a complex quantitative phenotype that varies widely among inbred

mouse strains. We examined a panel of chromosome substitution strains bearing individual A/J chromo-
somes in an otherwise C57BL/6J background in open-field and light-dark transition tests. Our results
confirmed previous reports of quantitative trait loci (QTL) on chromosomes 1, 4, and 15 and identified
novel loci on chromosomes 6 and 17. The studies were replicated in two separate laboratories. Systematic
differences in the overall activity level were found between the two facilities, but the presence of the QTL
was confirmed in both laboratories. We also identified specific effects on open-field defecation and center
avoidance and distinguished them from overall open-field activity.

THE anxiety-related behavioral phenotype termed No single locus accounts for differences in emotional-
ity phenotypes among inbred strains. Instead, these be-“emotionality” has been a primary focus for behav-

ioral research in rodents for decades (Crawley 2000). haviors appear to be complex, involving relatively small
individual contributions from a variety of genetic lociTypically, emotionality is measured by placing a mouse

in an unfamiliar, stressful environment and evaluating (Flint et al. 1995; Flint 2003b) as well as environmental
influences. Historically, studies of emotionality wereits movement. A variety of tests that yield correlated results

have been used to assay this phenotype, including the among the first to use new genetic tools for identifying
quantitative trait loci (QTL). These include intercrossopen-field activity test, the light-dark (LD) exploration
analysis between inbred strains, breeding of artificiallytest, elevated-plus, elevated-zero, and y mazes, and the
selected strains, intercross and breakpoint analysisVogel conflict test (Crawley 2000; Flint 2003b). Per-
among selected strains, and high-resolution mapping informance in these studies can be modulated with anxio-
heterogeneous stocks (Flint et al. 1995; Gershenfeld etlytic drugs, supporting the assertion that they measure
al. 1997; Gershenfeld and Paul 1997; Talbot et al.a factor analogous to human anxiety (Pellow et al.
1999; Turri et al. 1999, 2001a,b; Mott et al. 2000).1985; Pellow and File 1986; File and Pellow 1987;

Chromosome substitution strain (CSS) analysis is aMathis et al. 1994, 1995).
novel method of QTL identification that we proposedIt is clear that there is a large genetic component to
(Nadeau et al. 2000) and that we and others have re-emotionality in rodents because different inbred mouse
cently demonstrated (Matin et al. 1999; Cowley et al.strains, raised under identical laboratory conditions,
2001; Koumproglou et al. 2002; Liang et al. 2002; Young-perform very differently in these assays (Festing 1979;
ren et al. 2003; Singer et al. 2004). It involves selectivelyCrawley et al. 1997). In various tests of activity, suscepti-
breeding inbred strains in which a single chromosomeble (anxious) strains such as A/J and BALB/c are typi-
from one parental strain has been introgressed into acally reluctant to explore the environment, remain close
background derived entirely from a second strain. Into walls or away from exposed heights, move with a
its most powerful form, a complete panel of CSSs inflattened posture, and frequently defecate during the
which all chromosomes have been substituted is avail-test. Less anxious strains, such as C57BL/6J, readily
able. The phenotype of interest is measured in each CSSexplore the test area, including open or exposed areas,
as well as in the host (background) strain; divergencewalk with a normal posture, and rarely defecate (Craw-
between the host strain and a given CSS indicates aley et al. 1997).
locus or loci on the substituted chromosome affecting
that phenotype. This method offers significant improve-
ments in speed over recombination-based methods as
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Figure 1.—Mapping quantitative trait loci with
chromosome substitution strains. A phenotype
was tested in the various CSSs as well as in the
C57BL/6J background strain. If a significant dif-
ference was found between a particular CSS
(here, CSS-2) and the background strain, the sub-
stituted chromosome carried at least one locus
affecting that phenotype. For simplicity, single
chromosomes are shown; the actual CSSs are ho-
mozygous for both the substituted and the back-
ground chromosomes.

leased into a center-side square of the grid and, during ation (Nadeau et al. 2000; Belknap 2003) because each
4-min trial, the number of boxes and center boxes traversedchromosome is tested in a controlled background, free
were observed and recorded. A compound emotionality phe-

from the confounding effects of other randomly segregat- notype, termed EMO (Talbot et al. 1999), was generated by
ing loci affecting the same trait (Figure 1). CSSs also standardizing OFA and OFD scores for a given sample set to

a mean of zero and a variance of 1, reversing the sign of thegreatly accelerate any subsequent fine mapping of discov-
normalized OFA result, and taking the mean of the two scoresered loci, because the defined and controlled back-
for each individual.ground eliminates or greatly reduces the need to spend

Light-dark exploration was performed in a 19 cm high �
years constructing congenic strains. 19 cm deep Plexiglas chamber, divided into a 14-cm-wide dark

We recently described (Singer et al. 2004) the first com- chamber and a 28-cm-wide clear chamber separated by a 10 �
10-cm opening and illuminated by a 1280-lm lamp. A mouseplete CSS panel, in which chromosomes from the A/J
was released into the dark chamber and its transitions betweenstrain were introgressed into the C57BL/6J host strain
the chambers were recorded during a 5-min trial. A transition(henceforth abbreviated as B6). The strong existing body
was scored when the entire body of the mouse passed into the

of work on QTL affecting emotionality and the pro- new chamber. Times were reported in the format mm:ss�mm:ss.
nounced phenotypic differences between the A/J and B6 To minimize variability, all behavioral testing was performed

between 3 and 5 pm (while mice were kept on a 7 am–7 pmstrains make this CSS panel a promising tool for the
light/dark cycle). Before each day’s testing, several mice werestudy of genetic variation in emotionality using a pair
placed in the apparatus for 10 min to avoid testing the firstof behavioral tests: open-field activity and light-dark
mice in a fresh environment. Mice from different CSSs were

transition. In the open-field test, a mouse is released in rotated randomly through the testing to minimize the effect
an enclosed, brightly lit area ruled with a grid. During of any transient environmental factor on a particular CSS.

The chambers were cleaned and sterilized at the end of eacha 4-min trial, the number of squares traversed (open-
day of testing.field activity, or OFA), the number of center squares

Statistical analysis: Significance of results in the initial CSStraversed and the number of fecal pellets left behind
panel screen was determined in a t-test between each CSS

(open-field defecation, or OFD) are recorded. The LD result and the B6 control. Significance levels were subjected
transition test uses a box divided into a large, brightly to a Bonferroni correction to account for multiple hypothesis

testing with 22 CSS strains. Results were considered significantilluminated chamber and a smaller dark chamber. A
if the corrected significance level was �0.05. This implies anmouse is released in the dark chamber and, in a 5-min
expected rate of only 0.05 false positives/trait across the entiretrial, the time until the mouse first emerges into the
panel.

lighted chamber, the total time spent in the lighted Intercross analysis: Genotyping was performed with PCR am-
chamber, and the number of transitions between the plification of simple sequence length polymorphism (microsatel-

lite) markers at a spacing of 15–20 cM. Chromosomal localiza-chambers are recorded. In both tests, we found multiple
tions are according to the Mouse Genome Database 2001loci affecting emotionality and validated and mapped
Chromosome Committee Reports (http://www.informatics.jax.them in independent studies.
org). QTL analysis was performed with Map Manager (Manly
and Olson 1999), using various models as described below.
All QTL reported as exceeding Lander-Kruglyak significanceMATERIALS AND METHODS
also exceeded the significance threshold estimated with Map
Manager’s permutation function.Behavioral testing: Male mice were weaned at 4 weeks after

birth, housed in same-sex groups of three to four, and tested
at 8 weeks after birth. In the initial screening of the CSS panel,
10–12 mice/CSS were typically tested. Open-field testing was RESULTS
performed in a 60 � 60-cm box made of white Formica, ruled

Screening in the CSS panel: The first stage of analysiswith a 4 � 4 grid, enclosed with 15-cm-high walls of clear
acrylic, and illuminated by a 1280-lm lamp. A mouse was re- was performed in the Animal Resource Center at Case
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Western Reserve University (CWRU). Eight-week-old
male mice from each strain of the B6-ChrA CSS panel
(with the exception of CSS-5 and the mitochondrial
CSS, which were not yet completed) were examined in
both tests, as were mice from the A/J and B6 parental
strains. As demonstrated previously (reviewed by Craw-
ley et al. 1997), the results for A/J and B6 were ex-
tremely divergent, and several of the CSSs also differed
significantly from the B6 host strain.

In the open-field test, B6 mice traversed an average
of 133.6 � 9.9 grid squares, including 18.9 � 2.9 center
squares or 14% of the total. No fecal pellets were seen
in 13 trials (Figure 2). A/J mice traversed an average
of 1.1 � 0.3 grid squares, leaving 5.3 � 0.5 fecal pellets.
None crossed into a center square. CSSs for chromo-
somes 1, 4, 6, and 15 (henceforth abbreviated CSS-1,
CSS-4, and so on) traversed the fewest squares: 75.2 �
7.2, 91.3 � 3.3, 82.5 � 5.3, and 86.0 � 5.3, respectively.
These results agreed with previous reports of loci on
chromosomes 1, 4, and 15 affecting OFA (Flint et al.
1995; Gershenfeld et al. 1997; Gershenfeld and Paul
1997; Talbot et al. 1999; Turri et al. 1999, 2001a,b;
Mott et al. 2000; Zhang and Gershenfeld 2003).

The CSS for chromosome 1 entered the lowest per-
centage of center squares; however, a surprising finding
was that while CSS-11 crossed 117.5 � 6.2 total squares,
the third most among the panel, only 7.1% were center
squares. The CSS-11 mice rapidly circled the area, but
remained close to the wall most of the time. All strains
but one (CSS-8) left fecal pellets, a behavior that was
not seen in any of the 30 B6 mice observed in this study
and in an earlier pilot study of the parental strains.

In the light-dark transition test, B6 mice first emerged
into the illuminated chamber after an average of 0:10 �
0:02 min, spending 2:02 � 0:06 min in the lighted area,
with 23.8 � 1.6 transitions between chambers. Most
A/J mice did not emerge at all, spending an average
of 0:02 � 0:01 min in the lighted area, with 0.6 � 0.4
transitions between chambers (Figure 3).

Again, CSS-1 diverged the most from the baseline B6 Figure 2.—Open-field results for 20 CSSs, the B6 back-
phenotype, emerging after 1:42 � 0:26 min and spend- ground strain, and A/J. Significant deviations, after correction

for multiple hypothesis testing, are indicated by an asterisk.ing 0:57 � 0:12 min in the lighted chamber with 11.1 �
(a) OFA in number of squares traversed in a 4-min trial. (b)2.0 transitions. CSS-6 also showed reduced activity
Center avoidance in center squares entered as percentage of(0:34 � 0:04 min to emergence, 1:40 � 0:05 min in the total activity. (c) OFD in average number of pellets left.

lighted chamber), while CSS-4 and CSS-15 were similar
to B6. Surprisingly, although CSS-17 was the second
most active CSS in the open-field assay, it was the second testing of a single chromosome in an otherwise constant

background greatly increases sensitivity while loweringleast active in the light-dark test (1:07 � 0:15 min to
emergence, 1:21 � 0:10 min in the lighted chamber). the threshold for significance. LOD scores between 1.4

and 2.6 (depending on the length of the substitutedIntersite phenotype variation: At this stage, testing
shifted to the animal facility at the Whitehead Institute chromosome and the model of dominance) are re-

quired for significance, in contrast to the 3.3–4.3 neces-for Biomedical Research (WIBR). To confirm the results
from screening the CSS panel and to map the responsi- sary in whole-genome studies (Lander and Kruglyak

1995). Because LOD scores are logarithmic, reducingble loci along the length of the chromosomes, we per-
formed intercrosses between the implicated CSSs and the significance threshold by half greatly increases the

power of a study.the B6 parental strain. This process is analogous to tradi-
tional whole-genome intercross QTL analysis, but the Because of concerns about the reproducibility of be-
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Figure 3.—Light-dark transition results for 20 CSSs, the B6 background strain, and A/J. Significant deviations, after correction
for multiple hypothesis testing, are indicated by an asterisk. (a) Time (in minutes) to first emergence into the lighted chamber.
(b) Total time (in minutes) in lighted chamber during a 5-min trial. (c) Number of transitions between chambers. (d) Average
length (in minutes) of intervals in the lighted chamber.

havioral assays between laboratories (Crabbe et al. 1999; ing phenotypes for fine mapping: reduced LD activity
and elevated OFD in CSS-1, reduced OFA in CSS-6,Wahlsten et al. 2003), we began by retesting 11 of the

CSSs in the new environment. The strains that displayed and reduced LD activity in CSS-17 (Figure 5). Because
analysis of heterosomic CSS-1 showed reduced activitythe most reduction in activity relative to B6 continued

to do so. However, in both open-field and LD tests, most in the LD test, and elevated OFD (not shown), we pur-
sued a backcross of the F1 to B6. A study of 91 N2of the strains displayed less activity at WIBR than at the

CWRU facility. For example, B6 traversed 116.6 � 8.6 progeny mapped a QTL between D1Mit151 and
D1Mit511 at 93 cM with a LOD of 3.3 (significanceopen-field squares at WIBR and few mice immediately

ran into the lighted chamber in the LD test, as happened threshold � 1.7) for time to first emergence in the LD
test and a LOD of 4.1 in the same interval at 103 cMfrequently with most strains tested at CWRU.

The reduction in activity was strikingly linear when re- for total time spent in the lighted chamber. When OFD
was treated as a dichotomous trait and analyzed withsults from WIBR were plotted against those from CWRU

(Figure 4). OFA fit a line of y � 0.76x � 17.9 squares, the penetrance scan function of Mapmaker (Gorham et
al. 1996), a LOD of 6.7 at 95.5 cM was obtained with awith an R 2 of 0.49 (P � 0.01, from the F-statistic calcu-

lated in an ANOVA test). Comparison of the LD results peak between D1Mit151 and D1Mit511. These results
are consistent with previous reports for a locus on theyielded fits of y � �0.79x � 0.09 min (R 2 � 0.74, P �

0.0003) for time to first emergence and y � 0.47x � distal end of chromosome 1 (Flint et al. 1995; Gershen-
feld et al. 1997; Talbot et al. 1999; Turri et al. 1999,0.03 min (R 2 � 0.42, P � 0.004) for total time in the

lighted chamber. (Results in A/J mice were excluded 2001a,b; Mott et al. 2000).
Heterozygosity for A/J alleles at the chromosome 1from these regressions because they showed virtually no

activity in either context and because including them locus or loci appeared to have a weaker effect on OFA,
failing to show any significant effect in this small back-would have led to a wildly disproportionate skewing of

the line fit and inappropriately high R 2 results.) cross. Nonetheless, QTL analysis of OFA in the cross
was consistent with the LD results, with a LOD of 0.96 forFine mapping in intercrosses: We selected the follow-
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Figure 4.—Comparison of performance at CWRU and WIBR for CSSs for chromosomes 1, 2, 4, 6, 10, 12, 14, 16, 17, 18, 19,
and Y as well as the B6 background strain. Results for CWRU are plotted on the x-axis and for WIBR on the y-axis. (a) Open-
field activity. (b) Time to first emergence (solid diamonds) and total time in the lighted chamber (open squares) in a light-dark
transition test.

center avoidance at D1Mit511 at 113 cM. The compound traits offered the promise of better understanding the
EMO phenotype, a normalized measure combining mechanisms underlying emotionality.
OFA and OFD, indicated a significant LOD of 1.9 at Results obtained from two tests of emotionality agreed
D1Mit159 at 81.6 cM. well with previous studies that suggested that a small

In a study of 82 F2 progeny from an intercross between number of loci, specifically those on chromosomes 1,
CSS-6 and B6, two QTL affecting OFA were detected: 4, and 15, exert a large effect on emotionality (Flint
one of LOD 3.7 between D6Mit138 and D6Mit274 at et al. 1995; Gershenfeld et al. 1997; Talbot et al. 1999;
4.9 cM (chromosome significance threshold, 1.6) and Turri et al. 1999, 2001a,b; Mott et al. 2000). Our find-
a second of LOD 1.6 between D6Mit36 and D6Mit339 ings agree with that assessment in both the number and
at 52.5 cM, both with a recessive effect for the A/J allele the location of major players, and our mapping of a
or alleles. Analysis of OFD yielded a LOD of 1.6 between major locus on chromosome 1 to the distal end of the
D6Mit274 and D6Mit209 at 17.0 cM while no suggestive chromosome is consistent with all previous work. Flint
linkages were seen for the EMO phenotype. (2003a) argues for two distinct QTL on chromosome

A suggestive peak of LOD 1.1, affecting time in the 1: one polymorphic between B6 and BALB/c at �100
light during the LD test, was also detected between cM (Flint et al. 1995; Mott et al. 2000; Turri et al.
D6Mit138 and D6Mit274 at 2.1 cM, while analysis of the 2001a,b) and a second polymorphic between B6 and
mean time of intervals in the lighted chamber indicated A/J at �80 cM (Talbot et al. 1999). The location near
a peak of LOD 1.5, also at 2.1 cM, and another of LOD 100 cM is more consistent with our findings, despite
1.7 between D6Mit36 and D6Mit339 at 63.9 cM. our use of B6 and A/J. The discrepancy may be due to

A study of 70 F2 progeny from an intercross between ambiguity in our LOD peak, as the location of the puta-
CSS-17 and B6, analyzed for total time spent in the light tive QTL at 80 cM still exceeds significance in our stud-
during the LD test and fit to a two-parameter model ies. Alternatively, an earlier study (Gershenfeld et al.
because dominance of the QTL was unclear in the F1 1997) of an intercross between B6 and A/J placed a
(chromosome significance threshold, 2.3), indicated a QTL at 100.5 cM, which supports our results.
QTL between D17Mit39 and D17Mit221 at 51.2 cM with We also detected additional loci with smaller effects on
a LOD of 3.6. No significant effect was seen on OFA or OFA and OFD, and on LD transition, presumably as a
OFD. result of the increased sensitivity of the CSS method. The

effect of loci on chromosomes 6 and 17 has not been
previously reported at either a significant or a suggestive

DISCUSSION level. CSS-9 and CSS-10 also showed significant reduction
in light-dark activity in the initial screening and previouslyEmotionality and CSS mapping: The A/J and C57BL/
unreported QTL may be present there as well.6J strains were selected for the CSS breeding project in

The efficiency of CSS mapping compared favorablylarge part because of the many phenotypic differences
with that of recombination-based mapping of loci affect-known between them (Festing 1979; Mouse Phenome
ing the same phenotypes, detecting loci by testing 10–12Database 2001). In particular, anxiety-related pheno-
mice/strain in the initial screen and validating them intypes were known to differ substantially and reproduci-
intercrosses of �100 F2 progeny. Comparable studies inbly between those strains. Therefore, this new technique

for dissecting the genetic basis of complex quantitative intercrosses have used similar or much larger numbers
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Figure 5.—QTL analysis for results in mapping crosses between implicated CSSs and B6. Significance thresholds are indicated
by a horizontal line. (a) CSS-1 backcross analyzed for time to first emergence and total time in the lighted chamber in a light-
dark transition test. (b) CSS-1 backcross analyzed for OFD and open-field center avoidance. (c) CSS-6 intercross analyzed for
OFA, OFD, and mean interval in the lighted chamber in a light-dark transition test. (d) CSS-17 intercross analyzed for total time
in the lighted chamber in a light-dark transition test.

of mice—from 514 to 1636 F2 progeny (Flint et al. Genetic architecture of the emotionality phenotypes:
The partitioning of the total A/J-B6 genetic divergence1995; Gershenfeld et al. 1997; Turri et al. 2001a)—in

addition to the selective breeding of high- and low- over the 20 tested CSSs raises the question of how the
sum of the phenotypic differences between the variousactivity strains that preceded two of those studies. The

resolution of our F2 mapping was limited by the small CSSs and B6 compares to the A/J-B6 disparity for the
same trait. In the case of LD transition, the aggregatesample sizes that we chose to use and the resulting paucity

of informative crossovers. The resolution of those stud- reduction in activity over 20 CSSs was a 1:49 (mm:ss)
increase in time to first emergence, compared to 1:59ies could, of course, be improved to any desired level

by increasing the sample size. Perhaps most importantly, for A/J, and a 5:23 decrease in total time in light, com-
pared to 4:44 for A/J. Open-field activity, in contrast,the whole process is greatly accelerated by eliminating

the construction of congenic strains in many cases. (A had an aggregate reduction of 604.9 traversed squares,
far greater than the entirety of B6 activity (133.6 squaresmore detailed treatment of the relative statistical advan-

tages of CSS mapping is given in the supplementary vs. 1.1 squares for A/J). The lack of an additive effect in
open-field activity may reflect gene interactions, wherematerial for Singer et al. 2004.)

The next steps to map these loci more closely are multiple B6 alleles are required for the B6 phenotype
and substitutions of individual A/J alleles have an epi-relatively straightforward. Several routes are available

for moving to a precise localization of the QTL with static effect on loci from other chromosomes. Analysis
of diet-induced obesity in the CSS panel (Singer et al.relative ease (Belknap 2003; Youngren et al. 2003). The

process of assigning a QTL to a specific gene remains a 2004) also indicated nonadditivity.
A novel finding was the center avoidance of CSS-11more difficult undertaking. However, recent insights

into the haplotype block structure of laboratory mouse in open-field testing. The combination of high open-
field ambulation and aversion to the center of the boxstrains (Wade et al. 2002) suggest that focusing on re-

gions of divergence could greatly accelerate the fine- has not been previously described. In fact, our findings
probably understate the difference between the CSS-mapping process; other options, such as the use of mi-

croarray analysis to identify candidate genes, may also 11 and B6 phenotypes. Open-field results were scored
manually, necessitating the use of a relatively coarseoffer shortcuts.
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4 � 4 grid with 15-cm squares that did not distinguish house CSS-4 males individually because of severe fight-
ing, suggesting the existence of an A/J allele on thatcircular paths enclosing roughly the middle two-thirds

of the box, as seen with most strains tested, from the chromosome contributing to elevated aggression. The
power of the CSS approach to dissect such complex traitsCSS-11 behavior of rapid laps around the test area with

the sides of the mice in contact with the wall much of provides an opportunity to make new findings across
the spectrum of behavioral genetics.the time. Repeating this work in an automated open-field

apparatus with greater resolution is likely to indicate a We thank Namgyal Dolma for superb maintenance of the
more pronounced phenotypic difference than that re- Whitehead Institute for Biomedical Research mouse colony, Keith
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