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bstract

The objective of the present study was to map and compare quantitative trait loci (QTLs) for an anxiety-related trait (novelty/stres
ctivation) in the AXB/BXA recombinant inbred (RI) and AcB/BcA recombinant congenic (RC) strains of mice derived from the
57BL/6J inbred progenitor strains. Activational responses to a novel open field (OF) were measured under identical stressful

no prior handling or exposure to testing procedures) in both the RI and RC strains. Naive male and female mice were weighe
ith IP saline and locomotor activity was monitored in a computerized OF apparatus for 15 min. Measures obtained from this exp
esign included: (1) total activity scores, (2) time course of response (5 min time blocks over the 15 min session). Data for the RI s
ubjected to a QTL analysis using composite interval mapping. Significant loci were identified on chr 5 (D5Mit356, 41 cM), chr 8 (D8Mit305,
7 cM) and chr 14 (D14Mit36, 63 cM). Single locus association analysis of the AcB/BcA RC strains identified 15 putative regions, 7 o
verlapped regions independently mapped in the RI strains on chr 1 (58.5–63.1 cM), chr 4 (21.9–28.6 cM), chr 5 (19–45 & 74–8
(0.5–20.4 cM), chr 9 (15–38 cM), chr 13 (47 cM) and chr 19 (47 cM). The loci identified on chr 5 nearD5Mit356 (41 cM) in both the
XB/BXA RIS and AcB/BcA RCS maps to a region containing the genes for several GABAreceptor subunits. Additionally, the pres
A

tudy provides further confirmation of a frequently identified QTL on chromosome 1. The results are discussed in the context of previous
TL studies of anxiety-related traits that have used genetic crosses that include the A or B6 progenitors.
2005 Elsevier B.V. All rights reserved.

ed mice; Recombinant inbred; Recombinant congenic; Novelty

de-
im-

a
t man
l ss”
i isor-
eywords:Anxiety; Open-field activity; Stress-induced activation; Inbr

. Introduction

Anxiety disorders are a highly prevalent and seriously
ilitating group of disorders that produce an enormous

act on society in terms of comorbidity with medical disor-
ers[17,52], as well as lost productivity and mental health
are costs[10]. Evidence from family, twin and linkage
tudies has shown that genes influence the development of

Abbreviations: B6, C57BL/6J; RIS, recombinant inbred strains; RCS,
ecombinant congenic strains; QTL, quantitative trait locus; LRS, likelihood
atio statistic; CIM, composite interval mapping
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nxiety-related disorders[3,15,16,19,23,41,44,45]. Quanti-
ative phenotypes have been recently defined in the hu
iterature which describes the liability to “anxiety-pronene
n terms of early-onset, severe and comorbid anxiety d
ers[43]. The mouse equivalents of anxiety-proneness
lude responses to novelty/stress in an open-field, ele
lus maze or light/dark box[6] as well as fear-potentiate
tartle[40]. When mice are introduced into a novel open-fi
OF) environment, normal exploratory behavior is inhibi
ice that are relatively inactive when exposed to a nove
re regarded as highly anxious and show correlated resp

n tests of timidity, fearfulness and avoidance[7]. The mea-
urement of behavior in the OF has a number of advantages
s a model system, including that fact that exploration it is a
ell-defined innate behavioral response with broad general-
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zability across species, and it has been shown to be her
13].

Trullas and Skolnick[46] ranked 16 inbred strains of mi
n anxiety-related phenotypes; the A/J (A) and C57BL
B6) strains were found to be at opposite ends of the
otypic spectrum. The A strain has been identified as
f the most anxiogenic-like or fearful strain across a n
er of paradigms[1,6,29,50]. Mathis et al.[28] characterize

he A and B6 progenitors as well as the AXB/BXA RIS
ived from them for OF activity and transitions in a light/d
aradigm. The strongest linkages for OF activity were fo

or markers on chr 3 (Mpmv-9), chr 9 (Bgl) and chr 11 (Es-3).
Flint et al.[8] used an F2 intercross of DeFries High a

ow lines of mice—originally selected for high versus l
ctivity in an open field—to map significant quantitative t

oci (QTLs) for OF activity to chr 1 (D1Mit150, 100 cM),
hr 4 (D4Mit81, 38 cM), chr 12 (D12Mit47, 45 cM), chr
5 (D15Mit63, 29.2 cM), chr 17 (D17Mit24, 20.43 cM) and
hr 18 (D18Mit67, 4 cM). In follow-up studies, Turri et a
47,48]used this F2 cross and several behavioral parad
o demonstrate that QTLs on chromosomes 1, 4 and 15
ommon across multiple anxiety-related behavioral m
ures. The QTL on chr 4 was associated general activity
ls, while the QTL on chr 1 influenced exploratory beha
nd the QTL on chr 15 acted primarily on avoidance beha
ost recently, Turri et al.[49] utilized a multivariate analys
f 23 anxiety-related traits to identify novel QTLs on chr
, 13 and 17 in F2 mice.

Using an F2 intercross between A and B6 mice, Gers
eld and Paul[12] mapped QTL for “fear-like” behavior
sing the open-field (thigmotaxis) and light/dark (LD) tr
ition paradigms. Significant QTL were mapped to chr 10
D behavior and chr 1 for thigmotaxis. Additional sugg

ive QTL for ambulation and rearing were mapped to c
D1Mit116, 100 cM), chr 10 (D10Mit237, 74.1 cM), chr 15
D15Mit107, 41.5 cM) and chr 19 (D19Mit46, 24 cM) [12].
he loci on chr 1 (∼100 cM) and chr 15 (∼41 cM) indepen
ently replicated QTL found by Flint et al.[8] and Turri e
l. [47] for activity in an open-field.

In a recent publication Henderson et al.[18] utilized an
xtensive test battery to identify anxiety-related QTLs in
ice derived from crosses of H1 and H2 strains (high acti
nd L1 and L2 (low activity) strains. Phenotypic meas
ere derived from open-field, light-dark, mirror-chamb
levated-plus maze and elevated square-maze parad
TLs on chromosomes 1, 15 and 18 were associated an

elated behaviors.
In summary, a number of studies have mapped QTL

raits related to anxiety, emotionality and activity under n
onditions in an open field apparatus [e.g.[8,11,12]]. De-
pite a number of procedural differences between st
e.g. behavioral paradigm, strain and gender of mice,

t testing) there were several QTLs, most notably on chro-
osomes 1 and 15, that have been consistently identified for
nxiety. Some loci were less consistently identified across
tudies, suggesting that further confirmation is required using

b
h
w
t

in Research 161 (2005) 113–124

.

variety of methods including RI strains, F2 intercrosse
ongenic mice. Therefore, the objective of the present s
as to compare QTLs for novelty/stress induced activa

n two series of recombinant strains of mice—the AXB/B
ecombinant inbred strains (RIS) and the AcB/BcA rec
inant congenic strains (RCS)—each independently de

rom the A and B6 progenitors. The entire available serie
IS and RCS strains were tested for novelty/stress-ind
ctivation using an OF paradigm in the same laboratory u

dentical conditions.

. Methods

.1. Progenitor and RI strains

Male and female C57BL/6 J, A/J, and breeder pairs of all a
ble AXB/BXA recombinant inbred (RI) strains were purcha

rom Jackson Laboratory (Bar Harbor, Maine). Four breeder
f each AXB and BXA RI strain were established and maintaine
n animal colony controlled for temperature and humidity on a
ay/12-h night cycle (lights on between 6.00 a.m. and 6.00 p
reeder pairs were kept for 8 months providing 4 to 6 litters.
ice were housed in standard shoe-box solid bottom cages wit

hip bedding and nestlet pads. Pups were weaned at 4 wee
oused with same-sex litter mates until 8 weeks of age when te
ommenced. The different strains were tested in mixed squad
train and gender) of 24–32 mice over a two-year period, resu

n a total sample of 1159 RI mice (549 females, 604 males).

.2. RC strains

Thirty-seven independent AcB/BcA RC inbred strains were
uced from reciprocal backcrosses between the A and B6 pr

tors [9] at the Research Institute of the McGill University Hea
entre (MUHC) “Complex Traits Analysis Core Facility”[9]. The
C strains were produced by inbreeding independent pairs of

rom the (F1× A) × A backcross to produce the AcB strains,
F1× B) × B backcross to produce the BcA strains. Each RC in
train carries a different set of genes from the donor strain—
he remaining percentage from the background strain[9]. For ex-
mple, the BcA RC strains carry donor alleles from the A/J,

he C57BL/6 J serving as the background strain. Naive mice
3 AcB RC strains (A/J background) and 21 BcA RC strains
ackground) were housed in a colony controlled for temperatur
umidity on a 12-h day/12-h night cycle (lights on between 6.00
nd 6.00 p.m.). Pups were weaned housed with same-sex litte
ntil 8 weeks of age. Animals were acclimatized to the colony
t least two weeks prior to testing. The different strains were t

n mixed squads of 24 mice over a two-year period, resulting
otal sample of 667 (328 females, 339 males).

.3. Open-field testing
Novelty/stress-induced activity was measured in open field
oxes constructed of Plexiglas, measuring 30 cm× 30 cm× 40 cm
igh. Six intersecting light-photocell assemblies placed inside the
alls of the chambers, 3 cm above the floor, monitored the locomo-

or activity by automatic registration on a computer connected to the
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hotocells. Counts were automatically registered at 1 min inte
hroughout the test sessions. A custom-designed computer so
rogram monitored activity on the photocells, providing meas
f horizontal and stereotypic activity. Programming for the h
ontal activity included routines which suppressed scores, res
rom repetitive breaking of photo beams due to grooming. Te
as performed in a sound-insulated room between 3.00 p.m
.00 p.m. immediately prior to lights out.

In order to maximize both the ‘novel’ and ‘stressful’ aspect
he paradigm, mice were naive to handling, weighing and in
ion procedures prior to testing. On test day, male and female
ere moved to the testing room, weighed, administered intra

oneal injections (i.p.) of sterile 0.9% saline solutions (10 m
ody weight), and immediately placed in the center of the open
oxes. Novelty/stress-induced activation was operationally de
s the total locomotor activity scores obtained during the 15
xposure to the activity chambers. Measures obtained from th
erimental design included: (1) total activity scores and (2)
ourse of activity measured in 5 min time blocks over the 15
ession.

.4. Statistical analyses

Statistical analyses were performed with SPSS version 11
indows (SPSS Inc.). The activity data were tested for normal
ell for outliers using the SPSS explore function. Scores outsid
5% confidence interval for each strain mean were eliminated
oth the RI and RC series of strains, those removed were rand
istributed across strains. A randomly selected split-half cor

ional analysis (corrected with Sperman–Brown formula) was
ormed in order to assess the reliability of the strain means fo
ntire sample[36]. Comparisons between strains of mice in the
nd RC series were conducted with analysis of variance (ANO

echniques. Post hoc comparisons for the RI strains were cond
singt tests with a Bonferroni correction. Post hoc Dunnett’s t
ere used to compare RC strain means to their corresponding
round strain.

.5. Genetic analysis—RI strains

The database of genetic linkage markers for the AXB/B
I lines was obtained from the Mouse Genome Database[30].
he database consisted of 780 markers of various types incl
SLP’s, restriction fragment length polymorphisms, biochem
arkers, and proviral loci. Simple bivariate correlations betw

he linkage markers—arbitrarily scored as 1 for alleles from the
rogenitor and 0 for the alleles from the C57BL/6 J—and the

ribution of strain means for locomotor activation were compu
n addition, activity data collected on the AXB/BXA RI lines we
ubjected to a quantitative trait loci (QTL) analysis using sim
nterval mapping (SIM) with Map Manager QTX[26]. A prelimi-
ary analysis of the activity data for the RI strains was publis
arlier[2]. The present analysis expands upon the earlier work
more detailed analysis of interactions between QTLs (using

omposite interval mapping and ANOVA techniques) as well a
eneration of interval maps. Interval mapping procedures test
inkage relationships between marker loci and the strain distribution
attern (SDP) of the phenotype.

RI strain means are influenced directly and indirectly (through
nteractions) by more than one QTL[20]. Therefore, additional anal-
ses were conducted using composite interval mapping (CIM) in

a
v

e
(
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rder to evaluate linkage relationships between marker loci an
DP of the phenotype, while including the effects of backgro
TL [20,53]. The background QTL included in the CIM analy

listed as cofactors in the results) were all significantly (p< 0.05)
ssociated with activity as detected by SIM[21]. Estimated LOD
cores were calculated based upon the chi-square statistic
ood ratio statistic (LRS)) provided by MapManager QTX.

.6. Genetic analysis—RC strains

The genomic mapping of the progenitor and all RC strains
onducted at the Research Institute of the MUHC using SSLP
rosatellite markers. Oligonucleotide primer pairs for each ma
ere purchased from Research Genetics (Huntsville, AL, U
he markers were typed in all strains using standard PCR-b
ethods[9]. To date, a total of 625 markers have been type
ach strain providing coverage of the entire genome with an
ge spacing of 2.6 cM. The database of genetic linkage marke
roduced using map positions based the Mouse Genome Da
The Jackson Laboratory, Bar Harbor Maine)[9]. Identification o
nformative strains carrying donor alleles that significantly in
nced the phenotype within the AcB and BcA sets was carrie
sing ANOVA with strain and gender as fixed factors, followed
unnett’s post hoc analysis. In the post hoc analysis, signifi
verall strain effects were followed up by pair-wise comparis
etween the mean phenotypic values for each RC strain an
ppropriate background strain.

The strain distribution pattern of mean phenotypic values
he chromosomal maps of SSLP markers for the AcB/BcA R
ere used to compute single locus associations with Map
ger QTX[26]. The significance of the association at each ma
as tested using the LRS statistic[26,27], and the criteria used
etermine suggestive and significant loci are listed in the fol

ng. This was followed up by the computation of simple bivar
orrelations between the SDP of mean phenotypic values an
ignificant linkage markers identified by Map Manager QTX—w
enotypes arbitrarily scored as 1 for the background and 2 fo
onor genotypes. For any given locus, a positive correlation

ified donor alleles that increased the mean phenotypic value
egative correlations suggested the presence of a decreaser
tepwise multiple regressions were performed in order to est

he total amount of genetic variance accounted for by the pu
TLs. The AcB and BcA RCS were analyzed independently i
er to examine the effect of genetic background on significant

.7. Criteria for significance

Due to the large number of statistical computations condu
n QTL analyses there is likely to be a high type I error rate. S
enetic analysis of the AcB/BcA RCS was conducted to con
esults obtained in the AXB/BXA RIS, stringent statistical crite
ere adopted to reduce type I error. In some multiple compa
nalyses (e.g. bivariate correlations) a Bonferroni correction
pplied. With 625 linkage markers in the RCS, a nominalp-value of
.00008 (0.05/625) was used to established significance. Map

ger QTX was set to detect simple locus associations at a threshold
alue ofp≤ 0.00001 for the analysis of the RCS.

In addition, thresholds for significance of the LRS values gen-
rated by the interval mapping (in the RIS) and simple association
in the RCS) procedures were set using a permutation test. Per-
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utation tests[4] were conducted using the Map Manager Q
oftware[26] and LRS values at appropriate percentile points in
istribution were used to establish critical values for linkage[27].
he threshold values of the permutation test labeled as sugg
r significant for linkage were established using the guideline
ander and Kruglyak[25]. Potential candidate genes close to
ificant QTLs were identified using the Mouse Genome Data
thttp://www.informatics.jax.org.

. Results

.1. AXB/BXA recombinant inbred strains

Mean novelty/stress-induced locomotor responses fo

/J, C57BL/6 J and AXB/BXA RI mice are presented sep-
rately for males and females inFig. 1. Strain differences
ere confirmed in a two-way ANOVA (strain× gender) us-

ng total activity scores over the entire 15 min monitoring pe-

ig. 1. Novelty/stress-induced activation scores measured on first exposure
o the open field chambers. Mean values (±S.E.M.) for males and females of
he progenitors as well as the AXB/BXA RI strains are presented in order of
scending activity scores for males. Asterisk (*) denotes strains that show a
ignificant difference in mean values compared to either of the background
/J or B6 strains.
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iod. The analysis yielded a significant main effect for st
F(24,1103) = 26.6,p< 0.0001], but no main effect for ge
er [F(1,1103) = 0.063,p= 0.80] or a strain by gender inte
ction [F(24,1103) = 1.14,p= 0.29). Therefore, gender w
ot considered as a factor in subsequent ANOVA or Q
nalyses. Overall, the mean strain phenotypic values

ound to be very reliable with a random split-plot correla
f r = 0.95 (p< 0.001) (males and females combined).
train distribution pattern for the time course of activity, a
yzed in 5 min time blocks over the 15 min test session, w
ighly correlated with the total session values (Time b
(0–5 min) r = 0.996,p< 0.001; Time block 2 (5–10 min

= 0.993, p< 0.001; Time block 3 (10–15 min)r = 0.994
< 0.001). A two-way ANOVA with repeated measu

strain by time) was conducted to examine the time cour
esponses among the different strains. The analysis yi
significant strain effect [F(24,1122) = 28.6,p= 0.0001], an
ffect of time [F(2,2244) = 183.7,p= 0.0001], and a stra
y time interaction [F(48,2244) = 3.92,p= 0.0001] (data no
hown). QTL analyses were conducted on data from
ime block as described in the following.

.2. Quantitative trait loci analysis

Simple interval mapping (SIM) and composite inter
apping were conducted in order to determine the chro

omal regions of the genome associated with the activa
esponses in the AXB/BXA RI series. QTL analyses w
erformed on total activity scores, as well as the score
ach of the three time blocks. Compared to total act
cores, there were no unique QTLs identified for any o
ime intervals. Thus, data are not reported for these addit
henotypes.

QTL for novelty/stress-induced activation detected
ap Manager QTX are described inTable 1. The QTL anal

sis identified 10 putative markers (at thep< 0.01 level) on
hromosomes 1, 4, 5, 8, 9, 13, 14 and 19. The results of
ise multiple regression analysis indicated that one o
TL regions (D5Mit356) accounted for approximately 4
f the genetic variance in novelty/stress-induced activa
R= 0.694,F(1,18) = 15.78,p< 0.001].

CIM analysis was used in order to control for the in
nce of unlinked QTLs. Target loci associated with tota

ivity scores were mapped while controlling for the influe
f QTLs on other chromosomes. When background Q
ere factored in, three markers were significantly assoc
ith novelty/stress-induced activation includingD5Mit356

LOD = 4.3) andD8Mit305 (LOD = 3.84) in which the B6
llele was associated with an increase in mean pheno
alues. The significant marker atD14Mit36 (LOD = 3.69)
as associated with an A/J allele that increased the ph

ype. The mapping results for chromosome 8 following C

controlling for background QTL,D6Mit50) are presented
n Fig. 2. The interval map data indicated a peak LRS value
f 19.1 (LOD = 4.1) located between the markersD8Mit132
33.0 cM) andD8Mit305(37.0 cM).Fig. 3presents the com-
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Fig. 2. A composite interval map for the QTL on chromosome 8 was derived from the output of Map Manager QTX. The interval map data indicate a peak
LRS value of 19.1 located between 33 and 37 cM. The thresholds for suggestive and significant loci as determined through a permutation test are indicated.

Fig. 3. The interaction between markersD8Mit305(chr 8) andD6Mit50(chr 6) in terms of novelty/stress-induced activation. The results show that a combination
of B alleles at both the D8Mit305 and D6Mit50 loci significantly increased mean (±S.E.M.) activity in response to a novel open-field environment.
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Table 1
Results of QTL analysis for total novelty/stress-induced activation in the AXB/BXA RI strains

Chr Peak markera (+) Cofactorb cMc Rd LRSe p-value Gene candidatef Description

1 D1Mit26 – 62.1 −.539 7.2 0.007 Lrnx1 (60.8) QTL-contextual fear conditioning 1
Iapls3–9 (5:82) 10.5* 0.001 Htr5b (63) Serotonin receptor 5B

Actd1 (65) QTL-activity distance traveled 1
Lrnx12 (65) QTL-contextual fear conditioning 12

4 Mup1 – 27.8 +.509 5.4 0.02
D13Mit10 (13:31) 12.4* 0.0004

5 D5Mit356 – 41 −.585 8.8 0.003 Gabra2 (40) GABA-A receptor, alpha2 subunit
Iapls3–9 (5:82) 13.0* 0.0003 Gabrb1 (40) GABA-A receptor, beta1 subunit
D18Mit20 (18:5) 14.5* 0.0001 Gabrg1 (40) GABA-A receptor, gamma1subunit
1+2 19.8** 0.0001 Clock (43) Circadian locomotor output

8 D8Mit305 – 37 −.626 10.4* 0.001 Npy1r (33) Neuropeptide Y receptor Y1
D18Mit20 (18:5) 17.4** 0.00003 Slc181a (33) Vesicular monoamine carrier 18
D6Mit50 (6:3.3) 17.7** 0.00003

9 Ets1 – 15 +.568 7.8 0.005 Note: cofactor D7j4 is close to a QTL
for anxiety in an open-field (Axtofd2,
44cM), as well as the albino (c) locus
(Tyr, 44cM)

D7j4 (7:45) 11.4* 0.0007

13 D13Mit10 – 31 −.626 10.4* 0.001 Drd1a (32) Dopamine receptor 1a
D6Mit50 (6:3.3) 14.6* 0.0001

13 D13Mit110 – 47 +.493 5.1 0.015 Crhbp (52) Corticotrophin releasing
hormone-binding protein

Mup1 (4:27.8) 12.9* 0.0003

14 Il3ra – 1.5 +.537 7.1 0.008
Iapls3–9 (5:82) 14.8* 0.0001

14 D14Mit36 – 63 +.522 6.7 0.01 Note: cofactor D7nds5 is close to
Grin2d (23.5 cM) the epsilon4
subunit of the NMDA receptor

D7nds5 (7:23) 17.0** 0.00004

19 D19Mit10 – 47 +.565 8.1 0.004 Lrnx6 (45) QTL-contextual fear conditioning 6
D1J2 (1:15) 13.1* 0.0003 Adra2a (50) Adrenergic receptor alpha 2a

Adrab1 (51) Adrenergic receptor beta 1
a Peak marker identified by Map Manager QTX.
b Background QTL at significant markers identified by SIM analysis (p< 0.05) are listed as cofactors (chromosome: cM position) as described in the text.
c Recombinant distance in centimorgans from centromere.
d Correlations between SDP for marker and strain means. For these computations, the A/J was allele was scored as a 1 and C57BL/6 J scored as 0, thus

negative correlations indicate that the B6 allele increased the phenotype and positive correlations indicate that the A allele increased the phenotypic values.
ant gen ing the

g
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c for
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e LRS values provided by Map Manager QTX.* Suggestive or** signific
uidelines of Lander and Kruglyak (1995).
f Potential candidate genes and position (cM) identified using the M

ined effects of genotypes at markersD8Mit305 (chr 8)
ndD6Mit50 (chr 6) for total novelty/stress-induced ac

ty. Comparison of the four genotypes by one-way ANO
ndicated that there was a significant effect of geno
F(3,20) = 9.5,p= 0.001]. Post hoc analysis (Tukey HS
ndicated that the combination of B alleles atD8Mit305and
6Mit50 (B/B genotype) resulted in significantly (p< 0.01)
igher activity compared to all other genotypes.

.3. AcB/BcA recombinant congenic strains
A two-way (strain× gender) ANOVA was performed on
otal activity scores using all strains. There were no signif-
cant gender main effects (F(1,667) = 1.654,p= 0.199) or

w
w
a
i

erated through the permutations test as described in the text, follow

enome Database (2004).

nteractions (F(33,667) = 0.950,p= 0.551). Therefore, ge
er was not considered in subsequent analyses. Th
train means were found to be reliable with random
lot correlations ofr = 0.88 (p< 0.01) (males and femal
ombined). Similar to the RIS, the strain distribution
he RCS time course data (analyzed in 5 min time blo
ver the 15 min test session) were highly correlated
he total session values (Time block 1 (0–5 min)r = 0.98,
< 0.001; Time block 2 (5–10 min)r = 0.994, p< 0.001;
ime block 3 (10–15 min)r = 0.984, p< 0.001). A two-

ay ANOVA with repeated measures (strain by time)
as conducted to examine the time course of responses
mong the different strains. The analysis yielded a signif-

cant strain effect [F(35,631) = 10.09,p= 0.001], an effect
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f time [F(2,1262) = 157.95,p= 0.0001], and a strain b
ime interaction [F(70,1262) = 2.04,p= 0.0001] (data no
hown).

Mean total novelty/stress-induced activational respo
or the A/J, C57BL/6 J, and AcB/BcA strains are presen
n Fig. 4. AcB and BcA strains are independently prese
n ascending order of activity. Significant strain differen
ere noted for the AcB strains [F(15,335) = 7.5,p= 0.01] as
ell as the BcA strains [F(21,457) = 5.1,p= 0.01]. Dunnett’s
ost hoc tests identified five informative strains among
cB set (compared to the background A/J) and ten am

he BcA set (compared to the background C57BL/6 J).
nformative strains are denoted inFig. 4with asterisks.

.4. Genetic analysis in the RC strains

Chromosomal regions potentially carrying donor alle
odifying novelty/stress-induced activation were identi

hrough the calculation of single locus associations with
anger QTX [26] and confirmed through the calculati
f bivariate correlations. Marker regions that were sig

cantly associated with novelty/stress-induced activatio
hep≤ 0.00001 level are listed inTables 2 and 4. In many
ases, multiple markers in a given region were identifie
ap Manager QTX, however, only the peak markers (w

he largest correlations) were included in the tables. The
mum interval (in centimorgans) containing the donor Q
ere identified as the common region among informa
trains that possessed donor alleles at the significant ma
dentified by Map Manager QTX.Table 2presents the put
ive chromosomal regions containing B6 donor alleles as
ted with novelty/stress-induced activation in the AcB R
nalysis of total activity scores in the AcB strains resulte

he identification of seven putative regions on chromoso
, 6, 8, 13, 14, 17, 18, and 19. Examples of the intervals

aining B6 increaser alleles on chr 3 and 6 are present
able 3. The allelic status at each locus is represented by
/J and B for the B6 allele. The strains are ordered on the
f increasing phenotypic values. Those strains possessi
6 alleles on chromosomes 3 and 6 were observed to e
ignificantly greater activity scores than strains that posse
he A/J allele at these loci. Stepwise multiple regression
sis demonstrated that a subset of two markers inclu
3Mit185 (29.5 cM) andD8Mit186 (59 cM) accounted fo
4% of the genetic variance in novelty/stress-induced
ation scores [R= 0.918;F(2,12) = 29.96,p< 0.0001]. Sim
larly, the putative chromosomal regions containing A/J
eles associated with total novelty/stress-induced activ
n the BcA RCS are presented inTable 4. Analysis of the
ata resulted in the identification of eight regions on c
osomes 1, 3, 5, 9, 11 and 17. Stepwise multiple re

ion analysis demonstrated that a subset of four marke

ludingD11Mit167(71 cM),D5Mit356(41 cM),D9Mit297
15 cM) andD17Mit139(30.2 cM) accounted for 71% of the
enetic variance in novelty/stress-induced activation scores
R= 0.844;F(4,20) = 9.91,p< 0.0001].
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. Discussion

A wide, continuous range of novelty/stress-induced
ation was displayed by the AXB/BXA RIS and AcB/Bc
CS, findings that are consistent with a quantitative tra
olving additive effects of several genes. A large numbe
trains in both the RIS and RCS show significantly hig
ctivational responses than either the A/J or B6 prog

ors, suggesting potential gene interactions. In this con
t should be noted that correlations between novelty/st
nduced activation and the SDP for linkage markers in
XB/BXA RIS were both positive and negative (seeTable 1).

n the RI series, the genotype at each linkage marker was
rarily scored as 1 for alleles from the A/J progenitor and 0
lleles from the B6. Thus, negative correlations for any g
arker indicated that higher activity was associated with
6 allele. Positive correlations (e.g., at D14Mit36) dem
trated that while the inbred A/J are generally inhibite
ovel environments, recombination of progenitor allele

he AXB/BXA RI strains revealed alleles coming from
/J that were capable of increasing the mean phenotypic
es.

The tendency for A/J and B6 alleles to both increase
ecrease mean phenotypic values was also noted amo
cB and BcA RCS. The AcB strains inherited B6 donor a

es that were expected to increase the mean strain phen
alues relative to the A/J background. However, as show
able 2, correlations at the peak markers were both pos
nd negative, indicating that in some strains the B6 dono

eles decreased mean phenotypic values (e.g. at D8Mit
imilarly, some BcA strains inherited A/J donor alleles

ncreased mean phenotypic values (e.g. at D9Mit297) rel
o the B6 background, rather than decreased as expecte
able 4). Thus, the phenotypic level exhibited by any gi
IS or RCS can be attributed to the particular combinat
f QTLs inherited from the A/J and C57BL/6 J progenit
t a number of sites.

The potential importance of the combination of QTL
eflected in the results of interval mapping in the AXB/BX
IS. QTL analyses identified a number of suggestive Q
nd three highly significant QTL on chr 5 (D5Mit356, 41 cM),
hr 8 (D8Mit305, 37 cM) and chr 14 (D14Mit36, 63 cM). All
ignificant QTL were identified using CIM analysis with c
actors on several chromosomes including chr 5 (Iapls3–9,
2 cM), chr 6 (D6Mit50, 3.3 cM), chr 7 (D7nds5, 23 cM)
nd chr 18 (D18Mit20, 5 cM). CIM analyses were perform

n order to control for interactions with other QTL in t
enome. In this case, it is notable that two of the co

ors (Iapls3–9and D6Mit50) mapped very close to QT
ndependently identified in the AcB/BcA RCS as show
able 5. The cofactors on chromosome 7 at markersD7nds5
23 cM) andD7j4 (45 cM) are also worth noting. The mark

t D7nds5is very close to the gene coding for the epsilon
subunit of the NMDA receptor (Grin2d, 23.5 cM). Ep-

ilon 4 mutant mice lacking this subunit have been shown
o exhibit abnormal novelty-induced locomotor activity in
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ig. 4. Mean novelty/stress-induced locomotor activity (±S.E.M.) for th
ndependently presented in ascending order of activity. Asterisk (*) den
train.

n OF. The authors suggested that the epsilon4 mu
ave dysfunctional NMDA receptors and displayed alt

motional behavior in general[31]. Similarly, the marker
7j4 is close to a QTL (Axtofd2, 44 cM) for an anxiety-

elated trait (defecation) in an open-field[47] as well as
he albino locus (Tyr, 44 cM). The albino locus is known

a

p
t

able 2
hromosomal regions containing B6 donor alleles associated with total nove

hr Peak markera cMb Correlationc Region containing donor Q

3 D3Mit185** 29.5 +0.769 29.5
6 D6Mit264** 3.2 +0.764 0.5–20.4
8 D8Mit186** 59 −0.649 47–73

3 D13Mit110 47 +0.723 47

4 D14Mit239 42.5 −0.556 25–44.3

7 D17Mit160 42 +0.564 42
8 D18Mit120 16 +0.779 16

9 D19Mit10* 51 +0.600 24–55.7

−) decreaser allele from B6 donor; (+) increaser allele from B6 donor.
a Peak marker in significant region identified by Map Manager QTX,p< 0.0000
sing LRS (likelihood ratio statistic) and permutations tests, following guidel
b Recombinant distance in centimorgans from centromere.
c Correlations between SDP for marker and AcB strain means. It should b
ap Manager QTX, however, only the peak marker (with the largest corre

nterval containing the QTL by identifying all strains which possessed donor
C57BL/6J, and AcB/BcA series of strains. The AcB and BcA strain
CS that have a significantly different mean phenotype compared to theackground

o affect locomotor activity in an OF, and thus it was
urprising to find that it served as a cofactor in the Q

nalysis.

An important objective of the present study was to com-
are QTLs mapped in the RIS and RCS. A comparison of

he mapping results in the RIS and RCS indicate a num-

lty/stress-induced activation in the AcB

TL (cM) Gene candidate Description

Siafq1 (56) QTL-stress-induced analgesia 1
QTL-acoustic startle[22]

SeeTable 1-same region in AXB/BXA RI

Htr2a (41.5) Serotonin receptor 2A
QTL-acoustic startle[22]

Lrnx6 (45) QTL-contextual fear conditioning 6
Adra2a (50) Adrenergic receptor alpha 2a
Adrab1 (51) Adrenergic receptor beta 1

1.* Suggestive or** significant loci were determined in follow-up analyses
ines of Lander and Kruglyak[25].

e noted that in many cases multiple markers in a given region were identified by
lation) was included in the table. The genetic maps were used to determine the
alleles at the significant markers.
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Table 3
Haplotypes of the AcB recombinant congenic strains at significant marker loci highlighted on chromosomes 3 and 6

I value c e
B

b
A tly
d nder
i ared
Q in
t

• CS
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ased
that

ake
ety-

that

•
and
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ared
ear
at
ame

T
C
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1
1
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u

b
i

nformative strains (those with a significantly higher mean phenotypic
6 strain are designated with a B.

er of overlapping QTL as shown inTable 5. Note that the
XB/BXA RIS and the AcB/BcA RCS were independen
erived from the same progenitors, but were tested u

dentical conditions in the same laboratory. Thus, the sh
TL collectively provide very strong evidence for QTL

he specified regions as follows:

Chromosome 1—The QTL shared by the RIS and R
in the present study at 58.5–63.1 cM is consistent
an A allele that decreased and B6 allele that incre
mean phenotypic values. This region is close to QTLs

have been previously mapped for contextual fear condi-
tioning (Lrnx1, 60.2 cM;Lrnx12, 65 cM)[35], autonomic
reactivity (such as open field urination and defecation)
(58–84 cM) [18] and open-field activity (Actd1, 65 cM)

•

able 4
hromosomal regions containing A/J donor alleles associated with total nov

hr Peak markera cMb Correlationc Region containing donor Q

1 D1Mit136 59.6 −0.770 58.5–63.1
3 D3Mit110** 64.1 −0.754 64.1–76.2
5 D5Mit356 41 −0.612 19–45
5 D5Mit99 80 −0.819 74–86
9 D9Mit297* 15 +0.550 15–38

1 D11Mit119 47.67 −0.536 47.6–54
1 D11Mit167** 71 −0.655 70–74.5
7 D17Mit139 30.2 +0.572 24.5–32.3

−) decreaser allele from A/J donor; (+) increaser allele from A/J donor.
a Peak marker in significant region identified by Map Manager QTX,p< 0.0000
sing LRS (likelihood ratio statistic) and permutations tests, following guidel
b Recombinant distance in centimorgans from centromere.
c Correlations between SDP for marker and the BcA strain means. It shou
y Map Manager QTX, however, only the peak marker (with the largest corr

nterval containing the QTL by identifying all strains which possessed donor
ompared to the background A/J are highlighted. Donor alleles inheritd from the

[8,24]. The consistency of the findings in this region m
chr 1 the strongest candidate QTL region for anxi
related traits across a variety of strains and crosses
share a B6 ancestor.
Chromosome 5—The identical marker (D5Mit356) was
identified as the peak marker (41 cM) in both the RIS
RCS. The RCS strains carrying the A/J donor allele at
site in the BcA RCS showed a lower phenotype comp
to those strains with the B6 allele. The QTL on chr 5 n
the markerIapls3–9(82 cM) was a significant cofactor
three sites in the CIM analysis of the RIS, and in the s

region (74–86 cM) as a highly significant QTL in the BcA
RCS.
Chromosome 9—The peak marker identified in the RIS
and RCS mapped to 15 cM on chr 9. This QTL was asso-

elty/stress-induced activation in the BcA

TL (cM) Candidate gene Description

SeeTable 1–same region in AXB/BXA RI
Hn1 (63.7) Hypothalamic norepinephrine level

SeeTable 1–same region in AXB/BXA RI
Elmaz2 (76) QTL-Elevated plus maze behavior 2
Grik4 (23) Glutamate receptor, kainate 4
Drd2 (28) Dopamine receptor 2
Lrnx4 (53) QTL-contextual fear conditioning 4
Galr2 (70) Galanin receptor 2

1.* Suggestive or** significant loci were determined in follow-up analyses
ines of Lander and Kruglyak[25].

ld be noted that in many cases multiple markers in a given region were identified
elation) was included in the table. The genetic maps were used to determine the
alleles at the significant markers.
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Table 5
Common QTL’s for open-field activity/emotionality in the literature, compared to the AXB/BXA RIS and AcB/BcA RCS

RI strains RC strains Literature

Chr Peak marker
in RI strains

Peak cM Chr Peak marker
in RC strains

Peak cM Range cM RCS Chr Includes research using
recombinant inbred, F2
or other gentic crosses
with C57BL/6 J or A/J
ancestors

1 D1Mit26 62.1 1 D1Mit136 59.6 58.5–63.1 BcA 1 Contextual fear
conditioning[35]; OF
activity [8,24];
exploratory behavior
[12]; acoustic startle
[22]; OF/light/dark[42]

3 D3Mit185 29.5 0.5–20.4 AcB 3 OF activity[39]
3 D3Mit110 64.1 64.1–76.2 3 OF activity[28]; OF

activity [38]; acoustic
startle[22]

4 Mup1 27.8 4 D4Mit288** 28.6 21.9–28.6 AcB/BcA 4 OF activity[8,48]

5 D5Mit356 41 5 D5Mit356 41 19–45 BcA 5 OF activity[37]

5 Iapls3–9* 82 5 D5Mit99 80 74–86 BcA 5 Anxiety-related trait[5];
OF activity[39]

6 D6Mit50* 3.3 6 D6Mit264 3.2 0.5–20.4 AcB 6 OF activity[39];
exploratory behavior
[12]; OF/light/dark[42]

8 D8Mit186 59 47–73 AcB 8 Locomotor activity and
crosses into a novel
environment[33];
acoustic startle[22]

9 Ets1 15 9 D9Mit297 15 15–38 BcA 9 OF activity[37]
11 D11Mit167 71 70–74.5 BcA 11 OF activity[28]

13 D13Mit110 47 13 D13Mit110 47 47 AcB
17 D17Mit139 30.2 24.5–32.3 AcB 17 OF activity[8]; OF

activity [39];
OF/light/dark[42]

D17Mit160 42 42 BcA

19 D19Mit10 47 19 D19Mit123 51 24–55.7 AcB 19 OF[12]

ofactor
BcA R

typic

•
RIS

in-
B6
the

sed
ound

•
and
mean

er
o both
t ehav-
i ther
a stic
s ction
o ider-
a rrow
t the
i

hich
p ating
t in et
∗ Identified by SIM analysis (p< 0.05) in the RI strains, and used as c
∗∗ Note that this marker was identified atp< 0.0001 in both the AcB and

ciated with an A/J allele that increased mean pheno
values in the RIS and RCS.
Chromosome 13—The identical marker (D13Mit110) was
identified as the peak marker (47 cM) in both the
and RCS. The A/J allele was associated with an
creased mean phenotypic value in the RIS, while the
allele was associated with the same effect among
AcB RCS. Thus, both the A and B6 alleles increa
the phenotype depending on the cross and backgr
strain.
Chromosome 19—The identical marker (D19Mit10) was
identified as the peak marker (47 cM) in both the RIS
RCS. The A/J allele was associated with an increased

phenotypic value in the RIS, while the B6 allele was associ-
ated with the same effect among the AcB RCS. Thus, both
the A and B6 alleles increased the phenotype depending
on the cross and background strain.

a
t
a
o

in CIM analysis as reported inTable 1.
CS. It did not meet statistical criteria for inclusion inTables 2 and 4.

As shown inTables 1, 2 and 4, there are a large numb
f potential candidates for the common QTL mapped in

he RIS and RCS that are related to general locomotor b
or (dopamine D1 and D2 receptors, albino locus) and o
nxiety-related traits (contextual fear conditioning, acou
tartle, elevated plus maze). It is acknowledged that sele
f candidate genes is highly speculative and that cons
ble research will have to be undertaken in order to na

he intervals containing significant QTL, and to explore
nvolvement of particular candidates.

In this context, preliminary data have been reported w
rovide insight in to the nature of the specific genes regul

he expression of anxiety in the mouse. Specifically, Yalc

l. [51] utilized a combined genetic and functional approach

o dissect the commonly identified chromosome 1 QTL. The
uthors identified the gene Rgs2, which encodes a regulator
f G protein signaling, as a mediator of variations in the ex-
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ression of anxiety. Interestingly, this QTL is syntenic w
inor linkage peak (1q) identified in a recent genome-w

inkage analysis of neuroticism and mood-related scale[32].
In summary, measurement of novelty/stress induce

ivation on an open-field paradigm yielded evidence f
uantitative trait influenced by several QTL. Among
XB/BXA RIS significant loci were identified on chr
D5Mit356, 41 cM), chr 8 (D8Mit305, 37 cM) and chr 1
D14Mit36, 63 cM). In the AcB/BcA RCS, donor alleles fro
he A/J and C57BL/6 J that significantly modified phenoty
alues relative to the background were identified in 15
ions on chromosomes 1, 3, 5, 6, 8, 9, 11, 13, 14, 17, an
omparison of QTLs identified in both the AXB/BXA R
nd AcB/BcA RCS resulted in the identification of 7 co
on regions on chr 1 (58.5–63.1 cM), chr 4 (21.9–28.6 c

hr 5 (19–45 and 74–86 cM), chr 6 (0.5–20.4 cM), ch
15–38 cM), chr 13 (47 cM) and chr 19 (47 cM). The p
arker identified on chr 5 nearD5Mit356(41 cM) in both the
XB/BXA RIS and AcB/BcA RCS maps to a region conta

ng the genes for several GABAA receptor subunits. Futu
esearch will attempt to narrow the QTL intervals identi
n the present study, and examine the relationship bet
he GABAA receptor system and the expression of anx
elated traits in the A, B6, AXB/BXA RIS and AcB/Bc
CS.
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