Article

Chinese Science Bulletin

SPECIAL TOPIC

July 2012 Vol.57 No.21:2727-2732
doi: 10.1007/s11434-012-5240-x

Quantitative Genetics

Dissecting anxiety-related QTLs in mice by univariate and
multivariate mapping

ZHU ZhiHong', ZHANG ChenHao', WANG XuSheng’, COOK Melloni N*,
WILLIAMS Robert’, LU Lu*" & ZHU Jun'"

! ZJU-IBM Biocomputation Laboratory, College of Agriculture and Biotechnology, Zhejiang University, Hangzhou 3100358, China;
2 Jiangsu Key Laboratory of Neuroregeneration, Nantong University, Nantong 226001, China;

* Department of Anatomy and Neurobiology, University of Tennessee Healthy Science Center, Memphis, TN 38163, USA;

* Department of Psychology, University of Memphis, Memphis, TN 38152, USA

Received March 19, 2012; accepted April 23, 2012

To detect genes underlying anxiety-related traits in mice, we performed univariate and multivariate QTL mapping analyses of
phenotypes obtained from 71 mice of the BXD recombinant inbred (RI) strains (=528 mice) and their parental strains (C57BL/6J
and DBA/2J). Separate and joint mapping analyses were carried out using a linkage map composed of 506 simple sequence re-
peats (SSRs). The main QTL effects, interactions between pairs of QTLs (epistasis), and their environmental interactions were
estimated. The results showed that anxiety-related traits were influenced by multiple QTLs (five main effect QTLs and three epi-
static QTLs). Ten potential anxiety-related candidate genes within the QTL intervals on chromosomes 5, 13 and 15 were identi-
fied. Some of these genes have been reported previously to be associated with the anxiety response. Based on our results, it is
suggested that the multivariate QTL mapping approach improves the statistical power for detecting QTL and the precision of pa-

rameter estimation. Moreover, multivariate mapping can also detect pleiotropic QTL effects.
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Complex traits, including many common diseases, are con-
trolled by multiple loci, each of which can be detected as a
quantitative trait locus (QTL). Most approaches map QTLs
separately by a phenotype-driven method focusing on an
individual trait [1]. However, complex trait data usually
contain observations on multiple traits either in multiple
environments or under different treatment conditions. There-
fore, several potential problems arise; for instance, deter-
mining whether multiple traits are affected by a single QTL
with pleiotropic effects or by multiple closely linked QTLs.
Additionally, the effects of QTLs may vary in different en-
vironments or under different treatment conditions. Several
studies have suggested that genotype-environment interac-
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tions (GXE) play important roles in gene-associated diseases,
and thus can be thought of as a potential factor underlying
the genetic variation of quantitative traits [2—4].
Recombinant inbred (RI) strains are an important re-
source that has been used to map complex traits. They pro-
vide compelling advantages for mapping complex traits. In
mice, the largest RI set, the BXD strains, has been exten-
sively used for mapping traits with complex genetic and
environmental effects, including mood and anxiety disor-
ders [5-8]. Previous studies have shown that the BXD RI
strains have marked variation in anxiety- and fear-related
phenotypes. Differences in these phenotypes are also evi-
dent in the parental strains. For example, the C57BL/6J
strain exhibits lower levels of anxiety-related and fewer
stress-related effects compared with the DBA/2]J strain that
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exhibits greater fear-related responses [8—12]. Therefore,
the BXD RI strains provide a powerful tool to study the
genetic basis of anxiety- and fear-related behaviors in mice
[13-16].

Single-trait QTL mapping methods are readily expanda-
ble to multiple-trait analysis. Jiang and Zeng [17] previously
proposed a multivariate statistical model to conduct multi-
ple-trait analysis. However, the same trait measured in dif-
ferent environments should be considered as distinct traits,
and the maximum likelihood method applied in that ap-
proach increases the computational complexity. Although
principal component and canonical variables have been
used in multiple-trait analysis [18,19], the estimates are still
incapable of delineating the effect(s) of each QTL. We pre-
viously proposed a full-QTL model for modeling the genet-
ic architecture of a complex trait from multi-environment
trials, using a mixed linear model approach [20]. By ex-
tending this statistical model, here, we performed multivari-
ate QTL mapping of anxiety-related phenotypes under dif-
ferent conditions in an attempt to analyze main QTL effects,
epistatic effects, as well as their interaction effects with dif-
ferent treatments. Simultaneously, a separate QTL mapping
analysis was carried out for each measurement using a full
QTL model based on mixed linear model. When these two
mapping results were compared, we found some pleiotropic
main and epistatic QTLs, several of which were sensitive to
different treatment conditions.

1 Materials and methods

1.1 Mouse strains

In this study, we analyzed anxiety-related behavior in the
open quadrants of an elevated zero maze, a standard tool for
testing anxiety [21]. Seventy-one mice of the BXD RI
strains, 60 to 120-d-old were used in this study. This strain
was derived by crossing the C57BL/6J (B6) and DBA/2J
(D2) strains to produce the BXD1 through BXD32 strains
(26 strains) [22] in the 1970s, and the BXD33 through
BXDA42 strains (9 strains) [23] in the 1990s. Genotypes of
the BXD strains were generated at the University of Ten-
nessee Health Science Center. A total of 3795 markers were
genotyped, including 3033 SNPs and 762 SSRs. Many ad-
jacent markers have identical strain distribution patterns;
therefore, we selected 2320 markers for the subsequent
analysis (1814 SNPs and 506 SSRs). To reduce computa-
tion complexity, only the 506 SSRs were used to map caus-
al QTLs.

1.2 Anxiety assay

Anxiety-related behavior was examined in animals under
five conditions: one, animals that were acutely restrained
and received ethanol; two, animals that were acutely re-
strained and received saline; three, animals that received
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only a saline injection; four, animals that received only an
ethanol injection; and five, animals that were not restrained
and did not receive any injection. Acutely restrained ani-
mals were placed in an immobilization tube for 15 min.
Animals receiving injections received either ethanol (1.8
g/kg) or saline, and were returned to home cages. Three
variables were recorded during the test session: Open-5,
time spent in the open quadrants during the first 5 min of
the session; Open+35, time spent in the open during the last 5
min of the session; and Openl0, time spent in the open dur-
ing the entire test session.

Separate QTL mapping analyses were performed for
each measurement (Open-5, Open+5, and Openl0) to iden-
tify significant main and epistatic QTLs. Because any ge-
netic relationships among these three behavioral measures
are not taken into account in single-trait mapping computa-
tions, we also performed joint mapping of the QTL in an
effort to determine pleiotropic effects, or common genetic
influence on multiple traits. The two analyses (single and
joint mapping) were carried out in QTLNetwork, a software
package (http://ibi.zju.edu.cn/BCL/softwareNetwork_GPU.
html) that can detect individual and epistatic interacting
QTLs for individual and multiple traits [20]. In both anal-
yses, the five experimental conditions were considered as
different environments. Because the univariate mapping
approach has already been described in detail by Yang et al.
[20], and the multivariate mapping method will soon be
published elsewhere, here we only briefly introduce the
multivariate mapping approach.

1.3 Statistical model for the multivariate mapping ap-
proach

Individual and epistatic interacting QTLs were detected
using the following statistical model including general QTL
effects and QTL by environment interaction effects,

Y =H Z @y %Xy + Z Ay X Xy + € 4 + Z Z aey U,
1 I<h 1 k

+ Z Z aaeilhk uljuhj + gijk ’ ( 1)

I<h k
where, for the ith trait (i€ [1, m], m is the total number of
traits), y;x is the phenotypic value of the jth line in the kth
environment; g is the population mean of the ith trait; a; is
the additive effect of the Ith QTL (Q)), fixed effect; x;; is the
coefficient of the parameter a;; aay, is the additive by addi-
tive effect between Q; and Q,, fixed effect; ¢, is the random
effect of the kth environment; ae;; and aae;;, are the addi-
tive by environment and additive x additive by environment
interaction effect, respectively, and are both random effects;
and &j is the random residual effect.
For the ith trait, the statistical model in matrix notation is

yi = llut + XbAi + XbAAt +IeEi + UAE‘-eAEi +UAAE‘-eAAEi +Ie(:i °
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For multiple traits, the multivariate model in matrix nota-
tion is

Y=1b+X B, +X,B,+UE+U, E, +U

E"TAE

E,  .+E

AAE™ AAE &
r+l
=XB+) UE, 3)

u=1

where Y is a (nxm) matrix of the phenotypic value y;; b,
is a (mx 1) column vector of the population mean z4; B, is a
(s xm) matrix of the additive effect a;; Bay is a (¢ X m) ma-
trix of the additive by additive effect aa;;; X4 and X4 are
the coefficient matrix of B4 and B,,, respectively; Eg is a
(p xm) matrix of environmental effect ¢;; E4r and Ey,z are
the random matrix of ae;; and aae;y, respectively; and E, is
a (n xm) matrix of the random residual effect &.

The mapping strategy adopted was similar to the full-
QTL model proposed by Yang et al. [20]. It is divided into
two steps: one, a 1D genome scan to map individual QTLs;
and two, a 2D genome scan to detect all possible epistatic
interactions. In the mapping approach, we used the Wilks’
Lambda test instead of the F-test to determine the existence
of QTLs because of the relationship among the multivaria-
bles.

2 Results

To explore the relationships among the three behavioral
measures, we carried out correlational analyses for Open-5,
Open+5 and Openl0O. The results showed that there were
highly significant correlations among the phenotypes
(rp=0.78-0.94) and among the genotypes (rg=0.82-0.96),
suggesting that common or shared mechanisms may regu-
late the three related behavioral traits.

To identify the QTLs underlying these three behavioral
measures, we mapped the QTLs for the individual QTL
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effect and for the epistatic effect of two QTLs, using both
the univariate mapping (UVM) and multivariate mapping
(MVM) approaches. The positions and additive effects of
QTLs estimated by the UVM and MVM analyses are listed
in Table 1.

As shown in Table 1 and Figure 1, two additive QTLs on
chromosome 15 for Open-5 (Q15-19 at 46.1 cM) and
Openl0 (Q15-20 at 47.1 cM) were detected by UVM analy-
sis. The close proximity of these QTLs suggests that the loci
associated with these QTLs are closely linked. Interestingly,
MVM analysis detected a single QTL (Q15-19) on chro-
mosome 15 at 46.1 cM associated with all three behavioral
measures. In addition, three QTLs, in close proximity, on
chromosome 13 at 28.4, 36.4, and 34.4 cM were identified
by UVM in Open-5, Open+5 and OpenlO respectively.
MVM analysis confirmed only one QTL (Q13-9) at 31.4
c¢M on chromosome 13. Because we obtained three separate
but closely linked QTLs on chromosome 13 in the univari-
ate analysis, and a single QTL when joint mapping was car-
ried out, we suspected that there was actually a single QTL
with pleiotropic effects on the behavioral traits. Again,
when MVM and UVM were used to analyze the epistasis
QTL, we found that MVM could detect pleiotropic effect
from linked QTLs (Table 2). Together, these results indi-
cated that MVM based on a mixed linear model approach
could distinguish pleiotropic QTLs from closely linked
QTLs.

Our findings show that the MVM approach has greater
power in detecting QTLs than UVM analysis (Tables 1 and
2). UVM analysis detected a single QTL, Q5-53 for Open10
(a%-1.85, P<0.001, ae,=1.65, P <0.05), however, MVM
analysis revealed three different QTLs associated with each
of the three behavioral measures (Openl0 a=-0.90, P <
0.05, ae,;21.63, P < 0.05; Open+5 a=-1.15, P < 0.01;
Open-5 aey4=1.76, P <0.05). Similarly, UVM analysis de-
tected a single QTL, Q13-20, associated with Openl0,

Table 1 QTL positions and additive effects obtained by UVM and MVM analyses®

Method QTL (position in cM) Additive effect (A)
Open-5 Open+5 Openl0 Open-5 Open+5 Openl0
Q5-53 (91.3) -1.85*
UVM Q13-9 (28.4) Q13-9 (36.4) Q13-9 (34.4) -2.53¢ -2.39* -3.06"
Q13-20 (64.3) -1.90*
Q15-19 (46.1) Q15-20 (47.1) 421 -3.56"

Q4-38 (74.3)

Q5-53 (91.3) Q5-53 (91.3) Q5-53 (91.3) -1.15" -0.90"
MVM Q13-9 (31.4) Q13-9 (31.4) Q13-9 (31.4) -3.32¢ -3.76* -3.54*
Q13-20 (64.3) Q13-20 (64.3) -1.73* -1.13"
Q15-19 (46.1) Q15-19 (46.1) Q15-19 (46.1) -3.10° -1.45* -2.28"

a) UVM, univariate mapping; MVM, multivariate mapping. Qm-c is the QTL located at the left side of marker m on chromosome c. *, **, + and # repre-
sent 0.05, 0.01, 0.005 and 0.001 significant levels (P values), respectively. The empty cells in the additive effect column indicated that the additive effect is

insignificant.
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Figure 1 Positions of the main QTLs detected by separate and joint QTL mapping. UVM, univariate mapping (individual trait mapping); MVM, multivari-
ate mapping (joint-trait mapping). AnAs_Open-5, AnAs_Open+5 and AnAs_Openl0 refer to the three mice anxiety assay measures: testing for the first 5
min, testing for the last 5 min, and testing the whole 10 min. Red represents a QTL with only additive effects; green represents a QTL with additive x treat-
ment interaction effects (AE); and blue represents a QTL with both additive and additive x treatment interaction effects (A + AE).

Table 2 Positions and epistatic effects of two QTLs obtained by UVM and MVM analyses”

QTLxQTL (position in cM)

AdditivexAdditive effect (AA)

Method
Open-5 Open+5 Openl0 Open-5 Open+5 Openl0
Q7-33xQ14-7 (77.6/21.8) 3.94*
UvM
Q9-9xQ17-19 (26.1/52.5) Q9-8xQ17-18 (24.5/50.9) 3.62¢ 3.21%
Q7-33xQ14-7 (77.6/21.8) Q7-33xQ14-7 (77.6/21.8) Q7-33xQ14-7 (77.6/21.8) 3.03¢ 3.56 3.29¢
MVM Q7-33xQ14-14 (77.6/29.4) Q7-33xQ14-14 (77.6/29.4) Q7-33xQ14-14 (77.6/29.4) 111"
Q9-10xQ17-20 (33.7/54.7) Q9-10xQ17-20 (33.7/54.7) Q9-10xQ17-20 (33.7/54.7) 3.28* 317 3.22¢

a) UVM, univariate mapping; MVM, multivariate mapping. Qm-c is the QTL located at the left side of marker m on chromosome c. i represents 0.001

significant levels (P values). The empty cells in the additive x additive effect column indicated that the epistatic effect is insignificant.

while MVM analysis detected the same Q13-20 associated
with both the OpenlO and Open-5 measures. Similarly,
UVM analysis only detected an interaction between Q7-33
and Q14-7 for Open+5 (aa=3.94, P < 0.001), but MVM
analysis estimated that these QTLs were associated with all
three measures (Open-5 aa =3.03, P < 0.001; Open+5
aa=3.56, P<0.001; Openl0 aa=3.29, P<0.001). Finally,
the interaction between Q9-10 and Q17-20 was detected
only when MVM analysis was performed (Open-5 aae,=
-2.96, P < 0.005; Open+5 aa=1.11, P < 0.05; OpenlO
aaey;=—1.69, P<0.05) and not with UVM.

To look for potential candidate genes within the QTL in-
tervals, we listed all the known genes which underly the ten
most significant QTLs and are reported to be related to
anxiety. We identified ten potential candidate genes: one,
TmemlI32d, in the Q5-53 interval; four, Dimbpl, Drdla,
Cplx2, and Grk6, in the Q13-9 QTL interval; two, Pik3rl
and Htrla, in the Q13-20 QTL interval; and three, Arc,
Apol3, and Hsfl, in the Q15-19 interval. Interestingly, two
of these genes (Dtnbpl and Drdla) are known to be associ-

ated with dopamine systems and, among other things, do-
pamine is known to act upon receptors in the brain that can
alter the way the brain reacts to normal social situations,
leading to anxiety. Previous studies have indicated that
Dtnbpl is a risk gene and a potential genetic basis for
schizophrenia and affective disorders such as bipolar or
major depressive disorder (MDD) [24-26]. Similarly, a Drdla
polymorphism has been associated with the presence of
psychosis and aggressive behavior in patients with Alz-
heimer disease (AD) [27-29].

3 Discussion

In most biological experiments, multiple phenotypes are
observed and measured simultaneously in the same indi-
viduals. Such phenotypes are usually highly correlated with
one another and may be under the control of common ge-
netic mechanisms. As described above, two different ap-
proaches can be used to examine pleiotropic QTLs, either
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by mapping each trait separately (UVM) or by joint analysis
of traits (MVM). Because the MVM approach takes into
account covariance in the traits studied, it has four distinct
advantages over the UVM approach. The MVM approach:
(1) increases the statistical power of QTL detection; (2) im-
proves the precision of estimation for QTL intervals; (3)
allows for hypothesis testing involving relationships among
the multiple traits, and (4) detects pleiotropic QTLs [17,30-33].
In addition, the MVM approach can detect additive and epi-
static QTLs with significant genetic effects which generally
are not detected with UVM methods.

Although the MVM approach offers several advantages
over the UVM approach, there is a limitation that should be
considered. The MVM approach may identify what appears
to be a single pleiotropic QTL, but if this approach alone is
used, it can be difficult to determine whether or not the QTL
is actually a single QTL or two QTLs in very close proxim-
ity to one another. This problem, however, can be resolved
by separately testing specific genomic regions within the
region identified by joint analysis to distinguish between
separate and pleiotropic QTLs [17].

C57BL/6] (abbreviated B6) mice showed lesser anxiety-
and stress-related behaviors than strain DBA/2J (abbreviat-
ed D2) mice [8-12] and the reported continuously distrib-
uted observations of the BXD lines were assumed to be
driven by interactions between multiple genes. In this study,
we used the MVM mapping approach to detect QTLs in-
volved in anxiety-related behaviors in the mouse. This ap-
proach proved to be an accurate and powerful tool to detect
pleiotropic additive and epistatic interacting QTLs. The
MVM approach is useful in identifying candidate genes
involved in multiple anxiety-related traits. The five indi-
vidual QTLs and three epistatic interactions detected by
MVM approach were found to have similar positions and
effects. Based on these estimated QTLs, we investigated the
genetic basis of the observed anxiety-like behavior in the
mice. The individual QTL Q5-53 seemed to have a negative
additive effect in two of the test measures (Open+5
a=-1.15, P<0.01; Openl0 a=-0.90, P<0.05), suggesting
that Q5-53 may be associated with enhanced fear or anxiety.
However, we noted that alcohol may reduce the anxiety by
a small amount, because QTL Q5-53 exhibited a significant
positive additive by environment effects when the mice
were acutely restrained and received ethanol. Similarly, the
effects of the epistatic interactions allowed us to deduce
how the identified QTLs might be associated with the fear-
like behaviors. For instance, the interaction between QTLs
Q9-10 and Q17-20 showed positive additive x additive ef-
fects for the three behavioral measures (Open-5 aa=3.28,
P <0.001; Open+5 aa=3.17, P<0.001; Openl0 aa=3.22,
P <0.001), indicating that their interaction may moderate
the anxiety response. Furthermore, we investigated these
QTLs that were found to significantly modulate the anxiety
or fear response, and identified candidate casual genes lo-
cated in the significant support interval which is defined by
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F-value drop. A recent report identified Tmem132d as a
candidate gene for anxiety-related behavior [34]. This gene,
located in the region of Q5-53, has been reported to be sig-
nificantly associated with panic disorder in humans. Besides,
the mouse experiments suggest Tmem132d is an important
gene for anxiety-related behavior. Previous studies have
revealed that Dmbpl [35], located in the support interval of
Q13-9, is a candidate gene for risk of schizophrenia, by
causing depression and anxiety.

In the present study, ten significant QTLs detected by
MVM have been shown to be potential casual loci for the
anxiety-related response. We concluded that, compared with
UVM, the MVM approach was more powerful in uncovering
the genetic and genomic basis of multiple co-related complex
traits.
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