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A critical test for a gene that influences susceptibility to fear in animals is that it should have a consistent
pattern of effects across a broad range of conditioned and unconditioned models of anxiety. Despite many years
of research, definitive evidence that genetic effects operate in this way is lacking. The limited behavioral test
regimes so far used in genetic mapping experiments and the lack of suitable multivariate methodologies have
made it impossible to determine whether the quantitative trait loci (QTL) detected to date specifically influence
fear-related traits. Here we report the first multivariate analysis to explore the genetic architecture of rodent
behavior in a battery of animal models of anxiety. We have mapped QTLs in an F2 intercross of two rat strains,
the Roman high and low avoidance rats, that have been selectively bred for differential response to fear.
Multivariate analyses show that one locus, on rat chromosome 5, influences behavior in different models of
anxiety. The QTL influences two-way active avoidance, conditioned fear, elevated plus maze, and open field
activity but not acoustic startle response or defecation in a novel environment. The direction of effects of the
QTL alleles and a coincidence between the behavioral profiles of anxiolytic drug and genetic action are
consistent with the QTL containing at least one gene with a pleiotropic action on fear responses. As the neural
basis of fear is conserved across species, we suggest that the QTL may have relevance to trait anxiety in humans.

Both pharmacological and genetic studies suggest that the
neural basis of fear in animals underpins anxiety in humans.
Therefore, major advances in our understanding of the neu-
ronal basis of anxiety in humans followed the successful de-
velopment of behavioral tests for investigating fear responses
in rodents (Gray and McNaughton 2000; Lang et al. 2000;
LeDoux 2000; McNaughton and Gray 2000). As a first step
toward identifying the genetic basis of individual differences
in response to fear-provoking stimuli in rodents, we, and oth-
ers, have shown that by using crosses between inbred rodents,
it is possible to map genetic loci that influence behavior in
rodent models of anxiety (Flint et al. 1995; Moisan et al. 1996;
Caldarone et al. 1997; Gershenfeld and Paul 1997; Wehner et
al. 1997; Turri et al. 2001). However, in every genetic mapping
experiment carried out to date, variation in rodent fear re-
sponses has been inferred from a limited number of behav-
ioral tests.

Although it is often assumed that genetic effects on fear
have a broad influence and that the loci so far detected will
account for variation in conditioned responses such as the
fear-potentiated startle and conditioned-avoidance paradigms
favored in neurobiological investigation of emotion (LeDoux
2000; McNaughton and Gray 2000), this hypothesis has been
difficult to test for a number of reasons. First, genetic mapping
in rodents has, until recently, been easiest to carry out in the

mouse, whereas investigation of the neuronal basis of fear and
anxiety is based primarily on behavioral tests developed in
the rat. Equivalent behavioral tests in the mouse can be found
(Falls et al. 1997), but they are, in general, time consuming to
carry out and not suited to the genetic mapping of fear, which
requires analyzing large numbers of animals to detect the
small genetic effects involved (Darvasi 1998). Tests of an ani-
mal’s response to a novel, hence potentially threatening, en-
vironment (the open field, the elevated plus maze, and the
light-dark box) can be relatively easily carried out on hun-
dreds of mice, so most available genetic mapping data are for
tests of this type. Mapping results derived from these tests
alone may have limited applicability, as anxiety disorders in
humans consists of more than pathological responses to fear
of the unknown.

Second, it has been difficult to determine whether the
quantitative trait loci (QTL) so far detected specifically influ-
ence fear and anxiety or other unrelated traits. For example,
measures taken in the open field and elevated plus maze rely
on differences in locomotor activity so that they reflect indi-
vidual variation in both fear responses and spontaneous ac-
tivity (Turri et al. 2001). The requisite multivariate analytical
techniques have not been available to disentangle the genetic
architecture of the traits and to test whether, as predicted for
a genetic effect on fear responses (Ramos and Mormede 1998),
a locus has a joint action on several behavioral measures or
whether fear is multidimensional, consisting of independent
traits, each with a limited domain of action.

With the development of dense genetic maps for the rat
(McCarthy et al. 2000) and of appropriate multivariate tools
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(Knott and Haley 2000; Korol et al. 2001), it is now possible to
ask whether the same genetic loci contribute to variation in
different behavioral models of anxiety, including both con-
ditioned fear and tests of novelty. Therefore, we set out to
map QTL influencing fear-related behaviors in one of the
most thoroughly documented animal models of anxiety, the
Roman high and low avoidance rats (RHA/Verh and RLA/
Verh, respectively), the product of bidirectional selection for
two-way active avoidance acquisition in a shuttle box (Big-
nami 1965). Starting with a foundation population of com-
mercially obtained Wistar albinos, rats were selected over five
generations for speed of acquisition and retention of a con-
ditioned-avoidance response. Compared to the unselected
mean value of 105 avoidance response (out of 250 trials),
selection increased the RHA rats’ scores to a mean value of 171
and decreased the RLA scores to 51, a difference of about three
standard deviations (Broadhurst and Bignami 1965). Inbreed-
ing of the RHA and RLA rats was begun in 1993 and animals
used in the experiments reported here were fully inbred.

The behavioral differences of the Roman rat strains are
consistent with an interstrain variation in response to fear
stimuli. In the shuttle box, RHA/Verh rats quickly acquire the
active avoidance response, whereas RLA/Verh rats display
much freezing and escape responses during the acquisition
phase (Driscoll and Battig 1982; Escorihuela et al. 1995; Fer-
nandez-Teruel et al. 1997). Results from other models of anxi-
ety (the open field, elevated plus maze, and light-dark box
and freezing to a conditioned stimulus) concur: Both inbred
and outbred RHA/Verh rats are less anxious than their inbred
or outbred RLA/Verh counterparts (Steimer et al. 1997;
Driscoll et al. 1998; Escorihuela et al. 1999). Furthermore, dif-
ferences in neuroendocrine responses support the view that
the RLA/Verh animals are more susceptible to environmental
stressors than the RHA/Verh rats, as would be expected from
the strain that is more responsive to fear-provoking stimuli
(Driscoll et al. 1998).

We used two approaches to define genetic influences on
fear. First, we expect genetic effects on fear responses to work
in a theoretically predictable fashion. Therefore, a QTL that
influences two-way active avoidance should not only influ-
ence variation in conditioned fear as well, but the allele that
decreases avoidance response in the shuttle box should also
increase freezing to the conditioned stimulus. Additionally,
the same QTL should increase fear-related behavior in the
open field and elevated plus maze. Within these tests, the
animal is presented with a choice between threatening and
nonthreatening environments and the allelic effects of the
QTL are expected to reflect this distinction. In the elevated
plus maze, rats have a choice between two relatively fear-
provoking regions (the open arms) and two relatively safe
regions (the closed arms; Pellow et al. 1985; Hogg 1996; Rod-
gers and Dalvi 1997). Within the open field, there are thought
to be distinctions in the level of threat the exposed area pro-
vides: The periphery is safer than the center. Consequently,
an allele that decreases the number of entries and time spent
on the open arms of the elevated plus maze should decrease
activity in the center of the open field.

Second, we expect the genetic effects to be specific to fear
responses and not to other behaviors. For instance, in the
elevated plus maze, a QTL with a putative effect on fear re-
sponses is expected to have little or no influence on entries
into the closed arms of the apparatus, a measure of activity.
Nor should this QTL have an influence on spontaneous ac-
tivity, which we measured in the home cage.

Therefore, we aimed to measure responses to fear-
provoking stimuli from different perspectives and to employ
multivariate techniques to determine whether loci act pleio-
tropically across all or a subset of the animal models of anxi-
ety. We set out to determine specificity of action by including
measures of spontaneous activity and by using multiple mea-
sures within each apparatus. Our experiment sought to identify
common genetic effects that could be interpreted as influencing
fear in rodents and, consequently, fear and anxiety in humans.

RESULTS
Univariate Analyses
In most cases we found that correlations between measures
taken in the same test are highly significant and exceed 0.4,
whereas correlations between tests are low, never exceeding
0.4 (see Table 1). These results, consistent with previous re-
ports, indicate that common genetic effects, if present, are
likely to be small. Because of the very high intratest correla-
tions, for subsequent multivariate analyses we chose a subset
of measures from the elevated plus maze (percentage of time
spent on the open arms and number of entries into the closed
arms) and shuttle box (avoidance responses).

A total of 908 F2 rats were genotyped. From 436 markers
that amplified DNA from the parental strains, 82 polymor-
phic markers were obtained. The distribution of polymorphic
markers across the genome was not random: Only 10% of 49
markers tested on chromosome 1 were polymorphic, com-
pared to a third of those on chromosome 5 and half of those
tested on chromosomes 12 and 13. Despite screening all avail-
able markers, only two were polymorphic on chromosomes
11 and 18. Overall, 75% of the genome was covered at a reso-
lution of 15 cM or less.

Table 2 shows the logarithm of odds (LOD) scores (in
bold) for all behavioral measures on chromosomes with at
least one chromosome exceeding a 5% significance level, as
determined by a permutation test (Churchill and Doerge
1994). Eight loci were identified using MAPMAKER-QTL (Lin-
coln et al. 1992), with a variety of effects across tests. On
chromosome 1, the QTL appears to influence rearing time
only, whereas a QTL on chromosome 5 influences nine mea-
sures in six tests. Figure 1 shows LOD plots (MAPMAKER-QTL
output; Lincoln et al. 1992) for several of the traits on chro-
mosomes 5, 10, and 15. QTLs on chromosomes 5 and 10
account for 5.7% and 3.0%, respectively, of the total pheno-
typic variance of the avoidance response in the shuttle box,
the measure on which the Roman rats were originally selected
(Table 2). We found no evidence for significant dominance
effects; all effects reported in Table 2 are additive.

Multivariate Analyses and a Test of Pleiotropy
We next mapped the traits jointly, using Multi-QTL (http://
www.multiqtl.com). All traits were used in an initial analysis
and significance was estimated by permutation (5000). Table
3 shows the results for chromosomes with a significance of
<0.05. Eight QTLs were identified on the same chromosomes
identified in the univariate analyses. However, these data do
not address the question of the relative contribution of each
trait to the QTL.

To estimate the significance of a locus’s contribution for
the detection of a QTL and to test the significance of the QTL
effect for each of the traits, we used methods that combine
multivariate analysis with permutation techniques (Korol et
al. 2001). The individual values of each phenotype are re-
shuffled relative to the other traits and genotypes, and the

Anxiety QTL in the Laboratory Rat

Genome Research 619
www.genome.org



T
ab

le
1

.
C

o
rr

el
at

io
n

s
b

et
w

ee
n

Ph
en

o
ty

p
es

O
p

en
fie

ld
ac

ti
vi

ty
in

ce
nt

er

O
p

en
fie

ld
ac

ti
vi

ty
in

p
er

ip
he

ry

El
ev

at
ed

p
lu

s
m

az
e

op
en

ar
m

en
tr

ie
s

El
ev

at
ed

p
lu

s
m

az
e

op
en

ar
m

ti
m

e

El
ev

at
ed

p
lu

s
m

az
e

cl
os

ed
ar

m
en

tr
ie

s

El
ev

at
ed

p
lu

s
m

az
e

cl
os

ed
ar

m
ti

m
e

A
co

us
ti

c
st

ar
tl

e
re

sp
on

se

Fe
ar

co
nd

i-
ti

on
in

g
to

co
nt

ex
t

Fe
ar

co
nd

i-
ti

on
in

g
to

cu
e

Sh
ut

tl
e

b
ox

av
oi

d
-

an
ce

s

Sh
ut

tl
e

b
ox

in
te

rt
ri

al
cr

os
se

s

Sh
ut

tl
e

b
ox

la
te

nc
y

D
ef

ec
a-

ti
on

Ti
m

e
g

ro
om

in
g

Ti
m

e
re

ar
in

g

O
p

en
fie

ld
ac

tiv
ity

in
p

er
ip

he
ry

�
0.

42
El

ev
at

ed
p

lu
s

m
az

e
op

en
ar

m
en

tr
ie

s
0.

08
0.

02
El

ev
at

ed
p

lu
s

m
az

e
op

en
ar

m
tim

e
0.

16
0.

02
0.

83
El

ev
at

ed
p

lu
s

m
az

e
cl

os
ed

ar
m

en
tr

ie
s

0.
27

�
0.

02
�

0.
06

0.
30

El
ev

at
ed

p
lu

s
m

az
e

cl
os

ed
ar

m
tim

e
�

0.
08

�
0.

07
�

0.
67

�
0.

79
�

0.
21

A
co

us
tic

st
ar

tle
re

sp
on

se
0.

05
0.

00
0.

05
0.

01
0.

01
0.

00
Fe

ar
co

nd
iti

on
in

g
to

co
nt

ex
t

�
0.

07
0.

02
�

0.
06

�
0.

06
0.

05
0.

3
0.

10
Fe

ar
co

nd
iti

on
in

g
to

cu
e

�
0.

06
0.

05
�

0.
09

�
0.

09
�

0.
04

0.
07

0.
01

0.
62

Sh
ut

tle
bo

x
av

oi
da

nc
es

0.
06

�
0.

03
�

0.
02

�
0.

05
0.

03
0.

01
0.

03
�

0.
15

�
0.

17
Sh

ut
tle

bo
x

in
te

rt
ria

l
cr

os
se

s
0.

08
�

0.
05

0.
03

0.
02

0.
04

�
0.

06
�

0.
01

�
0.

10
�

0.
17

0.
75

Sh
ut

tle
bo

x
la

te
nc

y
�

0.
04

0.
01

0.
02

0.
05

�
0.

02
�

0.
02

�
0.

04
0.

14
0.

17
�

0.
87

�
0.

72
D

ef
ec

at
io

n
�

0.
10

0.
09

�
0.

02
�

0.
10

�
0.

13
0.

08
0.

09
0.

14
0.

15
�

0.
05

�
0.

12
0.

07
Ti

m
e

gr
oo

m
in

g
�

0.
06

�
0.

01
0.

03
�

0.
10

�
0.

22
0.

25
0.

07
�

0.
09

�
0.

09
0.

07
�

0.
05

�
0.

07
0.

11
Ti

m
e

re
ar

in
g

0.
35

�
0.

05
0.

11
0.

15
0.

20
�

0.
06

0.
04

�
0.

23
�

0.
20

0.
14

0.
17

�
0.

15
�

0.
12

�
0.

04
Sp

on
ta

ne
ou

s
ac

tiv
ity

0.
00

0.
03

�
0.

01
0.

00
0.

03
0.

01
0.

05
�

0.
12

�
0.

13
0.

20
0.

19
�

0.
18

�
0.

23
�

0.
12

0.
14

In
tr

at
es

t
co

rr
el

at
io

ns
ar

e
sh

ow
n

in
bo

xe
s.

Fernandez-Teruel et al.

620 Genome Research
www.genome.org



T
ab

le
2

.
LO

D
sc

o
re

s,
ad

d
it

iv
e

ef
fe

ct
si

ze
s

(“
ef

fe
ct

”)
,

an
d

p
er

ce
n

ta
g

e
o

f
th

e
p

h
en

o
ty

p
ic

va
ri

at
io

n
ex

p
la

in
ed

(%
va

r)
fo

r
ea

ch
q

ua
n

ti
ta

ti
ve

tr
ai

t
lo

ci

C
h

r

Sh
ut

tl
e

b
o

x

Fe
ar

co
n

d
it

io
n

in
g

El
ev

at
ed

p
lu

s
m

az
e

O
p

en
fi

el
d

A
co

us
ti

c
st

ar
tl

e
re

sp
o

n
se

Sp
o

n
-

ta
n

eo
us

ac
ti

vi
ty

G
ro

o
m

in
g

R
ea

ri
n

g
D

ef
ec

at
io

n
A

vo
id

an
ce

s
La

te
n

cy
In

te
rt

ri
al

cr
o

ss
in

g
Pc

t
o

p
en

ar
m

ti
m

e
C

lo
se

d
ar

m
en

tr
ie

s
A

ct
iv

it
y

in
p

er
ip

h
er

y
A

ct
iv

it
y

in
ce

n
te

r
C

ue
C

o
n

te
xt

1
LO

D
1.

19
1.

25
0.

89
1.

95
1.

83
0.

53
2.

27
0.

72
0.

89
1.

19
2.

89
0.

60
3

.5
1

1.
40

ef
fe

ct
0.

13
0.

48
0.

14
�

0.
08

�
0.

04
0.

09
0.

15
0.

07
�

0.
09

�
0.

03
�

0.
16

�
0.

03
0

.2
0

�
0.

10
%

va
r

0.
80

1.
20

0.
80

1.
00

1.
00

0.
80

1.
20

0.
30

1.
00

0.
70

1.
60

0.
40

3.
40

1.
50

3
LO

D
1.

59
1.

44
1.

85
2.

04
1.

52
2.

52
0.

65
5

.0
4

0.
87

0.
82

0.
24

1.
40

1.
97

3
.1

8
ef

fe
ct

0.
14

0.
39

0.
15

0.
11

�
0.

06
�

0.
11

�
0.

08
0

.3
5

�
0.

10
�

0.
01

0.
04

�
0.

10
0.

11
�

0
.1

3
%

va
r

1.
00

0.
90

1.
20

0.
80

1.
10

1.
40

0.
30

2.
60

0.
50

1.
10

0.
20

0.
80

1.
10

2.
00

5
LO

D
9

.4
7

6
.1

2
6

.4
6

3
.4

9
4

.4
6

4
.0

8
1.

65
3

.1
4

1.
11

1.
50

2.
49

3
.0

5
4

.6
3

1.
09

ef
fe

ct
0

.3
3

�
0

.6
8

0
.2

5
�

0
.2

1
�

0
.2

0
0

.2
9

�
0.

06
0

.1
9

�
0.

11
0.

09
0.

14
�

0
.1

6
0

.1
9

0.
05

%
va

r
5.

70
3.

00
4.

00
2.

70
2.

10
2.

60
1.

10
1.

90
0.

90
0.

80
1.

10
2.

30
2.

60
0.

80
6

LO
D

2.
97

2.
19

1.
38

1.
69

1.
82

0.
71

1.
40

0.
80

1.
03

2.
56

7
.4

5
1.

14
1.

33
3

.3
6

ef
fe

ct
�

0.
15

0.
39

0.
04

0.
01

�
0.

13
0.

06
0.

09
�

0.
05

�
0.

02
0.

16
�

0
.4

3
�

0.
06

�
0.

08
0

.1
1

%
va

r
2.

30
1.

10
0.

60
0.

90
1.

60
0.

50
1.

20
0.

70
0.

40
1.

50
11

.5
0

0.
90

0.
80

8.
00

10
LO

D
4

.1
3

3
.1

3
4

.0
0

1.
59

5
.9

5
0.

42
0.

67
2.

27
2.

42
3

.5
3

3
.2

6
1.

34
0.

43
1.

67
ef

fe
ct

0
.2

4
�

0
.6

8
0

.2
7

0.
01

0
.1

2
0.

08
�

0.
04

�
0.

18
�

0.
39

�
0

.2
8

�
0

.2
5

0.
10

0.
03

0.
11

%
va

r
3.

00
3.

20
5.

00
1.

10
1.

20
0.

40
0.

30
1.

80
4.

10
5.

50
3.

70
1.

40
0.

20
1.

60
15

LO
D

1.
05

0.
45

2.
23

1.
52

2.
20

1.
36

3
.4

3
2.

65
3

.4
5

4
.8

3
1.

07
3

.0
6

1.
48

0.
97

ef
fe

ct
0.

12
�

0.
24

0.
20

�
0.

13
0.

08
0.

02
0

.2
0

0.
16

�
0

.1
7

0
.2

0
0.

06
0

.1
5

0.
11

�
0.

01
%

va
r

0.
60

0.
30

1.
90

1.
20

0.
80

1.
30

2.
00

1.
30

1.
40

2.
80

0.
60

1.
80

1.
00

0.
40

19
LO

D
2.

68
2.

86
1.

19
0.

70
0.

04
2.

44
0.

43
2.

22
1.

57
0.

52
0.

91
3

.9
5

0.
95

3
.3

1
ef

fe
ct

�
0.

15
0.

51
�

0.
05

0.
11

0.
11

�
0.

15
0.

07
0.

06
�

0.
04

�
0.

15
0.

04
�

0
.2

0
0.

10
�

0
.1

4
%

va
r

1.
90

1.
60

1.
60

0.
70

0.
70

1.
60

0.
30

1.
00

0.
50

2.
30

0.
90

3.
20

0.
80

3.
20

X
LO

D
2.

17
1.

53
2.

04
2.

77
1.

04
1.

10
1.

98
2.

01
0.

31
1.

01
3

.9
0

1.
92

0.
70

6
.1

8
ef

fe
ct

0.
22

0.
29

0.
09

�
0.

03
�

0.
06

0.
06

�
0.

14
�

0.
14

0.
11

0.
03

0
.2

2
0.

13
�

0.
03

�
0

.2
7

%
va

r
2.

40
1.

90
2.

20
0.

70
1.

90
0.

30
1.

60
1.

40
0.

30
1.

80
3.

00
1.

10
0.

40
3.

70

Sc
or

es
si

gn
ifi

ca
nt

at
th

e
5%

th
re

sh
ol

d
ar

e
sh

ow
n

in
bo

ld
.

Anxiety QTL in the Laboratory Rat

Genome Research 621
www.genome.org



resulting data set is reanalyzed. Then, over a large number of
permuted data sets (10,000 in our case) for each phenotype,
the proportion of analyses is calculated in which the esti-
mated QTL effect is greater than or equal to the QTL effect
obtained with unpermuted data. The procedure is applied in
a stepwise fashion, excluding the insignificant traits by creating
a new data set without them and repeating the permutation.

Using this procedure, we took each QTL identified by the
multivariate analysis and estimated the probability that each

measure contributes to the LOD
score. For example on chromosome
1, when all measures are analyzed to-
gether, activity in the periphery of
the open field had the lowest prob-
ability (p = 0.84; see Table 4). Follow-
ing the procedure of Korol et al.
(2001), a new trait complex was con-
structed without this measure and
the permutation test was repeated
until the only remaining traits made
significant contributions to the LOD
score (at a 0.05 level). Table 4 shows
the P-values for these analyses for all
eight chromosomes bearing a QTL
but omits the intermediate steps.
Two columns are shown for each
chromosome: The first displays the
results when all traits are included in
the analysis and the second when all
but traits making a significant contri-
bution have been removed (Korol et
al. 2001).

The multivariate analysis indi-
cates that only three loci (on chro-
mosomes 5, 10, and 15) have broad
effects across different test measures.
At other locations significant contri-
butions to the LOD scores derive
from a single (chromosome 19) or
two phenotypes (chromosomes 1, 3,
and 6). Both defecation and activity
in a novel environment contribute to
the LOD score on the X chromo-
some, but there is no significant con-
tribution from the other measures of
fear. Of the three potential candi-
dates as loci influencing fear, the one
on chromosome 15 has the most cir-
cumscribed effect. The evidence is
strongest for an effect on grooming
and there is no significant contribu-
tion from shuttle box, fear condition-
ing, or elevated plus maze to the LOD
score.

The analyses do not distinguish
a joint effect due to physical linkage
of two QTL from the pleiotropic ac-
tion of a single locus. We cannot use
the location of the LOD scores for the
univariate analyses to help here be-
cause the resolution of the F2 inter-
cross is too low. The 95% confidence
intervals for the QTLs of the size we
have detected are in the region of 40

cM (Darvasi 1998). Therefore, we sought evidence for pleio-
tropic action on chromosomes 5, 10, and 15 using the mul-
tivariate regression method of Knott and Haley (2000). We
chose those traits known to make a significant contribution to
the LOD score for loci on chromosomes 5, 10, and 15 and
tested the hypothesis of one QTL for each trait versus one QTL
influencing all traits. The test statistic is based on the ratio of
the determinants of the residual sum of squares matrix from
the best pleiotropic QTL model to the residual sum of squares

Figure 1 LOD plots for single measures on chromosomes 5, 10, and 15. The horizontal distance
shows the distance along the chromosome in centimorgans (cM) and the markers used in the study
are shown.
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matrix from fitting a model in which a QTL affects each trait
individually. In this test the null hypothesis is a single pleio-
tropic QTL. The estimates obtained from the best pleiotropic
QTL model were used as parameters for replicate simulations.
A test statistic was calculated from each of 1000 replicates and
a significance threshold obtained. The test statistic from the
original data set was compared with this threshold to deter-
mine significance. Table 5 gives the results of these analyses.
We were able to reject the hypothesis of a single pleiotropic
QTL on chromosome 10 at the 5% threshold.

Direction of Allelic Effects
The multivariate analyses indicated that the loci on chromo-
somes 5 and 15 have pleiotropic effects on fear responses.
Next, we asked whether the alleles of these loci act in a man-
ner consistent with this interpretation across all tests. For
each QTL we looked at the direction of effect of the allele from

the RHA/Verh strain. The direction of allelic effects is given by
the sign associated with the effect size for each phenotype in
Table 2.

On chromosome 5 the allele from the RHA/Verh rats
increases avoidance responses and intertrial crossing while
decreasing escape latency, consistent with the allele’s origin
from that strain and with a role in determining variation in
fear. The allele’s influence on other measures is also consis-
tent with the hypothesis that it influences fear. It decreases
conditioned freezing in response to both context and cue and
increases the time spent in and number of entries into the
open arms of the elevated plus maze. It increases rearing and
activity in the periphery of the open field arena while decreas-
ing time spent grooming in novel environments.

On chromosome 15 the allele increases acoustic startle
responses, time spent grooming, and entries into the closed
arms of the elevated plus maze but decreases activity in the
center of the open field. Therefore, the QTL influences one
measure of activity (entry into the closed arms of the elevated
plus maze), as well as three measures of fear. It has little effect
on other measures in the shuttle box or fear conditioning.

On chromosome 10, by contrast to the results on chro-
mosome 5, the direction of allelic effects is inconsistent with
a QTL that influences fear responses. The same allele that
increases two-way active avoidance increases contextual con-
ditioning and decreases the startle response. Presumably, the
allele operating to increase avoidance response belongs to a
different QTL, from that which influences fear conditioning.
However, we cannot determine how many individual loci are
operating and if any have pleiotropic action.

DISCUSSION
Our study is the first to exploit multivariate analyses to ex-

Table 4. Permutation Tests of Significance of the Contribution to a Multitrait LOD Score of Individual Measures

Chr 1 Chr 3 Chr 5 Chr 6

Shuttle box Avoidances 0.662 0.888 0.021 0.000 0.561
Fear conditioning Cue 0.800 0.731 0.121 0.000 0.732

Context 0.682 0.661 0.228 0.002 0.790
Elevated plus maze Pct open arm time 0.552 0.551 0.203 0.000 0.832

Closed arm entries 0.202 0.981 0.711 0.411
Open field Activity in periphery 0.842 0.222 0.000 0.129 0.000 0.953

Activity in center 0.732 0.718 0.841 0.289
Acoustic startle response 0.478 0.732 0.879 0.154
Spontaneous activity 0.017 0.030 0.863 0.861 0.014 0.000
Grooming 0.427 0.232 0.093 0.000 0.143
Rearing 0.000 0.000 0.920 0.678 0.920
Defecation 0.118 0.000 0.000 0.456 0.000 0.000

Chr 10 Chr 15 Chr 19 Chr X
Shuttle box Avoidances 0.000 0.000 0.747 0.765 0.621
Fear conditioning Cue 0.471 0.562 0.881 0.881

Context 0.555 0.000 0.444 0.831 0.923
Elevated plus maze Pct open arm time 0.647 0.447 0.518 0.921

Closed arm entries 0.522 0.161 0.759 0.929
Open field Activity in periphery 0.059 0.645 0.800 0.038 0.000

Activity in center 0.133 0.060 0.021 0.561 0.677
Acoustic startle response 0.027 0.000 0.412 0.011 0.627 0.621
Spontaneous activity 0.237 0.761 0.929 0.510 0.019
Grooming 0.521 0.000 0.000 0.033 0.000 1.000
Rearing 0.242 0.012 0.145 0.666 0.321
Defecation 0.027 0.000 0.432 0.479 0.000 0.000

Two columns are shown for each quantitative trait loci. In the first, the probabilities of the contribution when all measures are included in the
analysis are shown. The second displays the probabilities after all nonsignificant contributors have been excluded in stepwise fashion, as
explained in the text. The results are based on 10,000 permutations.

Table 3. Multitrait Quantitative Trait Loci Mapping

Chr LOD P-value Position

1 12.39 0.008 62
3 13.85 0.002 15
5 22.07 <0.00001 44
6 18.23 <0.00001 90

10 18.65 <0.00001 24
15 15.55 <0.00001 20
19 13.98 0.001 58
X 17.29 <0.00001 28

P-values are obtained by permutation. The position of the quan-
titative trait loci is given in centimorgans.
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plore the genetic architecture of a battery of behavioral tests,
all of which are used as animal models of anxiety. We have
identified eight QTL, of which three (on chromosomes 5, 10,
and 15), influence more than one behavioral measure of fear.
Multivariate approaches were used to establish the signifi-
cance of the contribution to the LOD score of each trait. These
analyses provide evidence that loci on chromosomes 1, 3, 6,
19, and X have effects inconsistent with an influence on fear
responses (for example, the QTL on chromosome 6 affects
spontaneous activity and defecation in a novel environment),
whereas the loci on chromosomes 5, 10, and 15 influence a
broad range of measures of fear, as would be expected if they
contain genes involved in determining a response to fear-
provoking stimuli.

At each of the loci we have detected, multivariate analy-
sis has been used to set the significance of the contribution
from each trait (Korol et al. 2001) and show that, with the
exception of the loci on chromosomes 5, 10, and 15, QTL
effects are relatively specific. However, our analysis cannot
exclude the existence of other QTL that have pleiotropic in-
fluences on fear but with such small effects that they are un-
detectable with the number of animals we have used.

A more difficult problem is to decide whether a joint
genetic effect is due to the presence of a single pleiotropic
QTL or to multiple linked genes. However, again using a
novel multivariate statistic (Knott and Haley 2000), we
have been able to show that multiple linked genes are more
likely than pleiotropy on chromosome 10. At the other loci,
on chromosomes 5 and 15, the test could not rule out plei-
otropy.

Examination of the direction of QTL effects provides
additional support for a QTL’s influence on fear. The direc-
tion of allelic effects can be interpreted as indicating the
presence of a gene that determines variation in fear responses
at only one locus, on chromosome 5. Here, the allele that
increases two-way active avoidance also decreases cue and
contextual fear conditioning and grooming while increasing
time in the open arms of the elevated plus maze and activity
in the open field, as well as rearing. It has no discernible
influence on spontaneous activity, the acoustic startle re-
sponse, or defecation. This pattern is consistent with the ac-
tion of a gene influencing an animal’s reaction to a fear stimu-
lus and parallels the effects of drugs used to treat anxiety
disorders in humans (for reviews, see Gray 1977; Simon and
Soubrie 1979; Fernandez-Teruel et al. 1991), which improve
two-way active avoidance, block the acquisition of condi-
tioned freezing, increase the time spent on and number of
entries into the open arms of the elevated plus maze, and in-

crease activity in the open field.
Neither anxiolytic drugs nor the
QTL affect acoustic startle response
and defecation. The finding that ge-
netic effects on defecation can be
dissociated from other tests of fear
is supported by our analysis of
Maudsley rat strains, derived by se-
lection for differences in open field
defecation (Paterson et al. 2001).

How can the influence of
other QTL be explained? Some of
the inconsistencies of action are
likely to be due to linked genes, as
we have shown for chromosome
10, where the presence of at least

two loci is required to explain an effect that decreases acoustic
startle response and increases contextual fear conditioning.
Multivariate analysis supports such a division but does not
reveal how many genes there might be at this locus. Our
analysis failed to rule out a pleiotropic locus on chromosome
15, but the fact that the QTL influences measures that do not
cohere in any way predicted by current theories of the neu-
ropsychology of anxiety suggests that the genetic effect may
be due to multiple linked genes. At other locations, the QTL’s
influences are far too restricted to fit expectations. Using the
results of the multivariate analyses, we find a QTL on chro-
mosome 6 that influences defecation and spontaneous activ-
ity and loci on chromosomes 1 and 19 specific for rearing and
grooming, respectively.

It is interesting that comparison with the genetic map-
ping carried out in mice for tests of novelty and conditioned
fear shows no apparent overlap in the locations of QTL. In the
mouse, QTL influencing behavior in the open field, elevated
plus maze, light-dark box, and fear conditioning have been
mapped to chromosomes 1, 3, 10, 12, and 15 (Caldarone et al.
1997; Gershenfeld and Paul 1997; Wehner et al. 1997; Turri et
al. 2001). The syntenic regions in rat are chromosomes 13, 2,
7, 6, and 7, respectively (Blake et al. 2001), chromosomes
devoid of QTL that have an effect on the same behaviors in
rats. Crosses between inbred mouse and rat strains sample
only a fraction of the genetic variation in the two species, so
we cannot at this point say whether the failure to detect syn-
tenic locations represents a difference in the genetic architec-
ture of anxiety in mouse and rat or merely a failure to choose
the right strain combination.

In summary, our results give rise to two conclusions.
First, it is possible to detect QTL that have a consistent pattern
of effects across a broad range of relevant tests of animal be-
havior. This is important because, despite many years of re-
search, evidence that genetic effects operate in this way has
been lacking. Based on the phenotypes that the QTL influ-
ences, the direction of effects of the QTL alleles, and a coin-
cidence between the behavioral profiles of anxiolytic drug
and genetic action, we argue that the QTL on rat chromosome
5 harbors a gene that influences fear behavior and that iden-
tification of the homologous gene in humans may lead to a
better understanding of the neural basis of human anxiety.
Second, our results are important for showing that many loci
have narrow, often test-specific, ranges of influence, preclud-
ing ready functional interpretation. Our data show that a lim-
ited behavioral repertoire cannot be used reliably to infer a
genetic effect on fear, whether that gene is a transgene or is
contained within a QTL.

Table 5. Test of Pleiotropy Compared to Close Linkage

Chr 5 Chr 10 Chr 15

Likelihood
ratio

5%
Threshold

Likelihood
ratio

5%
Threshold

Likelihood
ratio

5%
Threshold

One QTL for each
trait versus on QTL
influencing all traits 9.38 23.24 20.81 18.53 12.72 16.72

The 5% threshold is the likelihood ratio for fitting one quantitative trait loci (QTL) explaining
variation in all traits used in the analysis compared to individual QTL influencing variation in each
trait separately. A ratio below the threshold implies that pleiotropy cannot be excluded at the 5%
level.
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METHODS

F2 Intercross
The F2 generation Roman rats, derived from inbred RHA/Verh
and RLA/Verh and equally divided between males and fe-
males, were bred in three batches over an 18-mo period. Be-
havioral testing was carried out separately for each batch. No
significant effects were observed for batch or day-to-day varia-
tion in testing. Rats were maintained under controlled con-
ditions of humidity (60% � 10%) and temperature (22°C �
2°C), a 12-h cycle (lights on at 8:00 am and lights off at 8:00
pm), and with free access to food and water. They were
housed in groups of two (males) or three (females). Rats were
tested at the age of 4 mo and male and females were evaluated
together in a counterbalanced manner. A period of 10–20 d
was allowed between consecutive tests. The experimental se-
quence was as follows.

Open Field
The apparatus was a beige circular arena (diameter = 83 cm),
enclosed by white wood walls (height = 34 cm) and divided
into 19 equal sectors. It was illuminated by a white 200-W
bulb placed 90 cm over the center of the arena. Rats were
placed in the center of the open field arena for a 5-min re-
cording period. A computerized image analysis system
(SMART, Panlab) was used to record distance covered in the
center and the periphery of the open field and the latency to
leave the center. Defecation was scored manually.

Elevated Plus Maze
The apparatus, made of black wood, consisted of two oppos-
ing open arms (50 � 10 cm), two opposing enclosed arms, (50
� 10 � 40 cm), and an open 10 � 10-cm square in the center,
the whole being set 50 cm above the ground. Testing was
carried out in ambient light. Rats were placed in the center of
the plus maze facing an enclosed arm and behavior was mea-
sured for a 5-min period. The percentage of entries and time
spent in the arms (open and enclosed) and defecations were
scored.

Spontaneous Activity
Motor activity was measured in a multicage actimeter system
(three cages simultaneously, Interface PANLAB 40035, Sensor
Unit PANLAB 0603). Testing cages (transparent Plexiglas, 35
� 35 � 25 cm) were slightly different from the home cage
and contained clean sawdust. Activity was automatically
scored over a 30-min period.

Acoustic Startle Response
A Startle Response System (San Diego Institute) was used.
Each animal was first placed in a Plexiglas cylinder (located
within a 35 � 33 � 39-cm sound-attenuated chamber lit by
a 20-W bulb). Cylinder movements resulting from startle re-
sponses were detected by an accelerometer. Acoustic stimuli
of 110 dB for 50 msec were delivered by a loudspeaker,
mounted at a distance of 23 cm above the Plexiglas cylinder.
A fan located inside the sound-attenuated chamber provided
background noise. Startle response amplitude was defined as
the maximum accelerometer voltage during the first 200 msec
following the startle-stimulus onset. Animals were tested pair-
wise, using two identical startle-response chambers. Each ani-
mal was given a 5-min acclimatization period before the first
acoustic startle stimulus. Each testing session consisted of 20
startle stimuli, with an interstimulus interval of 30 sec. The
mean startle response amplitude for the 20 trials was calcu-
lated for each animal.

Classical Fear Conditioning
The apparatus was a white chamber divided into two equal

compartments (23 � 12 � 20 cm). A 1 mA scrambled electric
footshock (0.5 sec; the unconditioned stimulus [US]) was ad-
ministered through a grid floor. A 15-sec duration light from
a 20-W bulb located in the upper part of a wall was the con-
ditioned stimulus (CS). Training consisted of five CS-US pair-
ings that started with the onset of the CS. US and CS termi-
nated simultaneously. A 120-sec pseudorandom intertrial in-
terval was used, along with a shock-free interlude of 1 min.
After 24 h the rats were placed in the training chamber and
freezing behavior was monitored for 10 min. For the first
5-min period the light was absent (to evaluate contextual fear
conditioning). The light was then switched on for 5 min to
measure fear conditioning to the CS.

Two-Way Active Avoidance Conditioning
The experiment was carried out with three identical shuttle
boxes (Letica Institute), each one of them placed in indepen-
dent, sound-attenuating boxes constructed of plywood. A
fluorescent lamp provided dim and diffuse illumination. The
shuttle boxes consisted of two equally sized compartments
(25 � 25 cm, 28 cm), connected by an opening (8 � 10 cm).
A 2400-Hz, 63-dB tone, plus a light (from a small 7-W lamp),
functioned as the CS. The US, which started at the end of the
CS, was a scrambled electric footshock of 0.7 mA delivered
through the grid floor. Once rats were placed into the shuttle
box, a 4-min familiarization period elapsed before starting
training. After this period, 40 acquisition trials were adminis-
tered. Each trial consisted of a 10-sec CS, followed by a 20-sec
US. The CS or US were terminated when the animal crossed to
the other compartment, with crossings during the CS being
considered avoidance responses and crossings during the in-
tertrial interval (ITI) considered as intertrial crossings. Once a
crossing had been made and/or the shock (US) discontinued,
a 1-min fixed ITI was presented.

Defecation, Rearing, and Grooming Time
Time spent self-grooming and number of fecal boli were re-
corded in the open field, in the elevated plus maze, and dur-
ing habituation to the shuttle box. Time spent rearing (both
free and against the wall) was recorded for the duration of the
open field test and in the habituation phase of the shuttle
box. Mean scores for each of the three were used in subse-
quent analyses.

Genotyping
DNA was extracted from tails and genotyped using standard
techniques (Flint et al. 1995). We chose markers from the
radiation hybrid map (Watanabe et al. 1999), aiming for in-
tervals of between 20- and 30-cM intervals. The order of all
markers was determined using the MAPMAKER software pack-
age (Lincoln et al. 1992) and results were compared with ra-
diation hybrid maps (Watanabe et al. 1999).

Statistics
Data were analyzed by regression to assess mean differences as
a function of sex and weight. Data were corrected for weight
and sex by multiple regression. Standardized residuals were
used in all subsequent analyses. We performed univariate
analyses on each measure using the map distances derived
from MAPMAKER by interval mapping (Lander and Botstein
1989) in QTL-MAPMAKER (Lincoln et al. 1992). Effect sizes and
standard deviations were derived by bootstrapping the data
(1000 bootstraps) in Multi-QTL (http://www.multiqtl.com;
Korol et al. 2001). Significance levels were evaluated by per-
mutation using the method of Churchill and Doerge (1994).

Multivariate analyses were performed using Multi-QTL.
Significance levels were evaluated by permutation, carried out
in Multi-QTL. To test between two linked QTL or one pleio-
tropic QTL, we used the method of Knott and Haley (2000).
The test was carried out in a Fortran program kindly provided
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by Dr. Sara Knott. Traits for testing were chosen on the basis
of whether they made a significant contribution to the LOD
score, as determined by the Multi-QTL results. Genotype
probabilities were generated using the program HAPPY (Mott
et al. 2000).
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