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Genetic Mapping of Variation in Spatial Learning

in the Mouse
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Inbred strains of mice are known to differ in their performance in the Morris water maze task, a test of spatial discrimination and place
navigation in rodents, but the genetic basis of individual variation in spatial learning is unknown. We have mapped genetic effects that
contribute to the difference between two strains, DBA/2 and C57BL6/J, using an F2 intercross and methods to detect quantitative trait loci
(QTL). We found two QTL, one on chromosome 4 and one on chromosome 12, that influence behavior in the probe trial of the water maze
(genome-wide significance p = 0.017 and 0.015, respectively). By including tests of avoidance conditioning and behavior in a novel
environment, we show that the QTL on chromosomes 4 and 12 specifically influence variation in spatial learning. QTL that influence
differences in fearful behavior (on chromosomes 1, 3, 7, 15, and 19) operate while mice are trained in the water maze apparatus.
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Introduction

The effect of genetic mutations on spatial learning has been studied
extensively using transgenic techniques (Chen and Tonegawa,
1997), but there have been fewer attempts to identify the genetic
variants responsible for differences in spatial learning between in-
bred strains of mice (Crawley et al., 1997), variants that may well
occur in a different set of genes from those so far subjected to trans-
genic analysis. For instance, genetic mapping performed in an in-
bred strain cross detected almost no overlap in the chromosomal
location of known mutants and genes affecting variation in cir-
cadian rhythm (Shimomura et al., 2001). A similar result for the
analysis of spatial learning would open a pathway for the eventual
identification of novel genes involved in learning and memory
processes. Although the molecular characterization of loci influ-
encing phenotypic variation in inbred strain crosses has proved
to be more difficult than initially anticipated (Flint and Mott,
2001), progress in genome sequence projects and the availability
of complete gene catalogs, together with novel genetic mapping
strategies, suggest that gene identification will soon become
feasible.

The Morris water maze task has been widely used as a test of
spatial discrimination and place navigation in rodents (D’Hooge
and De Deyn, 2001). The task is sensitive to alterations in the
function of the hippocampal formation, a region of the brain the
pathology of which is implicated in a number of human brain
disorders including Alzheimer’s disease and age-dependent
memory loss. However, performance in the water maze requires
relatively good sensory and motor facility to acquire spatial learn-
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ing, and performance is affected by motivational and emotional
variation. In a strain comparison between 129S2/Sv and C57BL/
6], Contet and colleagues (2001) showed that differences in laten-
cies to reach the hidden platform during the training period re-
flected differences in swim speed. Differences in water maze
performance between inbred strains of mice, or between mice of
different genotypes, are likely to arise from a combination of
different psychological processes, rather than representing purely
variation in spatial learning. Consequently, without including
adequate controls for confounds, genetic mapping of behavioral
variation in the water maze may identify loci that have no rele-
vance to spatial learning.

Here we report the results of a genetic mapping study of an F2
intercross between DBA/2 (poor performer) and C57BL/6]
(good performer). Our experiment included tests for other fac-
tors likely to influence variation in water maze performance. In
particular we were concerned that response to stress, imposed by
the novelty of the apparatus and the need to swim, would differ-
entially affect spatial learning ability. Water maze learning is
aversively motivated behavior, and several studies have demon-
strated that performance is affected in stressed animals (Hol-
scher, 1999). Because genetic effects also determine variation in
fearfulness in inbred strain crosses (Caldarone et al., 1997; Weh-
ner et al., 1997; Turri et al., 2001a), it was essential to control for
this confound in our mapping study. Therefore we included a test
that measures an animal’s ability to learn to avoid a stressful
stimulus (mild foot-shock) and a test of an animal’s response to a
novel environment (behavior in an open-field apparatus). We
used the conditioned avoidance test because it is a non-
hippocampal-dependent test of learning that uses stress as a mo-
tivator for learning (Gray and McNaughton, 1983). We hypoth-
esized that QTL influencing emotional behavior would be
common to both water maze and avoidance tasks, but that sepa-
rate loci would influence performance in hippocampal and non-
hippocampal-dependent tasks.
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Figure 1.  Boxand whisker plots of daily performance of mice in the hidden platform water maze task. Over the 9 d of training mice showed a decrease in swim distance (a) and latency to reach

the hidden platform (b), suggesting that they were learning the platform location. The mean swim speed ( ¢) did not change throughout the training period.

Materials and Methods

F2 intercross. An F2 generation of 396 male mice was used, derived from
a cross between C57BL6/] and DBA2/]. Mice were maintained under
controlled conditions of humidity (55 = 10%) and temperature (21 *=
1°C), a 12 hr cycle (lights on at 7:00 A.M. and off at 7:00 P.M.), with ad
libitum access to food and water. All mice were singly housed and
weighed 20-25 gm at the start of experiments. The experimental se-
quence was as follows: open field (1 d in week 1), conditioned avoidance
(Monday-Friday in week 2), and finally water maze (Monday—Friday in
weeks 3 and 4). There were at least 2 d between each test.

Open field. Each mouse was placed in a square white Perspex open field
arena (50 X 50 cm) that was divided into a 5 X 5 grid by black lines. The
arena was evenly illuminated by fluorescent lighting surrounding the
four sides of the arena. The mouse was allowed to explore for 10 min, and
a video tracking system (HVS Image, Hampton, UK) was used to record
the animal’s movement. The arena was wiped clean between each mouse.
The total distance covered in the 10 min test, time spent in the center, and
number of entries into the center of the open field were recorded.

Conditioned avoidance. Mice were trained in two-compartment shut-
tle boxes controlled by a computer described in Dawson et al. (1999).
Briefly, there was a 5 min habituation time at the beginning of each
training session in which both house lights were switched off. There then
followed 15 avoidance trials. Each trial began by detecting which side of
the box the mouse was in and then illuminating that house light (3 W, 24
V) for up to 10 sec. After that time, a 0.4 mA foot-shock was delivered
through the grid floor for up to 10 sec. If the mouse moved to the other
side of the box during the first 10 sec of light presentation, an avoidance
response was recorded, and the light was switched off. If the mouse
moved during the shock period, an escape response was recorded, and
both the shock and light were switched off. If the mouse did not move to
the other side at all during the whole trial, an unmoved response was
recorded, and the light and shock were terminated. There then followed
arandom intertrial interval (26—40 sec) before the next trial began. Mice
were trained for 5 consecutive days with one session per day.

Water maze. Mice were tested in a 1.0 m diameter circular pool [de-
scribed in detail in Dawson et al. (1999)]. Mice were trained for 9 d (four
trials per day) on a reference-memory hidden-platform acquisition task.
Each trial consisted of placing the mouse in the pool at one of four start
positions 90° apart around the edge of the pool and allowing the mouse to
swim to the hidden platform. If the mouse had not found the platform
after 60 sec, it was placed on the platform by the experimenter. The
mouse was allowed to remain on the platform for 30 sec before being
removed to an opaque high-sided plastic chamber for 30 sec. The next
trial was then performed. For each trial, the latency to reach the platform,
distance covered, and mean swim speed were recorded via video capture
and image analysis using HVS Image water maze software. The data for
each day were averaged over the four trials before being used for statisti-
cal analysis. On the 10th day a single 60 sec probe trial was run in which
the platform was removed from the pool. The amount of time spent in
each of the four quadrants of the pool and the number of times the mouse
crossed the platform location were recorded. After the probe trial, four
visible platform trials were performed (with the platform in the side of

the pool opposite its location during hidden platform training) to check
the vision of all mice.

Genotyping. On completion of the phenotyping, 391 of the original
cohort of 396 mice were available for genotyping. DNA was extracted
from tails and genotyped using standard techniques [as described in
Fernandez-Teruel et al. (2002)]. Because all mice were male, we have not
mapped the X chromosome. We chose markers from the radiation hy-
brid (RH) map to provide intermarker intervals of between 20 and 30
centimorgan (cM) intervals. The order of all markers was determined
using the MAPMAKER software package (Lincoln et al., 1992), and re-
sults were compared with radiation hybrid maps.

Statistics. Multivariate analyses were performed using Multi-QTL (Korol
etal, 2001) and QTL-CARTOGRAPHER (JZmapqtl) (Basten et al., 1994).
Significance levels were evaluated by permutation performed in the Multi-
QTL package (Korol et al., 2001). Contributions of a trait to a logarithm of
the ratio of the odds in favor of linkage (LOD) score were estimated in the
Multi-QTL package, as described previously (Fernandez-Teruel et al., 2002).
Composite interval mapping (Zeng 1994) was performed using
QTL-CARTOGRAPHER (Basten et al., 1994).

Results

Water maze task

Over the 9 d of water maze trials there was a reduction in the
mean distance traveled and the latency to reach the hidden plat-
form, indicating a mean improvement in the animals’ perfor-
mance (Fig. 1a,b). As expected, speed remained constant over the
training period (Fig. 1¢). In the probe trial, animals spent more
time in the quadrant that contained the hidden platform (quad-
rant one) and passed more often through the location of the
platform (Fig. 2). All mice learned to swim to the visible platform
during the four visible trials, indicating adequate visual acuity to
perform this task using the spatial cues.

To provide an individual measure of an animal’s ability to
learn, we calculated a t statistic for each animal by regression. We
took a logarithmic transformation of time (the day on which the
animals were tested) and fitted a linear model in which each
phenotype collected during the acquisition period of the water
maze task (latency, distance, and speed) was regressed onto the
time at which the measure was taken. Mean values of the ¢ statis-
tics were —3.98 (SD 2.01) for distance, —4.45 (SD 2.56) for la-
tency, and —0.03 (SD 2.40) for speed. Individual latency and
distance t statistics were used in subsequent genetic mapping
experiments.

Conditioned avoidance and open field

Conditioned avoidance was assessed over 5 d for all animals. At
the end of this time there was an increase in the mean number of
avoidances and a corresponding decrease in escape and freezing
responses (Fig. 3). These data demonstrate acquisition of a con-
ditioned avoidance response.
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Figure 2.  Box and whisker plot of probe trial performance in the water maze. Mice spent
significantly more time (Student—Newman—Keuls post hoc test; p << 0.05) in the quadrant
where the platform had been (target quadrant) than in the other three quadrants (a). Mice also
made significantly more (Student—Newman—Keuls post hoc test; p << 0.05) passes through the
platform location in the target quadrant than through the equivalent position in the other three
quadrants (b).

Analysis of the open field data showed that on average the
animals spent ~80% of their time in the edge squares of the arena
and ventured out into the center for only the other 20% of the time.
Furthermore, they spent ~40% of their time in the corner squares of
the arena, which are the least exposed areas of the open field arena.
The time spent in these areas is typical of rodents displaying anxious
behaviors in an unfamiliar exposed environment.

Genetic mapping

We used multitrait analysis to detect genetic effects on measures
of spatial learning and on behavioral variation in the open field
and conditioned avoidance tasks. In most circumstances, multi-
variate analysis is expected to increase the power to detect genetic
effects as well as provide improved mapping resolution (Korol et
al., 2001). We were able to detect QTL at genome-wide levels of
significance, which influenced variation in joint measures, but
none of these loci attained comparable significance in univariate
analyses (Table 1).

We mapped jointly two measures taken on the probe trial of
the water maze: the time spent in the quadrant that contained the
hidden platform and the number of passes through the plat-
form’s location. The joint analysis revealed two loci on chromo-
somes 4 and 12 that exceeded the 5% threshold. We then mapped
measures of the rate of learning, using the ¢ statistics for distance
traveled and latency to reach the hidden platform. Again we iden-
tified loci on chromosomes 4 and 12 and one additional locus on
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chromosome 8. Finally, we performed a joint analysis of mea-
sures taken during the probe trial, adding the ¢ statistics for la-
tency and distance traveled to those phenotypes already mapped.
Inclusion of the additional phenotypes increased the evidence in
favor of QTL on chromosomes 4 and 12. Figure 4 shows LOD
plots for the measures taken in the water maze, and Table 2 gives
the maximum LOD scores obtained and their significance, as
derived by permutation.

In the open field, we jointly mapped activity, number of en-
tries to the center of the apparatus, and time spent in the periph-
ery of the arena. QTL on chromosomes 3, 7, 15, and 19 exceeded
a genome-wide significance threshold of 5% (Table 2). For con-
ditioned avoidance we mapped variation in avoidance response,
transitions, and escapes after 5 d of training; only one QTL, at the
telomeric end of chromosome 1, exceeded the 5% threshold.
Figures 5 and 6 show LOD plots across the genome for the mul-
tivariate analyses, and Table 2 gives the significance of the LOD
scores.

Although these results demonstrate a genetic separation of
spatial learning from the acquisition of an avoidance response
and behavior in a novel environment, they do not rule out a
pleiotropic contribution from QTL on chromosomes 4 and 12 to
other traits. We attempted to detect such effects by analyzing all
phenotypes simultaneously and then assessing the significance of
the contribution of a locus for the detection of QTL (Korol et al.,
2001). Korol’s method (Korol et al., 2001) reshuffles the individ-
ual values of each phenotype relative to the other traits and geno-
types, and the resulting data set is reanalyzed. Then, over a large
number of permuted data sets for each phenotype, the propor-
tion of analyses is calculated in which the estimated QTL effect is
greater than or equal to the QTL effect obtained with unpermu-
tated data. The procedure is applied in a stepwise manner, ex-
cluding the insignificant traits by creating a new data set without
them and repeating the permutation. It should be noted that the
statistic only gives a measure of the contribution of the individual
phenotype to the LOD score at a QTL detected using multivariate
analysis; the results cannot be used to infer that a genetic effect
influencing a single measure would be detectable with genome-
wide significance.

The new joint analysis did not detect any additional QTL. We
then asked whether any of the QTL that influenced conditioned
avoidance and open-field measures were making a contribution
to the LOD score of water maze tasks. Using Korol’s method to
assess the contribution of each phenotype to the effect on chro-
mosomes 4 and 12 (Korol et al., 2001), we found no evidence
against specificity of action. On chromosome 4, the only signifi-
cant contribution to the LOD score came from the number of
passes through the position of the hidden platform, whereas on
chromosome 12 this phenotype and the proportion of time spent
in the quadrant with the platform were both significant.

Further evidence for the action of QTL on chromosomes 4
and 12 on spatial learning comes from the univariate analyses.
We expect that the genetic effect from these loci would become
apparent once the animals were trained, so we compared the
LOD scores over the 9 d of the water maze experiment. Tables 3
and 4 show the results. The highest LOD score shown is 4.2 on
chromosome 5, which was on day 1 for distance traveled. Once
corrections are made for the number of phenotypes and testing
on multiple occasions, this score fails to reach statistical signifi-
cance. However, we are concerned here not with the significance
of any single LOD score but whether there is a trend in the change
of LOD scores over time.

We found that LOD scores on chromosomes 4 and 12 in-



Steinberger et al. « Genetic Mapping of Spatial Learning

J. Neurosci., March 15, 2003 - 23(6):2426 —2433 + 2429

12 g 1 §14
©
e o w12 o w12 012
°c 3 I ]
~231o “’310 'hgw
£35 55 55
E'g%s E%S E%B
S >
Z5¢° E&’e gEes
4 5 4 3
z
2 2 2
0 0 0
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
Day Day Day

Figure 3.

Box and whisker plots of daily performance in the conditioned avoidance test. Over the 5 d of training most mice learned to avoid the electric shock by moving to the other side of the

chamber, as shown by the increase in avoidance responses ( a). Correspondingly, the number of responses in which the animal escaped to the other side after the shock had begun decreased with
training (b). Very few mice did not learn to either avoid or escape the shock, as indicated by the low number of freeze responses ().

Table 1. LOD scores for univariate analyses

Phenotype Chr Lod Pos. Additive Effect Dominance Effect 9% Variance
Watermaze acquisition
Distance 4 2.0 30 14 1.5 24
Latency 4 22 30 1.2 13 2.6
Watermaze probe trial
Passes through target area 4 2.9 'y} 0.9 03 34
12 2.5 28 —0.8 0.4 2.9
Open field
Total distance 3 3.1 90 —-33 =20 47
Entries into center 7 3.1 54 47 —26.7 6.7
15 3.6 12 17.7 —10.3 5.9
Time in periphery 6 24 0 22 —03 29
13 2.6 28 —2.2 =27 4.6
19 2.2 14 0.2 —43 5.6
Conditioned avoidance
Escapes 7 26 44 —038 =17 6.7
Avoidances 1 24 80 0.0 -1.0 34

LOD scores of 2.0 and greater are shown; for some phenotypes (for example time spent in the target quadrant during the water maze probe trial), all LOD scores were <<2, and so no results are shown. The position (Pos.) on the chromosome
(Chr) of the LOD score is shown in centimorgans. The effect of the QTL s given under both additive and dominance models. The last column gives the percentage of the total phenotypic variance attributable to the QTL.
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Figure 4.  LOD plot for a multivariate analysis of measures taken on the probe trial of the

Morris water maze. The vertical axis scale is LOD units (2 df). The horizontal axis is in centimor-
gans, and each chromosome is shown demarcated by a vertical line with the number of the
chromosome written at the tap of the graph.

creased over the 9 d for both latency and distance traveled. Al-
though the maximum observed for the distance traveled is on day
6, this is not significantly different from the day 9 value. There is
also a change in the LOD scores for an effect on chromosome 1,
which shows a peak on day 5 of the experiment (LOD score of 2.3
for the path traveled and 3.8 for latency).

QTL locations on chromosomes 4 and 12
To obtain the best estimates of the location of the QTL on chro-
mosomes 4 and 12 we used composite interval mapping (Zeng,

Table 2. LOD scores exceeding a 5% significance threshold in multivariate analyses

Phenotype Chrom. Pos. LOD df Sig.
Watermaze: probe trial 4 32 3.5 2 0.02
12 25 32 0.02
Watermaze: t statistics 4 4 2.5 2 0.05
8 76 2.7 0.045
12 PE] 2.9 0.04
Watermaze: probe trial and 4 'y} 5.0 4 0.017
t statistics 12 22 5.1 0.015
Open field 3 Al 3.8 3 0.027
7 55 5.0 0.01
15 13 4.0 0.015
19 0 4.1 0.017
Conditioned avoidance 1 87 47 3 0.027
Open field and conditioned 1 87 5.4 6 0.048
avoidance 7 53 6.6 0.009
15 8 53 0.043
19 8 6.8 0.0m

The table shows the chromosome on which the QTL s found (Chrom.), the position in centimorgans (Pos.), the LOD
score with degrees of freedom (df), and the genome-wide significance level (Sig). The combination of traits used in
each phenotype is described in Results.

1994). On chromosome 4 we obtained a distinct peak at 46 cM
(Fig. 7), but composite interval mapping did not help localize the
effect on chromosome 12. Because the effect sizes are small, the
location is imprecise: the locus on chromosome 4 accounts for
3.4% and the QTL on chromosome 12 only 2.9% of the variance
of the joint phenotype. Consequently the 95% confidence intervals
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Figure 5.  LOD plot for a multivariate analysis of avoidance conditioning. The vertical axis

scaleis LOD units (3 df). The horizontal axis is in centimorgans, and each chromosome is shown
demarcated by a vertical line with the number of the chromosome written at the top of the
graph.
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Figure 6.  LOD plot for a multivariate analysis of open-field behaviors. The vertical axis scale

is LOD units (3 df). The horizontal axis is in centimorgans, and each chromosome is shown
demarcated by a vertical line with the number of the chromosome written at the top of the
graph.

are wide. Estimated using a bootstrap procedure (Visscher et al.,
1996), the confidence interval on chromosome 4 was between 0 and
56 cM, and on chromosome 12 it was between 19 and 58 cM.

Interaction analysis

We looked for interactions between QTL on each phenotype us-
ing the test advocated by Shimomura et al. (2001). We fitted a
linear model to the data and compared the likelihood of a full
model including two main effects (for the two loci) and an inter-
action term with a null model in which there is no genetic effect.
For genetic effects discovered to be significant at a 5% threshold
(determined by a permutation test), we then compared the full
model with a model that contained only two main effects. We
looked to determine whether this test was significant at a nominal
o of 0.01 (Shimomura et al., 2001). None of the pairs of loci
examined met the requisite criteria. We then tested all pairs in
which the full model exceeded a 10% significance threshold. Even
with this relaxed criterion, we obtained no evidence for
interaction.

Discussion

We have performed a genetic mapping experiment of spatial
learning in rodents and, using multivariate analyses and permu-
tation tests, provide evidence that two loci, on chromosomes 4
(genome-wide significance p = 0.017) and 12 (genome-wide sig-
nificance p = 0.015), contribute to genetic variation in perfor-
mance on the probe trial of the Morris water maze task. Our data
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indicate that the same loci contribute to variation in how well
each mouse learns the spatial task, as assessed by a regression
analysis of the distance traveled and latency to reach the platform
during the training period. QTL on chromosomes 4, 12, and 8
contribute to variation in the regression-derived ¢ statistics. Anal-
ysis of the contribution of the traits to the LOD scores shows that
both the number of times an animal passes through the location
of the hidden platform on the probe trial and the ¢ statistic for
distance traveled during training contribute significantly to the
LOD score on chromosome 4, suggesting that this QTL has an
effect on both measures.

In addition to measures of spatial learning in the water maze,
we looked for a series of possible confounds, including activity
and emotional variables. We found a complete separation in ge-
netic effects between tests of activity in a novel environment
(QTL on chromosomes 3, 7, 15, and 19), conditioned avoidance
(chromosome 1), and spatial learning (chromosomes 4 and 12).
Attempts to detect small genetic effects common to these tasks
were unsuccessful, but the power of the analyses was insufficient
to prove that the QTL on chromosomes 4 and 12 were specific to
spatial learning.

Consideration of the way genetic effects operated over the
training period in the water maze, however, corroborated the
view that the QTL for recall of spatial information were distinct
from those that operate during the acquisition of spatial informa-
tion during the training period. We detected a QTL on chromo-
some 1 during the early part of the training in the same location as
the QTL that influences avoidance training. This locus also lies in
the same position as a number of QTL that influence fearful or
anxious behavior in the mouse (Caldarone et al., 1997; Gershen-
feld and Paul, 1997; Wehner et al., 1997; Turri et al., 2001a).
Although our data cannot confirm that it is the same molecular
variant, the coincident location indicates that genetic effects on
fearful behavior are acting in the training period. In fact, genetic
effects on spatial learning are not noticeable until the probe trial.
Measures of learning taken during the early part of the training
period do not have the same genetic basis as those taken at the end
of the trial. Furthermore, using estimates of the contribution of a
trait to a LOD score, our data indicate that the locus on chromo-
some 1 that influences latency to find the hidden platform acts
also on a conditioned avoidance task. We suggest therefore that
the chromosome 1 QTL reflects the action of fear response that
motivates spatial learning, rather than spatial learning per se.

A number of authors have demonstrated that multitrait anal-
ysis can improve the detection of quantitative-trait loci with ef-
fects that are too small to be found in single-trait analyses (Amos
etal., 1990; Schork et al., 1993; Jiang and Zeng, 1995; Korol et al.,
1995; Ronin et al., 1995; Mangin et al., 1998). Enhanced sensitiv-
ity to detection of an effect arises when a locus has pleiotropic
effects that operate in the same direction on each trait included in
the analysis, thereby increasing the effect attributable to the locus.
Most power obtains when the environmental correlation works
in the opposite direction to the genetic effect (Jiang and Zeng,
1995). It follows that there is little or no gain in power when
analyzing uncorrelated traits. Here we have demonstrated the
value of multivariate techniques to detect small effects, but it
should be noted that potential gains from joint consideration of
the correlated traits is offset by an increase in the number of
parameters, and hence degrees of freedom, which increase the
critical value of the test statistic required to achieve a given level of
statistical significance (Mangin et al., 1998).

All of the genetic effects that we found were small, detectable
only at 5% significance thresholds using multivariate approaches.
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Chr. Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 Day9
1 14 0.3 12 1.4 23 0.9 15 0.5 03
2 1.2 0.9 0.8 2.2 1.0 1.6 1.1 14 1.9
3 0.8 0.6 1.6 0.4 0.7 0.4 3.6 0.5 1.0
4 1.6 15 1.7 1.0 25 2.8 21 1.9 2.7
5 42 14 0.6 0.8 13 1.7 1.2 1.0 14
6 24 1.1 1.6 0.4 0.3 0.6 14 0.5 0.6
7 0.2 0.8 0.1 0.7 0.3 1.0 1.4 0.4 0.1
8 2.0 0.8 1.1 0.8 0.8 1.8 0.9 1.1 0.6
9 0.5 0.6 2.1 0.5 1.9 22 1.7 1.2 0.8

10 1.6 13 1.4 15 2.8 0.9 2.9 1.2 0.5

n 1.2 12 1.8 03 0.3 0.9 0.1 0.5 0.2

|12 0.6 13 0.6 1.1 0.4 13 1.2 1.4 24

13 1.6 0.7 03 03 0.8 0.4 1.0 1.1 0.8

14 23 0.6 03 0.4 0.8 0.6 0.8 1.1 1.6

15 13 18 1.0 1.2 0.5 1.9 1.6 1.2 03

16 0.5 0.4 0.5 0.5 2.0 0.9 0.2 0.6 0.2

17 1.8 0.7 0.4 0.6 0.5 0.6 0.1 1.6 0.8

18 03 1.1 1.4 0.7 0.1 0.4 0.7 0.3 14

19 15 1.0 1.1 0.6 0.9 0.6 0.2 0.7 0.8

The table shows the maximum LOD score obtained on each chromosome (Chr.) for each day.

Table 4. LOD scores for latency to reach the platform on each day of the water maze test

Chr. Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 Day 9
1 19 3.5 1.7 2.6 3.8 22 23 1.1 1.2
2 1.0 0.8 0.6 1.2 18 1.0 13 1.1 13
3 0.4 0.7 1.4 0.4 0.6 0.7 03 0.8 0.8
4 1.0 1.6 0.5 1.1 1.4 13 1.6 13 23
5 0.4 0.9 0.8 0.8 0.4 03 0.7 0.3 0.5
6 0.3 12 1.0 0.4 1.2 0.8 13 0.6 1.1
7 15 1.1 0.4 0.5 1.1 1.6 14 1.0 0.5
8 0.5 0.5 0.6 0.5 1.2 1.0 0.6 0.9 1.1
9 13 1.1 13 03 0.7 0.5 0.6 0.9 03

10 19 2.7 1.2 17 4.0 23 24 1.9 1.9

n 2.1 1.9 13 0.6 0.2 1.6 0.5 0.9 0.2

12 0.4 0.5 0.8 1.6 0.8 1.6 22 1.4 23

13 0.7 1.1 1.4 0.5 1.2 1.6 2.1 2.5 25

14 0.7 03 0.4 0.2 0.7 03 0.4 0.9 0.6

15 1.9 15 13 0.9 0.5 1.0 0.9 13 0.4

16 2.0 0.2 0.7 0.2 0.9 0.4 0.4 0.9 0.5

17 0.8 0.9 0.5 1.1 0.5 0.9 03 1.0 0.9

18 0.3 0.7 1.9 19 1.1 13 0.6 0.6 0.2

19 0.5 1.2 1.1 0.5 1.2 1.1 03 0.5 0.8

The table shows the maximum LOD score obtained on each chromosome (Chr.).

We found no evidence of epistatic effects acting on any of the
phenotypes investigated, so we believe we have not missed any
additional sources of genetic variation. The small size of the ge-
netic effects means that the 95% confidence intervals are broad:
the QTL on chromosomes 12 and 4 are contained in intervals of
~50 cM. Despite this, we were surprised to discover that the
broad confidence intervals do not contain genes known, from
transgenic analysis, to influence spatial learning. Using the mouse
genome sequence, we located genes listed by (Sanes and Licht-
man, 1999) and found that none were on either chromosome 4 or
12 (Table 5). This result suggests that the QTL contain genes not
so far known to be involved in spatial learning.

Our results complement those of the first paper to report
genetic mapping of spatial learning (Milhaud et al., 2002). The
latter study used recombinant inbred (RI) lines in which a QTL

on chromosome 1 was found to influence latency in the training
phase of the water maze and a QTL on chromosome 5 was found
to influence the probe trial behavior (Milhaud et al., 2002). As
argued above, and in agreement with Milhaud and colleagues
(2002), we believe that the locus on chromosome 1 modulates
fearful behavior and not spatial learning. Although our data rep-
licate the finding of the chromosome 1 QTL influencing latency,
we did not find a QTL on chromosome 5. The RI lines were
derived from DBA/2 and C57BL/6, and so we cannot attribute the
disagreement in findings to the segregation of different alleles in
the two studies. Because the effects that we have detected are
small, it is possible that our study failed to detect a QTL on
chromosome 5, or that the discrepancy between our work and
that of the recombinant inbred study is attributable to differences
in phenotyping, or that the RI result is a false positive. John
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Figure 7. Composite interval mapping a QTL that influences spatial learning on chromo-

some 4. The vertical scale is LOD units (4 df). The horizontal scale is in centimorgans.

Table 5. Locations of genes implicated in spatial learning from gene knock-out
studies (list from Sanes and Lichtman, 1999)

Gene Chromosome  Gene Chromosome
GLUR2 3 PSD95 n
MGLURT n RARB 14
MGLUR4 9 (REB 15
MGLURS 16 KROX 24 18
MAS proto-oncogene 17 KROX 20 10
NMDANR1 2 NCAM 1 9
NMDA NR2A 16 NCAM 2 16
NMDA NR2D 7 N-cadherin 18
3-Adrenergic receptor 18 E-cadherin 8
Adenosine A2B receptor " THY-1 9
Adenosine A2A receptor 10 LTCAM X
Inositol 1,4,5 trisphosphate 3
Dopamine D1A receptor 13 kinase 7
Nocicetin receptor 2 Tyrosine-protein kinase FYN 10
BDNF 2 Activator 8
(alretinin 8 Ubiquitin-protein ligase E3A 7
Olfactory cyclic nucleotide-
gated channel X Phospholipase A2 10
RAB3A 8 Adenylyl cyclase type | "
Glial fibrillary acidic protein,
astrocyte n

Belknap and colleagues (1996) have shown that only approxi-
mately half of the QTL identified using RI strains represent true
associations.

Our mapping results for conditioned avoidance and open-
field activity replicate the findings of other groups who have
mapped QTL influencing fear conditioning to chromosomes 1,2,
3,10, and 16 (Wehner et al., 1997). We have been able to detect
the QTL on chromosome 1, but other loci were below genome-
wide significance. There have been no studies of open-field be-
havior in a C57BL/6 by DBA/2 cross, but, intriguingly, QTL on
chromosomes 3, 7, 15, and 19 have all been detected in other
crosses (Gershenfeld et al., 1997; Turri et al., 2001a). It is partic-
ularly noteworthy that we have detected a locus in the middle of
chromosome 7, which replicates that found in a cross between
inbred mice with alleles derived from C57BL/6 and BALBc/J
(Turrietal., 2001b). The effect on chromosome 7 is believed to be
attributable to a tyrosinase mutation (the c locus that gives rise to
albinism), because a number of investigators have attested to the
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timidity of albino mice (DeFries et al., 1966; Henry and
Schlesinger, 1967; DeFries, 1969). The animals that we used do
not carry the tyrosinase mutation (data not shown), so we assume
that the effect is attributable to a locus somewhere else on chro-
mosome 7.

In summary, we have detected two QTL, on chromosomes 4
and 12, that influenced behavior in the probe trial of the Morris
water maze. By including tests of avoidance conditioning and
behavior in a novel environment, we have accumulated evidence
that indicates that the QTL effects are specific to spatial learning,
although our study does not have sufficient power to exclude
pleiotropic action.
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