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Mice reproduce interesting effects in auditory discrimination learn-
ing and knowledge transfer discussed in human studies: (i) the ad-
vantage in the transfer from a hard to an easy task by benefits from
transfer of procedural knowledge and information-integration
learning, and (ii) the disadvantage in the transfer from easy to hard
tasks by inability to generalize across perceptually different classes
of stimuli together with initially unsuccessful attempts to transfer
cognitive skills from one task to the other. House mice (NMRI strain)
were trained in a shuttle-box stimulus discrimination task. They had
to discriminate either between two pure tones of different frequen-
cies (PT) or between two different modulation frequencies of an
amplitude-modulated tone (AM). Then transfer of knowledge be-
tween these two tasks was tested. Mice rapidly learned PT discrim-
ination within two to three training sessions (easy task). AM
discrimination learning took longer and did not reach the high per-
formance level of PT discrimination (hard task). No knowledge
transfer was detected in animals first trained with the easy (PT)
followed by the hard (AM) discrimination task. Mice benefited,
however, from knowledge transfer when the AM discrimination
was followed by the PT discrimination. When the task changed,
confusion of conditioned stimuli occurred if the carrier frequency
of the AM was the same as one of the frequencies in the PT task.
These results show a hard-to-easy effect when possible knowledge
transfer is tested between qualitatively different stimulus classes.
The data establish mice as promising animal model for research on
genetics of auditory perception and learning.

cognitive skill learning | go/no-go paradigm | hard-to-easy effect | shuttle-
box | stimulus generalization

Complex forms of auditory learning, such as generalization of
stimuli within and across physical categories or transfer of
knowledge from one stimulus discrimination task to another, are
known from humans (1-6) but rarely have been investigated in
other mammals (5, 7, 8). Research in mammalian models is im-
portant, however, for an in-depth understanding of neural mech-
anisms and the genetics of learning abilities and performances.
The mouse (Mus musculus), with its great potential for studying
genetic effects on auditory perception, learning, and motor per-
formance, is an ideal candidate species for investigations of au-
ditory learning, because in normal-hearing mice many hearing
abilities and functions of processing sounds in the auditory system
are already known (9-11). What is missing is an automated and
reliable learning paradigm for mice that can be adapted to a variety
of learning tasks (e.g., detection, discrimination, generalization,
transfer learning), showing that learning rules derived from human
studies apply to mice. The shuttle-box seems to be the appropriate
learning apparatus because it has been used successfully in simple
learning and stimulus detection tasks in mice (12-15) and in com-
plex auditory discrimination and memory tasks in another rodent
species, the Mongolian gerbil (7, 8, 16-19). Hence, we designed
our present study (i) to test the usefulness of the shuttle-box dis-
crimination learning for simple and complex auditory learning
tasks in mice; (if) to investigate complex auditory learning and
discrimination performance in mice to see whether mouse data
may be generalized, at least to gerbils; and (iii) to test for stimulus
generalization and knowledge transfer across different stimulus
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classes, experiments that have not been done in the auditory do-
main in mammals other than humans (3, 20).

A foot shock-motivated go/no-go shuttle-box paradigm was used
to train mice for discrimination either of two pure tones of different
frequencies (PT) or two different modulation frequencies of an
amplitude-modulated tone (AM). The carrier frequency of the AM
was either the same as one of the frequencies or different from both
of the frequencies used in the PT discrimination task. After a stable
discrimination performance was reached in both tasks, the tasks were
changed to test possible knowledge transfer from the PT discrimi-
nation to the AM discrimination and vice versa. Knowledge transfer
may be understood as profit from previous learning of procedures,
stimuli, cognitive skills, and/or tasks in the subsequent task (1, 21—
24). Thus, our results from mice illuminate phenomena and hypo-
theses about auditory learning, discrimination, and knowledge
transfer previously found in humans.

Results

A total of 73 female laboratory mice (Mus musculus, outbred strain
NMRI) with normal hearing (25) were trained successfully in
a shuttle-box go/no-go sound discrimination paradigm. The mice
were divided into 10 groups according to the paradigms to be
learned (Table S1). Mice in groups A1-A4 were trained in the PT or
in one of the three AM discrimination tasks. Then, mice from group
Al were divided to form the groups B1 to B3, which subsequently
were trained on one of the three AM discrimination tasks. The mice
in groups A2-A4 went in groups C1-C3, respectively, and were
further trained on PT discrimination (for details see SI Text and
Table S1).

Groups Al1-A4 (Fig. 1) showed that PT discrimination was sig-
nificantly easier to learn than the AM discrimination. The number
of conditioned responses [“hits” (CR™*) or “false alarms” (CR7)]
diverged faster as a function of training sessions (1-15); i.e., statis-
tically significant differences between CR* and CR™ in the se-
quence of training sessions developed faster and reached a higher
significance level for PT (Fig. 14) than for AM discrimination
learning (Fig. 1 B-D).

The differences between PT and AM discrimination learning also
are obvious in Fig. S1, in which the mean maximal response dif-
ference (CR* — CR") (SI Materials and Methods) as a measure of
discrimination performance is plotted over the first training session
with significant discrimination as a measure of learning speed.

The dynamics of learning of groups A1-A4 are shown in Fig. 2 in
which the discrimination index d’ (SI Materials and Methods) is
plotted over the training sessions. In the PT group, d’ increased in
two separable phases. The slope values of the linear regression lines
before and after the fifth training session differ significantly (P <
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Fig. 1. Learning curves for the PT discrimination group A1 (A) and the three

AM discrimination groups A2 (B), A3 (C), and A4 (D). (A) PT 12 kHz vs. 7 kHz.
(B-D) AM with modulation frequencies of 20 vs. 40 Hz and carrier frequency
of 7 kHz (B), 9 kHz (C), or 12 kHz (D). Plotted is the number of hits (CR*) and
false alarms (CR") as a function of number of training sessions. SDs devia-
tions are shown only unilaterally for clarity. *, P < 0.05; **, P < 0.01; ***, P <
0.001 (Mann-Whitney U test).

0.001). The d’ functions of the AM groups can be approximated by
a single linear regression line showing a shallow improvement of d’
over all training sessions. There are no statistically significant dif-
ferences between the slopes of the d’ functions of the three AM
groups and the slope characterizing the later learning phase of the
PT group (Fig. 2).

Fig. 3 shows the averaged learning curves of the animals first
trained in the PT discrimination task and then in one of the three
AM discrimination tasks (groups B1-B3). The PT discrimination
performance of these groups was not significantly different from
that of group A1 (statistics are given in SI Text). The change from the
comparably easy PT discrimination to the more difficult AM dis-

Training session

Fig. 2. The dynamics of learning are expressed by the development of av-
erage d’ values as a function of the training session. The d’ functions are
approximated by linear regression lines. For the PT group (group A1, black
circle), fast improvement in discrimination over the first five training sessions
with slope b = 0.302 (r = 0.975, P < 0.01) was followed by a slower im-
provement with slope b = 0.038 (r = 0.775, P < 0.01) during later training
sessions. For AM groups there was shallow improvement of discrimination
over all training sessions with slope b = 0.050 (r = 0.878, P < 0.001) for AM 7
kHz (group A2, black square), b = 0.046 (r = 0.856, P < 0.01) for AM 9 kHz
(group A3, gray square), and b = 0.059 (r = 0.913, P < 0.001) for AM 12 kHz
(group A4, open square).
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crimination resulted in a strong decrease in discrimination perfor-
mance to a nonsignificant level at the first day of change (training
session 16, indicated by arrows in Fig. 3 A-C). Relearning of dis-
crimination between the two different AM rates (20 or 40 kHz)
occurred in all B groups, although at different average speeds: The
animals in group B1 needed 3 days, those in group B2 needed 7 days,
and those in group B3 needed 13 days to reach a stable, significant
discrimination performance again (Fig. 3 A-C). Taking the mean
maximal response difference and the first day with a significant
discrimination performance as criteria for the learning success, the
AM discrimination performances among groups B1-B3 were sim-
ilar (Fig. S2.A-C) but were significantly worse than PT discrimina-
tion in the maximal response difference (Fig. S2D). Clearly, in the
AM discrimination task the animals did not profit from their pre-
vious experience with the PT discrimination task.

Furthermore, the task required for successful PT discrimination
influenced the performance in the subsequent AM discrimination
task in a specific way, depending on the AM carrier frequency (Fig.
3). The animals in group B1 had learned in the PT discrimination
task to respond to the negative conditioned stimulus (CS™) of 7 kHz
with a no-go response and continued to do so in the AM task with
the 7-kHz carrier frequency, resulting in an initially low hit rate to
the positive conditioned stimulus (go, CS*) and an equally low false-
alarm rate to the CS™ (Fig. 34). The animals in group B3 had
learned in the PT discrimination to respond to the CS* of 12 kHz
with a go response (i.e., to jump across the hurdle) and continued to
do so in the AM task with the 12-kHz carrier frequency, resulting in
an initially high false-alarm rate to the CS™ and an equally high hit
rate to the CS™ (Fig. 3C). Thus, the animals tended to continue with
the learned association between a specific sound and a certain motor
performance although the perceptual discrimination task had
changed qualitatively from PT to AM so that the previously learned
PT lost its information in the AM task. In the case of 9 kHz as carrier
frequency (Fig. 3B), the animals responded in a way similar to the
change to 12-kHz carrier frequency. It seems that they generalized
over 9 and 12 kHz, although the AM task required the discrimina-
tion in a new stimulus dimension.

The development of d” as expression of the average learning speed
over the course of training of the B groups is shown in Fig. 3D. As in
the PT group Al, in all B groups PT discrimination learning im-
proved in two phases. The slope values of these improvements did
not differ significantly from the slopes obtained in the PT discrimi-
nation shown in Fig. 2. The AM discrimination learning improved
slowly for all three AM tasks (Fig. 3D). The slope of the learning
function in the AM task with 9 kHz as carrier frequency did not differ
from the slope reached in the corresponding AM task without pre-
vious PT discrimination learning (Fig. 2). However, the slopes in the
AM tasks with 7 kHz and 12 kHz as carrier frequencies were smaller
(significantly so for 12 kHz) than the respective slopes reached in the
corresponding AM task without previous PT discrimination learning
(Fig. 2). That is, previous experience in the PT discrimination task
slowed down the learning speed in the AM task specifically in the
cases in which the AM carrier frequency was identical with one of the
frequencies to be discriminated in the previous PT task. In summary,
these data indicate that training with an easy PT discrimination task
has negative effects, if any, on later learning the more difficult AM
discrimination task.

Finally, we investigated the potential effect of previous experience
with the difficult AM discrimination task on the following, easier PT
discrimination task (Fig. 4). Learning dynamics were significantly
different in these C groups than in the B groups. At the change from
the AM discrimination to the PT discrimination (training session 16,
indicated by arrows in Fig. 4 A-C), no drop of discrimination per-
formance could be detected in any of the C groups. The animals
immediately learned the new task in the 16th training session and
improved in discrimination performance in the following sessions so
that the PT discrimination performance became significantly better
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Learning transfer from an easy to a hard task. (A-C) Learning curves for the groups B1-B3 which were trained for PT discrimination in the first

training period (sessions 1-15) and then for AM discrimination with the carrier frequency (4) 7 kHz (group B1), (B) 9 kHz (group B2), or (C) 12 kHz (group B3)
in the second training period starting with training session 16 (arrow). (For further information, see Fig. 1.) (D) The dynamics of learning are expressed by the
development of average d’ values as a function of the training session. The d’ functions are approximated by linear regression lines with the following
parameters. PT discrimination showed an initial fast increase [group B1 (7 kHz, black square): slope b = 0.298 (r = 0.977); group B2 (9 kHz, gray square): slope
b = 0.462 (r = 0.945); group B3 (12 kHz, open square): slope b = 0.330 (r = 0.917)] followed by a later slow increase [group B1 (7 kHz, black square): slope b =
0.054 (r=0.803); group B2 (9 kHz, gray square): slope b =0.015 (r = 0.334); group B3 (12 kHz, open square): slope b = 0.043 (r = 0.762)]. The slow improvements
during AM discrimination learning from training session 16 onwards are characterized by the slope b = 0.009 (r = 0.246) for group B1 (7 kHz), b = 0.035 (r =
0.752) for group B2 (9 kHz), and b = 0.017 (r = 0.565) for group B3 (12 kHz). *, P < 0.05; **, P < 0.01; ***, P < 0.001 (Mann-Whitney U test).

than the previous AM discrimination performances (Fig. 4 A-C and
Fig. S3.4-C).

By comparing the PT discrimination performances among the C
groups and comparing the performances of the C groups with the
performance of the naively trained PT group Al, we found in-
teresting effects. Group C2 trained with AM with a carrier fre-
quency of 9 kHz showed significantly better average (Fig. 4D) and
maximal (Fig. S3D) PT discrimination performance than the other
C groups (groups C1 and C3) and the naive PT group A1l (compare
d’ values in Fig. 2 with d’ values in Fig. 4D and see Fig. S3D). This
significant advantage in PT discrimination of group C2 compared
with the other C groups and group Al resulted from the rapid in-
crease in discrimination performance after training session 16 (Fig.
4D). The slope of d’ of this improvement in performance did not
differ from the slope of the initial improvement in the PT discrim-
ination task (Fig. 2). In groups C1 and C3, the improvement in
performance during the PT learning phase was not different from
that during the previous AM task or from the slope of the late phase
of the C2 group during PT learning. In summary, these results point
to a beneficial transfer of knowledge from the AM discrimination
training to the PT discrimination training with an especially strong
performance gain in the group C2.

Discussion

The results of auditory discrimination training and knowledge
transfer in mice are discussed in the context of studies in humans
showing procedural and perceptual learning, discrimination and
nongeneralization between perceptual classes of sounds, transfer
of cognitive skills from one task to another, increase of attention
to stimuli over training sessions, and hard-to-easy effects in the
transfer of knowledge by information integration.

The shuttle-box paradigm allowed us to measure learning speed
and discrimination performance and was sensitive enough to dif-
ferentiate between perceptually easy and hard tasks (Figs. 1 and 2).

Kurt and Ehret

In this respect, mice reproduced learning and discrimination per-
formance previously found via shuttle-box training in Mongolian
gerbils (7, 8, 16-19, 26). In general, NMRI mice were not as fast as
gerbils in their initial learning speeds for perceptually easy and
hard tasks and did not reach the high levels of discrimination
performance of gerbils in a hard task (17, 19, 26). They were,
however, similar to gerbils in showing an initially fast improvement
followed by a slow improvement in discrimination performance for
an easy task and a continuously slow improvement for a hard task
(17, 18). In humans, an initial rapid improvement in auditory
learning is interpreted as rapid procedural learning (learning the
response demands of the task), whereas the subsequent slower
improvement is taken as evidence for perceptual learning [im-
provement of perceptual judgment (21, 22)]. This interpretation
means that procedural and perceptual learning effects can be
differentiated in auditory discrimination learning in humans and
mice. Further, we can infer that the perceptual dimension for the
discrimination in the easy PT task is clear from the beginning of the
training, so a rapid procedural learning effect can become obvious
in the initial improvement of the performance. This procedural
learning effect is masked in the hard AM task in which the mice
initially seem unable to identify perceptually what has to be dis-
criminated, so that the acquired procedural knowledge does not
help to do the task. As in the hard discrimination tasks in gerbils
(17, 18), mice show a slow improvement in the AM task (Fig. 1 B—
D), presumably because of the difficulties in identifying the per-
ceptual task, i. e, their difficulties in directing their attention to the
stimulus features to be discriminated. Because the slopes of im-
provement in the discrimination performance in the AM tasks are
very similar to the slope of the late improvement in the PT task
(Fig. 2), we may assume a constant average increase in attention to
the stimuli to be discriminated in the mice of all groups over the 15
training sessions. Based on this assumption, the average level of
attention is the limiting factor for the level of the discrimination
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Learning transfer from a hard to an easy task. (A-C) Learning curves for the groups C1-C3, which were trained for AM discrimination with the carrier

frequency 7 kHz (group C1) (4), 9 kHz (group C2) (B), or 12 kHz (group C3) (C) in training sessions 1-15 and for PT discrimination (12 vs. 7 kHz) in the second
training period starting with training session 16 (arrow). (For further information, see Fig. 1.) (D) The dynamics of learning are expressed by the development
of average d’ values as a function of the training session. The parameters of the linear regression lines for training sessions 1-15 (AM training) are slope b =
0.054 (r = 0.887) for group C1 (7 kHz); slope b = 0.047 (r = 0.857) for group C2 (9 kHz); and slope b = 0.051 (r = 0.860) for group C3 (12 kHz). The parameters of
the linear regression lines for training sessions 16-30 (PT training) are slope b = 0.078 (r = 0.907) for group C1 (previously trained in the AM 7-kHz task); an
initial steep slope b = 0.443 (r= 0.995) and a later shallow slope b = 0.038 (r = 0.450) for group C2 (previously trained in the AM 9-kHz task); and slope b = 0.036
(r = 0.787) for group C3 (previously trained in the AM 12-kHz task). *, P < 0.05; **, P < 0.01; ***, P < 0.001. (Mann-Whitney U test)

performance reached in a training session in the perceptually hard
task. In the perceptually easy task, the amount of attention to the
stimuli would be a limiting factor for the performance only after
the initial improvement in performance resulting from procedural
knowledge.

The results of the tests of knowledge transfer between the PT and
AM discrimination tasks lead to the following interpretation. Data
from humans indicate no perceptual generalization and knowledge
transfer across sounds from different perceptual classes and, there-
fore, no performance benefit in discrimination when switching the
sounds between the classes in a discrimination task (3, 5, 20, 27). This
interpretation explains why we did not see a beneficial effect when
switching from the easy PT to the hard AM discrimination task (Fig. 3
and Fig. S2). In fact, the discrimination of frequencies of pure tones,
on the one hand, and of low modulation rates of an amplitude-
modulated pure tone, on the other, involves different neural and
perceptual processes, namely frequency coding by place in tonotopic
maps in the former and temporal coding in the latter case (28, 29).

Fig. 3 A-C indicates, apart from the missing performance benefit
when switching from the easy to the hard task, a specific carry-over
effect in behavior at the day of the switching. Mice trained to stay in
the compartment of the shuttle-box in response to the 7-kHz tone in
the PT task continued this behavior in the AM task with a carrier
frequency of 7 kHz, resulting in a very low false-alarm rate (Fig. 34).
Similarly, mice trained to jump over the hurdle in response to the 12-
kHz tone in the PT task continued this behavior in the AM task with
a carrier frequency of 12 kHz, resulting in a high false-alarm rate
(Fig. 3C). This transfer of a learned behavioral strategy between
tasks, regardless of the effectiveness of the strategy in the new task, is
found in humans as transfer of a cognitive skill (23). Accordingly, the
mice of groups B1 and B3 tried the transfer of a cognitive skill when
switching from the PT to the AM discrimination task. Because this
transfer was unproductive for doing the task, the mice had actively to
adapt the cognitive skill to the new requirements. This unlearn-
ing and relearning of a cognitive skill in addition to learning the
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discrimination of new stimuli after switching of tasks obviously led
to slower learning in the AM task (smaller slope values in Fig. 3D)
compared with the cases in which the mice started with AM learning
at session 1 (Fig. 2). Unlike groups B1 and B3, the mice of group B2
did not have to adapt their cognitive skills in the AM task, because
the AM carrier frequency of 9 kHz was different from the 7-kHz and
12-kHz frequencies previously learned to be associated with a cer-
tain behavior. Therefore, no unlearning and relearning of a cogni-
tive skill, but only new perceptual learning, was required, leading
to the same improvement in performance as in the 9-kHz AM group
in Fig. 2.

There was a clear hard-to-easy effect in switching from the AM to
the PT task. In the PT task, the mice benefited from knowledge
acquired in the previous AM task, because PT discrimination al-
ready was statistically significant at the day of switching (training
session 16, Fig. 4 A-C), and performance was significantly better
than the initial performance in the PT discrimination task without
pretraining (Fig. 14). Because the stimulus classes in the two tasks
were different, human studies suggest that the benefit (hard-to-easy
effect) was not based on knowledge of or generalization across
stimuli (3, 5, 20, 27) but rather was based on implicitly learned in-
formation integration (30, 31). Integration of information about the
stimuli, the procedural context, and the acquired cognitive skills in
the shuttle-box seems to be the key for understanding the curves of
discrimination performance of our mice in Fig. 4. When the task
changed in training session 16, the new stimulus situation was clear
immediately, and the learned cognitive skill of either staying in or
changing the compartment of the shuttle-box when hearing one of
two different sounds could be adapted rapidly to the new sounds
because of the perceptually easy discrimination of the tones. This
adaptation was especially effective when the tones in the AM and
PT discrimination tasks were different in frequency (Fig. 4B) so that
no unlearning of cognitive skills was required. In that case, the
discrimination performance improved rapidly after training session
16, similar to the initial improvement of the PT group in Fig. 2. In the

Kurt and Ehret
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cases in which one of the AM carrier frequencies (7 or 12 kHz) was
the same as one of the frequencies in the PT discrimination task, the
need to unlearn and relearn cognitive skills may have impeded
a rapid improvement in performance in groups C1 and C3.

After 15 training sessions the mice no longer were naive with
respect to general procedures and the given general stimulus con-
text, so the rapid improvement in performance of group C2 after
training session 16 (Fig. 4D) may not be based on procedural
learning but rather on a rapid improvement in directing attention
to the new and clearly perceptible stimuli. The d’ values larger than
2.0 reached by the C2 group in the PT task (Fig. 4D) can be
expected by linearly extrapolating the d’ values from the PT task in
Fig. 2 through the assumed continuously increasing attention to
the stimuli up to a virtual 30th training session.

In summary, our data are comparable with those from the Mon-
golian gerbil and are in harmony with human data on auditory dis-
crimination learning and transfer of knowledge and cognitive skills
between tasks, suggesting that shuttle-box discrimination learning is
an adequate means to perform complex auditory learning tasks in
small rodents. This experience suggests a promising use of mice of
different genetic backgrounds to test genetic influences on auditory
perception and/or learning abilities.

Materials and Methods

Animals. We successfully trained and tested 73 female mice (Mus musculus,
outbred strain NMRI). For details see S/ Materials and Methods. The experi-
ments were approved by the Regierungsprasidium Tubingen, Germany.
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