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Abstract: Animal experiments provide evidence that learning to associate an auditory stimulus with a
reward causes representational changes in auditory cortex. However, most studies did not investigate
the temporal formation of learning-dependent plasticity during the task but rather compared auditory
cortex receptive fields before and after conditioning. We here present a functional magnetic resonance
imaging study on learning-related plasticity in the human auditory cortex during operant appetitive
conditioning. Participants had to learn to associate a specific category of frequency-modulated tones
with a reward. Only participants who learned this association developed learning-dependent plasticity
in left auditory cortex over the course of the experiment. No differential responses to reward predict-
ing and nonreward predicting tones were found in auditory cortex in nonlearners. In addition, learners
showed similar learning-induced differential responses to reward-predicting and nonreward-predicting
tones in the ventral tegmental area and the nucleus accumbens, two core regions of the dopaminergic
neurotransmitter system. This may indicate a dopaminergic influence on the formation of learning-de-
pendent plasticity in auditory cortex, as it has been suggested by previous animal studies. Hum Brain
Mapp 34:2841-2851, 2013.  © 2012 Wiley Periodicals, Inc.
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INTRODUCTION

Cortical plasticity is a fundamental attribute of the brain
and a prerequisite for lifelong learning and recovery after
damage to the central nervous system. Prior studies have
shown that even the very early representation of stimuli
within primary and secondary sensory cortices is modu-
lated by behavioral relevance and experience [Feldman,
2005; Froemke and Jones, 2011; Gilbert et al., 2009; Jancke,
2009; Miinte et al.,, 2002; Ohl and Scheich, 2005; Op de
Beeck and Baker, 2010]. In the auditory domain, plasticity
has been mainly studied using aversive conditioning tasks,
where a previously neutral auditory stimulus (conditioned
stimulus; CS) acquires significance through its prediction
of a future aversive event, such as an electric shock
(unconditioned stimulus; US). Several experiments in
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rodents provide evidence that learning-related changes
such as receptive-field shifts can arise rapidly after only a
few pairings of the auditory stimulus with the footshock
[Bakin et al., 1996; Condon and Weinberger, 1991; Edeline
and Weinberger, 1991; Ohl et al., 2001]. Conducting similar
experiments with functional magnetic resonance imaging
(fMRI) in human subjects, Thiel et al. [2002a,b] reported
increased conditioning-related BOLD activity in secondary
auditory cortex.

In addition, animal data suggest that similar learning-
related effects can also be observed using operant appeti-
tive conditioning tasks [Beitel, 2003; Blake et al., 2006;
Brosch et al., 2011; Hui et al., 2009; Polley, 2004; Takahashi
et al., 2010]. In these experiments, the animal learns to exe-
cute an appropriate response to a specific auditory stimu-
lus (CS+) to gain a reward, whereas responses to other
auditory stimuli (CS—) are not rewarded. However, in
most of these appetitive studies, learning-dependent plas-
ticity has been investigated by comparing auditory cortex
receptive fields before and after conditioning [e.g., Beitel,
2003; Takahashi et al., 2010].

We here present a fMRI study on learning-induced plas-
ticity in human auditory cortex, in which learning took
place during fMRI measurements. We adopted a fre-
quently used appetitive operant conditioning paradigm
[Knutson et al., 2000; Wittmann et al., 2005], in which par-
ticipants had to learn by trial and error to associate a spe-
cific category of frequency-modulated (FM) tones with the
chance to gain a monetary reward in a subsequent reaction
time task. Tone duration served as reward-predicting stim-
ulus feature. Half of the participants had the chance to
gain a reward in experimental trials with long FM tones,
the other half in trials containing a short FM tone. As a
fMRI study by Brechmann and Scheich [2005] showed that
the processing of FM-duration preferentially involves the
left auditory cortex, we expected learning-induced plastic-
ity to occur predominantly in left auditory cortex.

Studies investigating the neurochemical modulation of
learning-induced plasticity provide compelling evidence
that the dopaminergic neurotransmitter system plays a
critical role in this process [Camara et al., 2009; Glimcher,
2011; Kubikova and Kostal, 2010; Morris et al.,, 2010;
Samson et al., 2010]. Several animal studies showed
that stimulation of the ventral tegmental area (VTA) mod-
ulates plasticity in auditory cortex [Bao et al., 2001; Hui
et al., 2009; Kisley and Gerstein, 2001]. For example, Bao
et al. [2001] reported increased spatial auditory cortex
representations of a CS, which was paired with direct
electric stimulation of the VTA. This effect was abolished
by blocking dopaminergic d2 receptors. Therefore, we
hypothesized that plasticity within the auditory system
induced by our operant conditioning task will be accom-
panied by changes within the dopaminergic neurotrans-
mitter system, in particular within the VTA and in the
nucleus accumbens, which represents the main striatal tar-
get area of dopaminergic projections from the VTA [Fields
et al., 2007].

MATERIAL AND METHODS
Subjects

Thirty-nine volunteers (18 female, age range: 18-31
years, mean age: 24 years) participated in the experiment.
All participants were right-handed, normal hearing (hear-
ing-loss less than 15 dB HL between 100 Hz and 8 kHz)
and had no history of neurological disorder. The study
was conducted in accordance with the Declaration of Hel-
sinki (World Medical Association, 2008). All experimental
procedures were approved by the ethics committee of the
University of Magdeburg and written informed consent
was obtained from the participants. Five subjects were
excluded from all further analyses due to severe head
movements during fMRI scanning (overall head move-
ment > 3 mm, scan-to-scan movement > 1 mm).

Task

We used an appetitive operant conditioning task, in
which participants had to learn to associate a specific cate-
gory of FM tones with the chance to gain a monetary reward
in a subsequent reaction time task. Before the actual experi-
ment, we measured the subjects” individual reaction time
distribution in a number comparison task, in which partici-
pants had to indicate via key-press whether a number (1, 4,
6, or 9) presented on a screen was smaller or larger than five
[Pappata et al., 2002; Wittmann et al., 2005]. We recorded
100 reaction times and calculated 85% value of the individ-
ual reaction time distribution from the subset of correct
responses. This value was used as reaction time threshold
for gaining a reward in the subsequent paradigm.

As depicted in Figure 1, the response-reward part of the
experimental paradigm also consisted of manual responses
in a number comparison task. In half of the trials (CS+),
correct and fast responses were financially rewarded,
which was indicated by the image of a 50 Euro-Cent coin.
Slow or incorrect responses in these trials resulted in a
neutral feedback (gray square) and were not rewarded
(see Fig. 1A). The other half of trials (CS—) was not
rewarded and subjects were always presented with the
neutral feedback, independent of their response (see Fig.
1B). Whether the upcoming number comparison was
potentially rewarded (CS+) or not (CS—) was indicated by
an FM tone presented at the beginning of each trial. The
tones differed in five stimulus dimensions: frequency
range, modulation rate, loudness, direction, and duration.
Participants were instructed that one category of the tones
predicted a reward chance but had to learn the relevant
feature that established the target category by trial and
error. In this experiment, sound duration served as
reward-predicting feature. For one half of the participants,
long tones predicted a reward, i.e., served as CS+, for the
other half short tones served as CS+. To individually
assess the current learning status, participants had to indi-
cate their reward expectancy for the current trial via key-
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Figure 1.

Participants worked on a simple reaction times task, in which
they had to indicate whether a number shown on a screen was
smaller or larger than five. In half of the trials (CS+), fast and
correct responses in this task were rewarded with 50 Euro-
Cent. Slow or incorrect answers in these trials resulted in no
reward (indicated by a square). In the other half of trials (CS—),
participants were never rewarded, independent of the speed of
their response. At the beginning of each trial, a FM tone indi-
cated whether the upcoming number comparison was poten-
tially rewarded (CS+ tones) or not (CS— tones). Participants
were instructed that a specific category of tones predicts a
reward chance, but had to learn this category by trial and error.
After each FM tone, they had to state their current reward ex-
pectancy for the upcoming trial via key press. The rating was
taken as an index for learning.

press after each FM tone. In total, the experiment consisted
of 160 trials, with 80 of them potentially rewarded.

Key responses had to be made with the index finger
(reward expected = YES, number < 5) or middle finger
(reward expected = NO, number > 5) of the right hand.
In the number comparison task, numbers were presented
for 100 ms; the feedback was presented 1.5 s after onset of
the number presentation. Delays between FM tone and
number comparison task were temporally jittered in steps
of 1.5 s ranging from 4.5 to 12.0 s. The inter-trial-interval
ranged from 3.0 to 12.0 s in steps of 1.5 s. During all
delays, a fixation cross was presented on the screen.

Stimuli

For each stimulus dimension (frequency range, modula-
tion rate, loudness, direction, and duration), two principle
levels were defined. We specified a low and a high fre-
quency band, each containing five onset frequencies sepa-
rated by half-tone steps (500 Hz, 530 Hz, 561 Hz, 595 Hz,
630 Hz/1,630 Hz, 1,732 Hz, 1,826 Hz, 1,915 Hz, and
2,000 Hz). Stimulus frequencies varied with either 0.25

octaves/s or 0.5 octaves/s. Sound level was individually
adjusted to be most comfortable under scanner noise for
both the quieter and louder sounds differing by ~10 phon.
Sound duration was either 400 (short) or 800 ms (long). The
direction of modulation was either rising or falling. Com-
bining all possible values for these five dimensions resulted
in 160 different stimuli in total, with 80 of them (all short or
all long FM tones) predicting a potential reward.

fMRI Data Acquisition

Data acquisition was performed on a 3 T Siemens MAG-
NETOM Trio MRI scanner (Siemens AG, Erlangen, Ger-
many) with an eight-channel head array. Key-presses were
recorded using a MR-compatible response keypad (Covilex
GmbH, Magdeburg, Germany). Acoustic stimuli were
delivered by MR compatible headphones (MR confon OP-
TIME 1; MR confon GmbH, Magdeburg, Germany). To
ensure that participants could hear FM tones during data
acquisition, sound level and balance were individually
adjusted under scanner noise before starting the experiment.

During functional measurements, 1,680 T,*-weighted
gradient echo planar imaging volumes (time of repetition
(TR) = 1.500 ms, time of echo (TE) = 30 ms, flip angle o =
80°, Field of view (FoV) = 192 x 192 mm?, voxel-size =
3.0 x 3.0 x 3.0 mm®) with BOLD-contrast were obtained.
Volumes consisted of 24 interleaved slices (gap of 0.3 mm)
ranging from the anterior cingulate cortex dorsally to the
inferior colliculus in the brain stem. After the experimental
task, a high-resolution T;-weighted structural volume was
obtained from each subject.

Behavioral Data Analysis

To investigate the learning rate, i.e., the formation of an
association between potential reward in the number com-
parison task and the FM tones, we determined individual
learning curves from the subjects’” responses on reward ex-
pectancy after presentation of the tones. Using a sliding
average over 31 trials (i.e.,, £15 trials around each data
point), we visualized the temporal development of the per-
centage of correct responses in this task. From the result-
ing plots, we assigned all participants to one of the
following three groups: learner, nonlearner, or nonassigna-
ble. We defined learners as those participants showing a
clear increase in the percentage of correct responses over
time and reaching a stable plateau of at least 90% correct
responses within the first 120 trials (i.e., after three quar-
ters of the experiment). Nonlearners were defined as those
participants never reaching at least a level of 66.4% correct
responses within the course of the experiment. 66.4% was
chosen as cut-off as this is the lower limit for above chance
performance (at P < 0.05 for n = 31 as calculated using a
binomial test). Because we were interested in directly com-
paring true learners and nonlearners, we excluded all sub-
jects not matching the criteria of one of both groups and
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therefore not showing any clear learning- or nonlearning-
behavior from all further analyses. In total, we assigned 16
participants to the group of learners, nine to the group of
nonlearners, and another nine were excluded from further
analyses. Within the group of learners, 10 out of 16 sub-
jects were potentially rewarded following long FM tones.
Within the nonlearners, four out of nine subjects were
rewarded after long FM tones. Average reaction time
thresholds as calibrated in the behavioral pretest and
gained monetary reward of both groups are stated in the
results section. The group of excluded subjects performed
quite heterogeneously in the task: Four subjects learned in
the very last trials and did therefore not show any stable
plateau of performance, four subjects showed some learn-
ing but did not reach values higher than 80% correct
responses, and one subject knew the critical dimension
right from the start of the experiment and did not show
any learning-induced change in performance.

For both the learner and nonlearner groups, we calcu-
lated average learning curves. Curves were smoothed
using a sliding average over 15 trials. On the group level,
the lower limit of above-chance performance was set to
74.6% (binomial test at P < 0.05, n = 15). Using the aver-
age curve of the learners’ group, we defined two phases of
the experiment: an “unlearned” phase, in which the sub-
jects were not able to associate specific FM tones with a
reward chance (i.e., learning curve is within chance level),
and a “learned” phase, in which the performance reached
a stable plateau of peak performance. Note that for the
learners, the prediction of receiving a reward is at chance
in the first quarter of the experiment and at ceiling in the
last quarter of the experiment (see Fig. 2). Given this aver-
age curve progression, we assigned the first quarter of the
experiment to the phase “unlearned,” and the fourth quar-
ter to the phase “learned.” All subsequent analyses there-
fore focus on these parts of the experiments.

We investigated reaction times in the number compari-
son task for learners and nonlearners during the “learned”
and “unlearned” phase of the experiment. On the individ-
ual level, median reaction times in both CS+ and CS— tri-
als were extracted for the first and the last quarter of the
experiment. Each of the four conditions contained 20 trials.
Subsequently, we calculated group means and standard
errors for both groups. To reveal statistically significant
reaction time differences between CS+ and CS— trials in
the number comparison task in the first and the fourth
quarter of the experiment, we conducted two-way
repeated-measures analyses of variance (ANOVA) for both
groups, including the factors time (first/fourth quarter of
the experiment) and conditioning (CS+/CS—). Post hoc
analyses were conducted using two-tailed paired ¢ tests (P
< 0.05, Bonferroni corrected for multiple comparisons).

fMRI Data Analysis

MRI data were processed and analyzed using SPMS8
(FIL, Welcome Trust Centre for Neuroimaging, UCL, Lon-
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Figure 2.

Learning curves derived from the participants’ responses of
reward expectancy for the upcoming trial after hearing the FM
tone: Lines depict average learning curves for learners and non-
learners. Dotted lines indicate the lower border of above-
chance-performance. Using the average curve of the learners’
group, we defined two phases of the experiment: an “unlearned”
phase, in which subjects were not able to associate specific FM
tones with a reward chance, and a “learned” phase, in which dis-
crimination performance reached a stable plateau. Given the
learners’ average curve progression, we assigned the first quar-
ter of the experiment to the phase “unlearned,” and the last
quarter to the phase “learned.” The corresponding time intervals
are marked with gray boxes. All subsequent analyses focused on
these parts of the experiment.

don, UK). To correct for head motion, the functional time
series were spatially realigned to the first image of the ses-
sion. The structural T;-weighted volume was registered to
a mean functional image and segmented to obtain spatial
normalization parameters. Using these parameters, func-
tional and structural images were normalized to the Mon-
treal Neurological Institute (MNI) template brain. Finally,
normalized functional volumes were smoothed with a
three-dimensional Gaussian kernel of 4 mm full-width-
half-maximum.

A mixed-effects model was used for statistical analysis.
Our single-subject model contained separate regressors
modeling BOLD responses to CS+ and CS— tones. To
investigate changes in neural activity related to learning
the reward association, we split these regressors into eight
time bins. This resulted in 16 regressors in total, each of
them accounting for 10 FM tones. Feedback was modeled
using four regressors. For CS+ trials, one regressor
accounted for reward after fast responses, another one for
neutral feedback after slow responses. For CS— trials, we
used one regressor modeling correct responses. Feedback
after response errors (i.e., no button press, wrong button)
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in both CS+ and CS— trials was pooled in one additional
regressor. Signal changes related to head movement were
accounted for by including the six movement parameters
as calculated in the SPM8 realign procedure. In total, the
single-subject model consisted of 26 regressors. Time series
in each voxel were high-pass filtered to 1/128 Hz and
modeled for temporal autocorrelation across scans with an
AR(1) process.

For each subject, we calculated a time by conditioning
interaction to investigate changes in BOLD responses to
CS+ and CS— stimuli between the first and the last quar-
ter of the experiment. On group level, we investigated this
contrast both within the groups of learners and nonlearn-
ers and between groups using one-sample- and two-sam-
ple-t tests. Taking into account the average time course of
learning within the group of learners, this contrast aimed
to reveal learning-induced plasticity within this group. On
the other hand, we expected no differential effect for the
nonlearners.

We restricted our analyses and interpretations to three
main regions-of-interest: the left auditory cortex, the VTA,
and the nucleus accumbens. All regions were specified
using literature-based peak coordinates. Left auditory cor-
tex was defined as sphere of radius 8 mm around [x,y,z] =
[—45,-27,6] in MNI-space. This peak-coordinate originates
from a previous study by Thiel et al. (2002a) in which this
particular part of left auditory cortex showed learning-
related plasticity in an aversive conditioning task. To
restrict the search volume to temporal lobe only, the final
volume for this region was specified as the intersection of
the 8 mm sphere with a left temporal lobe mask as pro-
vided by the WFU PickAtlas extension for SPM [Maldjian
et al., 2003]. Similarly, the VTA was anatomically defined
as the intersection of a brainstem mask (WFU PickAtlas)
and a sphere of radius 6 mm around [x,y,z] = [0,—10,—12]
in MNI space [peak coordinate: Aron et al., 2005]. The nu-
cleus accumbens was specified using spheres of radius 6
mm around [x,y,z] = [-12,10,—6] and [xy,z] = [12,10,—4]
in MNI space [peak coordinates: Liu et al., 2011]. Note
that the reduced radius used for both subcortical struc-
tures accounts for the comparatively small size of these
regions. Statistical tests applied in the region-of-interest
analysis were restricted to those four volumes. Results
were reported as statistically significant for a threshold of
P < 0.05, corrected for family-wise errors (FWE) on clus-
ter-level.

Post hoc analyses were performed to ensure that statistical
differences obtained in this analysis are related to significant
differences in responses to CS+ and CS— stimuli after learn-
ing the reward association and were not present before
learning had taken place. For all activation clusters obtained
in the region-of-interest analysis, we extracted individual
beta values as function of time and conditioning from
spheres of 4 mm around the group activation peak. These
beta values were tested for statistically significant differences
using two-tailed (before learning) and one-tailed (after learn-
ing) f tests (P < 0.05, Bonferroni corrected).

To visualize the time course of learning-related effects in
our regions-of-interest, we extracted the individual beta val-
ues for each time bin (eight in total) as a function of stimulus
type and group. Data are depicted as group medians and
standard errors of median and represent averaged values of
voxels within a sphere of 4 mm around the activation peak.

In addition to the main analysis restricted to our
hypothesized regions-of-interest, we conducted an addi-
tional exploratory whole-brain analysis for each compari-
son. For this exploratory analysis, we used a more liberal
combined threshold of P < 0.001 (uncorrected) and mini-
mal cluster-size k = 10.

RESULTS
Behavioral Data

For both groups, we compared reaction times in the task
as a function of conditioning (CS+/CS—) and time (first
quarter of the experiment/fourth quarter of the experi-
ment). Within the group of learners, a two-way between-
subject ANOVA revealed a statistically significant main
effect of conditioning (F(1,15) = 19.23, P < 0.001) as well
as a significant conditioning by time interaction (F(1,15) =
8.63, P < 0.05). Post hoc t tests showed that reaction times
in potentially rewarded trials (CS+) were significantly
faster in the fourth quarter (i.e., after learners learned the
reward-association), when compared with the first quarter
(i.e., before learning the reward-association) of the experi-
ment (P < 0.05, Bonferroni corrected). Moreover, in the
fourth quarter of the experiment, reaction times in CS+ tri-
als were significantly faster than in nonreward-predicting
trials (CS—). Within the group of nonlearners, no signifi-
cant reaction time differences were observed. Average
reaction times for both groups are depicted in Figure 3.
Note that learners and nonlearners did not differ regard-
ing the individually calibrated reaction time threshold
used in the number comparison task (learners: 405 =+
17 ms, nonlearners: 396 + 14 ms, P = 0.50). However,
learners gained a significantly higher amount of reward,
when compared with nonlearners in the actual experiment
(learners: 31.0 + 1.5 €, nonlearners: 25.0 + 2.0 €, P < 0.05).

Functional MRI Data

In analogy to the behavioral analysis, we focused on a
conditioning by time interaction (CS+ — CS—)in quarter —
(CSH — CS—)1st quarter to identify brain regions showing
learning-induced functional plasticity. In line with our
hypothesis on regions involved in the formation of this
kind of plasticity, we restricted our main analysis to three
regions-of-interest: the left auditory cortex, the VTA, and
the nucleus accumbens.

Within the group of learners, we found positive interac-
tion effects (at P < 0.05, FWE corrected) in left auditory
cortex ([xyz] = [—48,-2412], k = 11), left nucleus
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Reaction times for the number comparison task for the learners
and nonlearners: Within the learners, reaction times in poten-
tially rewarded (CS+) trials were significantly decreased, when
compared with nonreward-predicting (CS—) trials after learning
the reward-association (i.e., in the fourth quarter of the experi-
ment). In addition, reaction times in CS+- trials were significantly
reduced, when compared with the first quarter of the experi-

accumbens ([x,y,z] = [-16,6,—4], k = 6), and in the VTA
([xy,z] = [2,—12,-10], k = 7). No effects were observed in
right nucleus accumbens. Activation clusters obtained
from this analysis are depicted in Figure 4. Within all
regions, post hoc t tests showed that responses to CS+
stimuli were significantly increased as compared to CS—
stimuli in the fourth quarter of the experiment (P < 0.05,
Bonferroni corrected), whereas no difference was observed
before learning the reward association. Nonlearners
showed no effects within those regions.

To visualize time-courses of beta estimates for rewarded
(CS+) and nonrewarded (CS—) stimuli, we extracted aver-
age mean-corrected beta values around the activation
peaks for each subject. Figure 4 (central column) shows
median beta values for the learner group as function of
time and conditioning. Note the higher BOLD activity for
CS+ trials, when compared with CS— at the end of the
experiment, ie., after learning had taken place. For the
group of nonlearners, we found no significant interaction
effects in any of the specified regions-of-interest. For a
comparison of time courses of beta values, we extracted
mean-corrected values of this group from the same regions
as for the learners [see Fig. 4 (right column)].

A direct between-group comparison between learners
and nonlearners revealed a statistically significant positive
effect (learner > nonlearner) in the left auditory cortex
(activation peak at [x,y,z] = [—48,—-22,10], cluster size k =
22) and nucleus accumbens bilaterally (left: [x,y,z] = [-12,

ment (i.e., before learning the reward-association). Nonlearners
showed no statistically significant reaction time differences
related to conditioning (CS+/CS—) and time (first quarter of
experiment/last quarter of experiment). Figure depicts average
reaction times and standard errors. Statistically significant differ-
ences are marked by asterisks (two-tailed t tests at P < 0.05,
corrected for multiple comparisons).

4,-6], k = 25; right: [x,y,z] = [12,6,—6], k = 33) but not in
the VTA (P < 0.05, FWE corrected). Again, we performed
post hoc t tests to study differential responses to CS+ and
CS— stimuli before and after learning the reward associa-
tion within the identified activation clusters. Within all
regions, learners showed significantly increased responses
to CS+, when compared with CS— stimuli in the fourth
quarter of the experiment. In contrast, no significant differ-
ences were observed in the first quarter. For nonlearners,
post hoc tests revealed significantly increased responses
for CS—, when compared with CS+ stimuli in the fourth
quarter of the experiment. No effects were observed for
this group in auditory cortex and right nucleus accumbens
(all tests: P < 0.05, Bonferroni corrected).

Additionally, we conducted an additional exploratory
whole-brain-analysis on the conditioning by time interac-
tion (at P < 0.001, k = 10). Within the group of learners, we
found a pattern of activation including, among others, the
right anterior cingulate cortex, the caudate nucleus, the
globus pallidus, as well as the left auditory cortex and left
medial geniculate nucleus (see Fig. 5A). Again, no signifi-
cant activations were found in the group of nonlearners. As
depicted in Figure 5B, a direct comparison of interaction
effects between learners and nonlearners showed significant
differences for the caudate nucleus, the globus pallidus, the
left medial geniculate nucleus, and bilateral auditory cortex.
A complete list of all activation clusters revealed in the
whole-brain-analysis can be found in Table I.
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Figure 4.

Learning-related changes in BOLD-responses to reward-predicting
(CS+) and nonreward-predicting (CS—) stimuli: Figure depicts acti-
vation clusters in learners obtained in a region-of-interest analysis
on the conditioning by time interaction, restricted to left auditory
cortex, the VTA, and the nucleus accumbens. Learners showed
statistically significant positive interaction effects in all regions but

DISCUSSION

This data show that learning-dependent plasticity in
human auditory cortex can be induced by appetitive oper-
ant conditioning. We demonstrate that this kind of plastic-
ity depends on learning the association between a reward-
predicting tone and reward because differences in neural

the right nucleus accumbens (P < 0.05, FWE corrected). No
effects were observed in the group of nonlearners. The right col-
umns depict median time-courses of beta estimates as function of
conditioning (CS+/CS—) for both groups. Beta-values are mean-
corrected on individual level. The first and the fourth quarter of
the experiment are highlighted in gray.

activity to the CS+ and CS— were only observed after
learning had taken place and only occurred in subjects
who had learned the tone-reward association. Addition-
ally, in line with earlier studies indicating a role of the do-
paminergic system in reward-learning, we also found
learning-related differences in neural activity in the VTA
and the nucleus accumbens.
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Learner

Learner vs. nonlearner

Figure 5.

Results of the additional whole-brain analysis: Figure shows statis-
tically significant positive effects of the conditioning by time inter-
action for the group of learners (upper row) and between learners
and nonlearners (lower row) at a threshold level of P < 0.001
(uncorrected, minimal cluster size k = 10). For both comparisons,

Learning-Related Plasticity in Auditory Areas

Herein, we show that auditory plasticity can not only be
observed in aversive but also appetitive conditioning para-
digms in humans. This complements several earlier stud-
ies in animals which show changes in auditory cortex
receptive field, phase locking, and response amplitudes
during appetitive conditioning [Beitel, 2003; Blake et al.,
2006; Brosch et al., 2011; Hui et al., 2009; Polley, 2004;
Takahashi et al., 2010]. Note, however, that the differential
responses we observed in humans in this experiment are
not due to receptive field shifts, as sounds of both catego-
ries share the same frequency range. Changes in cortical
stimulus representation may rather be explained by the
formation of a distinct categorization pattern. This
assumption is based on findings reported by Ohl et al.
[2001]. They showed that gerbils which had to learn to cat-
egorize rising and falling FM tones to avoid a footshock
showed distinct spatial patterns of auditory cortex activity
for the two categories of tones after learning the categori-
zation principles.

In humans, a differential task-dependent involvement of
left auditory cortex during categorization of FM tones has
been demonstrated by Brechmann and Scheich [2005].
They reported a systematic change in right auditory cortex
activation with task-performance when subjects had to cat-
egorize FM tones according to the direction but an

interaction effects were observed in the caudate, Heschl’s gyrus
(HG), the insula, the lateral leminiscus (LL), the medial geniculate
nucleus (MGB), the pallidum, and the superior temporal pole
(STP). Within the group of learners, we found additional learning-
related changes in the anterior cingulate cortex (ACC).

involvement of left auditory cortex when the subjects had
to categorize FM tones according to the stimulus duration.
The left hemispheric effect was initially interpreted to be
consistent with the specialization of the left auditory cor-
tex for temporal processing [Zatorre and Belin, 2001].
However, it is also consistent with a specialization of the
left hemisphere for sequential processing [Bradshaw and
Nettleton, 1981; Brechmann et al., 2007] because in contrast
to the direction of an FM tone, the duration of a tone can
only be evaluated in comparison with previous tones in a
sequence. In this fMRI study, the subjects had to learn to
categorize a similar set of FM stimuli according to their
duration. In contrast to the study of Brechmann and
Scheich [2005], categorization had to be learned by trial
and error rather than by instruction. Still, we found learn-
ing related changes in activity in the left auditory cortex
which underlines the specific role of the left auditory cor-
tex for categorizing sounds in relation to their duration.
We here found that functional plasticity in auditory cor-
tex emerged only after participants had learned the associ-
ation between FM tone categories and reward chance. This
is in good agreement with a very recent study in rats con-
ducted by Takahashi et al. [2010]. They reported that rats,
which were trained to nose poke in response to a condi-
tioned tone to gain a food reward, showed progressive
changes in the tonotopic organization of auditory cortex
related to the current state of training. Even though there
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TABLE I. Results of the exploratory whole-brain analysis on the conditioning by time interaction within the group
of learners (A) and in a between-group comparison of learners and nonlearners (B)

x y z Volume Z Region
(A) Learner —54 —24 10 288 4.06 Left Heschl’s gyrus/sulcus
—48 14 —6 152 3.50 Left superior temporal pole
52 14 -6 136 3.84 Right superior temporal pole
—20 —24 -8 96 3.78 Left medial geniculate nucleus
4 —26 -10 160 3.60 Oculomotor nucleus
14 -30 -10 88 3.63 Right lateral lemniscus
—-16 6 —4 88 3.89 Left pallidum
10 6 8 120 3.83 Right caudate nucleus
42 10 —4 80 3.59 Right insula
2 32 16 128 3.98 Right anterior cingulate cortex
—24 42 18 80 3.59 Left middle frontal gyrus
(B) Learner vs. —48 -22 10 560 3.68 Left Heschl’s gyrus/sulcus
nonlearner 40 —28 14 96 3.83 Right Heschl’s gyrus
—18 —24 -8 88 3.55 Left medial geniculate nucleus
10 —28 —4 112 3.64 Right superior colliculus
14 —34 —-18 104 3.84 Right lateral lemniscus
-12 4 —6 272 4.10 Left pallidum/caudate nucleus
8 4 6 792 4.09 Right pallidum/caudate nucleus
—46 16 —4 200 3.57 Left insula/superior temporal pole
—42 —-10 2 80 3.59 Left insula
-32 20 8 88 3.62 Left insula
40 14 -8 496 3.87 Right insula/superior temporal pole

The table states peak MNT coordinates, cluster volume in mm®, Z-values, and corresponding brain regions. All clusters were identified
using a combined threshold of P < 0.001 (uncorrected) and minimum cluster size k = 10.

are several differences in the underlying techniques and
approaches to measure auditory plasticity in animals and
humans, both our and the animal data suggest that the
plasticity observed in appetitive conditioning is related to
the learning status of the subject. In line with this, the
group of nonlearners did not show differing BOLD-
responses to CS+ and CS— stimuli. However, on a de-
scriptive level nonlearners showed fluctuations in BOLD
signal in auditory cortex that were unspecific to CS+ or
CS— stimuli. We would like to propose that these fluctua-
tions over time might be related to changes in the non-
learners” motivation to solve the task when they were not
able to find a suitable sound categorization pattern. This
change in motivation might then directly influence the
attention to FM tones and the observed BOLD signal in
auditory cortex.

The learning-related effect was not restricted to the cort-
ical level. Our whole brain analysis indicates that similar
changes are also evident in the medial geniculate nucleus.
Previous studies have not only reported receptive-field re-
tunings of neurons within the ventral medial geniculate
body during classical conditioning in animals [e.g. Edeline
and Weinberger, 1991] but also provided evidence for a
promoting role of this brain region in the formation of
functional plasticity in the auditory system. In particular,
it has been shown that direct electric microstimulation of
the medial geniculate body causes shifts or broadenings,
respectively, of frequency-tuning curves in primary audi-

tory cortex [Ma and Suga, 2009] and in the inferior collicu-
lus [Wu and Yan, 2007].

Role of the Reward System in
Learning-Related Plasticity

Learners did not only develop a learning-related dissoci-
ation of BOLD-responses to CS5+ and CS— stimuli within
the auditory system but also showed very similar effects
regarding responses in VTA and nucleus accumbens. This
result is in good agreement with many previous studies
on reward processing demonstrating that both regions
respond differentially to reward-predicting, when com-
pared with neutral stimuli [Knutson and Gibbs, 2007; Liu
et al.,, 2011; O'Doherty et al., 2002]. However, in our data,
the dissociation of VTA and nucleus accumbens responses
to CS+ and CS— mainly relied on a decrease in neural ac-
tivity to the CS—, whereas most prior human and animal
studies reported increased neural activity to reward-pre-
dicting stimuli (see Schultz [2010] for a review). But, there
is data recorded from awake monkeys suggesting that
responses in dopaminergic midbrain neurons can also
decrease to nonrewarded stimuli or to reward-predicting
stimuli that are overtrained [Ljungberg et al., 1992]. Thus,
more data is needed to clarify the significance of our data
showing a decrease in VTA and nucleus accumbens
responses to nonrewarded stimuli over the course of
learning.
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Our whole brain analysis revealed increased activity to
CS+, when compared with CS— stimuli in further reward-
related areas that have previously been shown to be
involved in anticipating primary and secondary reinforcers
such as the caudate nucleus/pallidum, the insula, and the
anterior cingulate cortex [Liu et al., 2011; O’Doherty et al.,
2002; Wittmann et al., 2005, for review].

Reward-related increases in neural activity in VTA and
nucleus accumbens are usually attributed to the dopami-
nergic neurotransmitter system [Arias-Carrion and Poppel,
2007; O’Doherty, 2004; Ye et al.,, 2011]. We would like to
point out that the crucial contribution of dopamine to the
changes in BOLD activity cannot be measured with fMRI.
However, a combined [11 C] raclopride positron emission
tomography and fMRI study suggests a correlation of CS+
induced BOLD activity in VTA with reward-related dopa-
mine release in the ventral striatum in a similar paradigm
[Schott et al., 2008].

Previous work has provided strong evidence that differ-
ing dopaminergic responses to reward-predicting and neu-
tral sensory stimuli are crucial for the development of
learning-induced plasticity [Camara et al., 2009; Glimcher,
2011; Kubikova and Kostal, 2010; Morris et al., 2010; Sam-
son et al., 2010]. Stark and Scheich [1997] suggested that
dopamine might be involved in the initial formation of
behaviorally relevant stimulus associations in auditory cor-
tex. Applying chronic brain microdialysis during footshock
avoidance training in gerbils, they reported an increased
concentration of homovanillic acid, a major dopamine
metabolite, within auditory cortex. This increased concen-
tration could only be observed during task training but
not in later relearning sessions. In line with this, Schick-
nick et al. (2008) found that administration of the D1/D5
dopamine receptor agonist SKF-38393 before or shortly af-
ter initial training of a footshock avoidance task increased
FM tone discrimination performance in gerbils. SKF-38393
was ineffective when administered in later retraining ses-
sions. In addition, work in animals showed that pairing
tones with a direct electric stimulation of the VTA results
in a changed cortical representation of the CS [Bao et al.,
2001; Hui et al., 2009; Kisley and Gerstein, 2001]. Interest-
ingly, Bao et al. (2001) reported that this effect was abol-
ished by blocking dopaminergic D1 and D2 receptors. This
suggests that dopamine might mediate the plasticity pro-
moting effects of VTA stimulation. To test this hypothesis,
we conducted a post hoc dynamic causal modeling (DCM)
analysis aiming to investigate effective connectivity
between the auditory cortex and the VTA during learning
the association between FM tones and reward (see Sup-
porting Information). Results of the DCM analysis suggest
changes in VTA input strength into auditory cortex related
to learning the association between FM tones and reward.
Interestingly, post hoc tests on the connection strengths
within the winning model provided no evidence for a sta-
ble intrinsic connection between both regions during the
experiment but showed that the connection strength was
dependent on stimulus type and learning. These findings

can be interpreted in a way that VTA inputs into auditory
cortex are not present permanently during all phases of
the experiment but are rather directly linked to learning
the association between FM tone and reward chance.
These additional results strengthen the view that dopami-
nergic inputs into auditory cortex are critical for the for-
mation of learning-dependent plasticity in auditory cortex.

In summary, this data show the formation of learning-
related plasticity in human auditory cortex during operant
appetitive conditioning. We demonstrate that plasticity is
strongly related to learning the reward-predicting auditory
stimulus class as effects occur only after learning the
reward association and are not present in nonlearning sub-
jects. Our observation of similar learning-related differen-
ces in VTA and nucleus accumbens may point to a
dopaminergic influence on this process, as it has been sug-
gested by previous studies in animals.
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