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Learning from feedback is one of the key mechanisms within cognitive flexibility, which is needed to react
swiftly to constantly changing environments. The motivation to change behavior is highly dependent on the
expectancy of positive (reward) or negative (punishment) feedback. Individuals with conduct disorder (CD) with
high callous unemotional traits show decreased sensitivity to negative feedback and increased reward seeking.
Previous studies have modeled traits associated with CD (i.e. heightened aggression and anti-social behavior) in
BALB/cJ mice (compared to the BALB/cByJ mouse as controls). Based on these findings, we hypothesized reduced negative feedback-related cognitive flexibility to be present in BALB/cJ mice.
The effect of negative feedback and reward sensitivity on cognitive flexibility in BALB/cJ and BALB/cByJ
mice was examined in a reversal learning paradigm. BALB/cJ mice were more flexible in the acquisition of new
contingencies under rewarding conditions compared to BALB/cByJ mice, while the presence of an aversive
punishing stimulus decreased their learning performance. Additionally, BALB/cJ mice needed more correction
trials to reach the reversal learning criterion. This was accompanied by a higher rate of perseverance, which
could represent impaired error detection. The addition of a second punishment enhanced punishment sensitivity
in BALB/cJ mice. In contrast, the performance of the BALB/cByJ mice was not affected by additional negative
feedback.
Taken together, the BALB/cJ can be considered to be less sensitive to learn from negative feedback and
therefore may be a useful model to further characterize molecular and neural underpinnings of callous unemotional traits in CD.

1. Introduction
Cognitive flexibility is crucial for adapting to a changing environment and constantly switching demands. Impairments in executive
functions such as flexibility are found in many psychiatric disorders
such as psychopathy [1,2]; conduct disorder (CD) [3]; obsessive-compulsive disorder [4,5]; schizophrenia [6,7], autism spectrum disorder
[8] and bipolar disorder [9,10]. The motivation to adapt behavior when
the environment changes can either be driven by the expectation of a

rewarding situation or by the threat of a possible negative experience
(e.g. punishment). Differential sensitivity towards rewarding and punishing cues have been found in youth with high levels of callous and
unemotional (CU) traits [1]. These youth have an altered reward-delay
gradient on gambling tasks and make quicker decisions, particularly
after punishment, compared to participants with lower CU traits [2]. In
risk-taking tasks, youth with CU traits exhibit an increased tendency to
choose immediate rewards despite the possibility of receiving a punishment [1]. Assessment of sensitivity to negative feedback is relevant
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to the utility of punishment-strategies in efforts to rehabilitate juvenile
and adult criminal offenders.
An increasing number of rodent studies have deployed touchscreenbased systems for operant behavior in order to model cognitive flexibility [11–16]. Here, a classic visual discrimination test can be
equipped in order to conditionally reinforce a simple rule (one correct
stimulus (S+) and an incorrect stimulus (S−) [12,17,18]. After acquiring this simple rule, the contingency is reversed, making the old S−
stimulus the new S+ and vice versa. The rate and extent with which the
subject can switch from the pre-reversal to the post-reversal rule is an
index of cognitive flexibility and its maintenance is indicative of habitformation. Within this task we can identify the extinction of the learned
stimulus-reward association and the formation of a new stimulus-reward association [14]. In order to test the effect of negative feedbackrelated and reward-based learning, some studies have utilized the
probabilistic form of the reversal learning task [19,20]. In rodents,
studies that have applied a probabilistic form of reversal learning tasks,
punish correct responses based on a certain probability factor (e.g.
10–30% of the correct responses are followed by a 5 s time-out period),
which enables the estimation of sensitivity to negative feedback and
gives insight in reward prediction. This method is applied not only in
preclinical, though also in clinical studies [21]. An interesting difference is, however, that in mice feedback in the probabilistic reversal
learning task is most often exclusively given in the form of punishing
correct responses and not by rewarding incorrect responses [22], while
in human studies often incorrect responses are rewarded [21].
We have modeled aspects of CD and CU traits in an animal model,
namely the inbred BALB/cJ mouse. Our previous data established that
these mice display higher levels of aggressive and antisocial behavior,
including rule breaking, compared to closely related inbred sub-strain,
the BALB/cByJ mouse [23–25]. These albino strains, originating from
the BALB/c mice, were separated in 1935 and have since been inbred to
near isogenic, but different substrains. BALB/cJ mice show aggressive
and anxious behavior, and are sensitive to certain chronic antidepressant treatments [26]. Since impaired punishment or also called
negative feedback-related learning is a clear phenotype associated with
CU traits, we sought to investigate this in the BALB/cJ and BALB/cByJ
mice substrains. To evaluate negative feedback-related learning, a mild
aversive condition, in the form of a loud tone or a tone in combination
with a glaring white bright screen, was added to the touchscreen reversal learning paradigm originally described [14]. This enables the
study of both reward and negative feedback in a touchscreen-based task
of cognitive flexibility. By examining this in two genetically related
mouse strains we aimed to test the hypothesis that negative feedbackrelated learning is impaired in BALB/cJ mice, by evaluating 1) if there
is a difference in how cognitive flexibility (as measured by the number
of trials to criterion) is influenced by negative feedback-related learning
and reward between BALB/cJ and BALB/cByJ mice? 2) will negative
feedback-related learning affect error detection (as measured by the
number of correction trials and perseveration index) in BALB/cJ and
BALB/cByJ mice? Answers to these questions would open up new
avenues for the study of the neural and molecular mechanisms that
underline reward and negative feedback-related learning associated
with CU traits and by the further study of BALB/c substrains.

housed individually inside a scantainer (Scanbur Technology,
Karlslunde, Denmark) under a reversed light-dark cycle (lights off at
07:30 h). The temperature was controlled and maintained at +/- 23 °C.
The experiments reported herein were performed in compliance with
the ethical guidelines of the Dutch Ministry of Agriculture (DEC2013235) and with the Directive 2010/63/EU of the European Parliament
and of the Council of 22 September 2010 on the protection of animals
used for scientific purposes.
2.2. Behavioral apparatus
Behavioral testing for the reversal learning was conducted in eight
Bussey-Saksida mouse touchscreen operant chambers enclosed with
Sound Attenuation Cubicles (SAC) (Campden Instruments LTD,
Leicestershire, United Kingdom). Chambers were controlled by
WhiskerServer® and ABET II software.
2.3. Reversal learning
The investigator was blinded to which animals belonged to either
the BALB/cJ or BALB/cByJ substrain as the physical appearance (age,
color, posture, size, average weight) was similar between the two
substrains. Prior to the actual reversal learning paradigm, animals were
pre-trained during which they learnt that touching the touchscreen
results in a reward (previously described by [13]). The pre-training
started with a series of habituation sessions in which the mice learned
to collect the food reward (20 μl condensed strawberry flavored milk).
Then, animals were taught the relationship between offset of a visual
stimulus and the delivery of reward in the “initial touch” phase. A reward was given after touching the stimulus or after a time period of
30 s, accompanied with illumination of the reward magazine. After
reaching criterion, which was for all pre-training stages 30 trials within
60 min, animals moved to the “must touch” phase. In this phase, stimulus offset was dependent on the mouse touching the screen. The
stimulus remained on the screen until it was touched. After reaching the
mentioned criterion, animals moved to the next phase, which was the
“initiate must touch” phase. In addition to the previous phase, now
animals had to initiate a trial by nose poking into the reward magazine.
The pre-training also included a “punish incorrect” phase. In this phase,
when touching the blank location, a 5-second time out with lights-on
‘aversive’ stimulus was presented to all animals, to prevent the development of a side-bias in the chamber. These sessions continued until the
mice collected all rewards. Animals had five sessions per week with 30
trials or a maximum time of one hour per session. After animals had
completed pre-training, mice were moved to the actual task, which is
shown schematically in Fig. 1A. This consisted of the acquisition of a
visual discrimination paradigm as depicted: one of the stimuli was
designated as correct (S+), whereas the other was incorrect (S−).
Horizontal and vertical gratings were randomly assigned as being S+ or
S− and the location was pseudorandomly presented for each trial. The
stimuli (see Fig. 1B) were not displayed in the same location for more
than three consecutive trials. After a correct response, both stimuli were
removed, and a liquid reward was delivered in the illuminated magazine. After the collection of the reward, a 20 s inter-trial-interval (ITI)
was initiated.
An incorrect response was followed by lighting of the house light;
removal of both stimuli and a time-out period of 5 s in all animals. In
addition, the mice had to perform correction trials in which the same
position of the two stimuli was repeated until the correct stimulus (S+)
was chosen. These correction trials did not add to the total trial number,
which was always set to 30 trials. New trials were initiated by a nosepoke accompanied with illumination of the reward magazine.
After all animals reached criterion (≥ 80% correct) on two consecutive days, reward contingencies reversed and reacquisition of the
new associations was started, making the old S− stimulus the new S+
and vice versa. As a supplement to the acquisition phase, half of the

2. Experimental procedures
2.1. Animals
This experiment used two substrains of the inbred BALB/c mice
strain: BALB/cJ and BALB/cByJ mice (The Jackson Laboratory, USA).
From each substrain 16 male animals were used. Mice were 8 weeks old
and weighed between 22 and 29 g upon arrival and were maintained at
90–95% of the free-feeding weight throughout the experiment. Water
was available ad libitum and sawdust bedding was provided including
some nesting material and an igloo as enrichment. Animals were
2
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Fig. 1. Acquisition of visual discrimination paradigm.
(A) Schematic representation of trials during the acquisition, first and second reversal phases (B) Horizontal and vertical stripe patterns were used as the stimuli for
the task. (C) Substrains performed similar in the acquisition of the task as is depicted by the percentage of mice performing sub-criterion over the number of sessions.
(D) BALB/cJ mice were faster in the collection of the liquid reward. *** p < 0.001.

group per strain (n = 8) was randomly assigned to receive additional
mild negative feedback (from now on referred to as: punishment) after
an incorrect response. The mild punishment consisted of a 2 kHz
(∼85 dB) loud noise for five seconds in the first reversal phase. In the
second reversal a bright white screen (75–100 lux) was added to the
2 kHz loud noise as a further aversive stimulus. The number of trials to
reach criterion were used to provide information on the ability to learn
and thus as a measure for cognitive flexibility [27].The amount of
correction trials was analyzed and used as measure for error detection.
In addition, this measure was used to calculate the perseveration index
(measure for correction errors) by dividing the number of correction
trials by the total number of incorrect responses [14,17]. The reward
collection latency was retrieved in order to assess motivation. Latencies
to correct and incorrect stimuli were retrieved as a measure for speed of

decision making [14]. The total set of sessions to reach criterion and the
sessions needed to reach 50% accuracy (early phase) and 80% accuracy
(late phase) of both the first and second reversal were analyzed separately.
2.4. Statistical analysis
Based on a power analysis, given an estimated effect size of 1.5,
(α = 0.05, β = 0.20), we decided to use 8 animals per substrain per
testing condition (either regular or punishment). Two BALB/cJ mice
that were tested under regular conditions, died during the pre-training
and were excluded from the analysis. During the second reversal, three
animals died and were excluded from the analysis of the second reversal. Normality of all variables examined was assessed using the
3
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Kolmogorov-Smirnov test. Normally distributed data were analyzed
with Analysis of Variance (ANOVA), whereas non-normally distributed
were analyzed with nonparametric Mann-Whitney U-tests and
Wilcoxon Signed Ranks Z-tests using SPSS (IBM, version 22.0). We
analyzed all dependent variables with a two factorial ANOVA design,
with substrain and test condition (regular vs punishment) as independent variable. Post-hoc testing was done with Tukey’s honest
significant difference test. A repeated measures two-way ANOVA, with
substrain and test condition (regular vs punishment) as independent
variable, was used to calculate the overall accuracy, perseveration
index and the number of correction trials over the sessions of the reversal phases. The last observation carried forward imputation method
was used to fill up missing data as the result of resting days after
reaching criteria under the assumption that regularly the performance
would at least increase over the number of sessions. All statistical tests
were two-sided. All graphs were created using GraphPad Prism (version
5.03).

started. To test whether cognitive flexibility is influenced by negative
feedback-related learning and reward, both BALB/cJ and BALB/cByJ
mice were trained on the reversal learning test until criterion (≥ 50%
for early phase effects and ≥ 80% accuracy for late phase effects).
During the first and second reversal, half of the group was punished for
incorrect responses in addition to receiving appetitive reward for correct responding. The results in the sections below are described in the
following order: early phase first reversal, late phase first reversal, early
phase second reversal and late phase second reversal.
In the early phase, no difference was found on average accuracy
between the test condition and substrains. We found an interaction
effect between test condition and substrain for the number of trials to
criterion (interaction test condition x substrain: F(1,23) = 5.772,
p = 0.025). A significant higher number of trials to criterion was found
in BALB/cJ mice under punishment conditions compared to BALB/cByJ
under regular (BALB/cJ punishment- BALB/cByJ regular: p = 0.005)
and punishment conditions (BALB/cJ punishment – BALB/cByJ punishment: p = 0.013) (Fig. 2A).
In contrast to the early reversal phase of the first reversal, BALB/cJ
mice needed less trials than BALB/cByJ mice to reach 80% accuracy in
the late phase (substrain effect: F(1,25) = 9.163, p = 0.006) (Fig. 2B),
while the average accuracy was higher in BALB/cByJ mice (substrain
effect: F(1,26) = 6.234, p = 0.019). In general, animals tested under
punishment conditions needed more trials to reach criterion (test condition effect: F(1,25) = 7.329, p = 0.012).
In the early phase of the second reversal no differences were observed (Fig. 2C). In the second reversal, BALB/cJ mice needed less trials
compared to BALB/cByJ mice (substrain effect: F(1,22) = 7.687,
p = 0.011), in particular under the regular condition (BALB/cJ regular
– BALB/cByJ regular: p = 0.042) (Fig. 2D).
Reward collection latencies during the first reversal were not different between the test conditions (test condition effect: F(1,21) = 3.611,
p = 0.071). In the second reversal phase, BALB/cJ mice had a shorter
reward collection latency (substrain effect: F(1,23) = 8.364, p = 0.008)
than BALB/cByJ, particular under regular conditions (BALB/cJ regular
– BALB/cByJ regular: p = 0.024) (Supplementary Fig. 2B). Response
latencies in correct and incorrect trials did not differ between the
groups.

3. Results
We aimed to answer two questions: 1. Is there a difference on how
cognitive flexibility (as measured by the number of trials to criterion) is
influenced by negative feedback-related learning and reward? and 2.
Does negative feedback-related learning affect error detection (as
measured by the number of correction trials and perseveration index) in
BALB/cJ and BALB/cByJ mice?
All data of the acquisition phase can be found in Table S1. The
overview of the accuracy from the acquisition and the two reversal
phases of the BALB/cJ and BALB/cByJ animals are available in
Supplementary Fig. 1A and B, respectively. No differences were observed in the early nor the late phase of the accuracy of the reversals.
3.1. Acquisition of visual discrimination paradigm
During the acquisition phase, we investigated whether both strains
would be capable of learning the task. As is shown in Fig. 1B, both
strains were able to learn the visual discrimination paradigm and distinguished between a rewarded (S+) and a non-rewarded (S−) stimulus. As described above, animals reached criterion when their score
was ≥80% on two consecutive days. In this phase, there was no difference between the BALB/cJ and BALB/cByJ mice in accuracy over a
maximum of 33 sessions (BALB/cJ – BALB/cByJ: F(1,28) = 0.109;
p = 0.744; Fig. 1C). The total amount of trials needed to reach criterion
also showed equal scores (BALB/cJ – BALB/cByJ: F(1,28) = 0.022;
p = 0.883) (Fig. 1C).
After an incorrect response, the mice had to perform correction
trials, in which the same position of the two stimuli was repeated until
the correct stimulus (S+) was chosen. There was no difference in the
number of correction trials (BALB/cJ – BALB/cByJ: F(1,28) = 0.035;
p = 0.853) or in the perseveration index (F(1,28) = 0.030; p = 0.865).
Additionally, no observed differences were present for the response
latency during correct trials (BALB/cJ – BALB/cByJ: F(1,28) = 1.022;
p = 0.321) nor in the latency during incorrect responses (BALB/cJ –
BALB/cByJ: F(1,28) = 1.362; p = 0.253) between the BALB/cJ and
BALB/cByJ mice. However, the latency to collect the reward after a
correct response was significantly shorter in BALB/cJ mice than in
BALB/cByJ mice (BALB/cJ – BALB/cByJ: F(1,28) = 30.954; p < 0.001;
Fig. 1D).
These results suggest that both substrains are able to acquire the
task equally when checking the amount of total trials and correction
trials, though the BALB/cJ mice collected the reward faster.

3.3. Negative feedback-related learning affects error detection in BALB/cJ
mice
3.3.1. Number of correction trials
Over the course of testing we found several interaction in strain
effects in the (I) number and (II) average of the correction trials as well
as in the (III) perseveration index and the (IV) average perseveration
index. First we discuss here the results of the (I) number of correction
trials. In this measure, a significant interaction effect between the test
condition and the substrains for the number of correction trials (interaction test condition x substrain: F(1,26) = 4.370, p = 0.047). BALB/cJ
mice under punishment had more correction trials than those under
regular conditions, though this measure did not reach significance
(BALB/cJ regular – BALB/cJ punishment: p = 0.067). In addition, there
was no difference between the test conditions in BALB/cByJ mice
(BALB/cByJ regular – BALB/cByJ punishment: p = 0.993) (Fig. 3A,B).
BALB/cJ mice under punishment condition needed more correction
trials than BALB/cByJ under the same conditions (BALB/cJ punishment
– BALB/cByJ punishment: p = 0.005). No differerence in the number of
correction trials was found under regular conditions between the two
substrains (BALB/cJ regular – BALB/cByJ regular: p = 0.849).
As for the number of correction trials, an interaction effect between
substrain and test condition was found for the (II) average number of
correction trials needed to reach criterion (interaction test condition x
substrain: F(1,25) = 5.846, p = 0.023). When the average number of
correction trials was assessed for the early phase, it was found that
BALB/cJ mice under punishment conditions needed significantly more

3.2. Effect of punishment on cognitive flexibility
After all animals reached criterion, with the maximum of 33 sessions, the contingencies were reversed and the reversal learning phase
4

Behavioural Brain Research 378 (2020) 112294

A. Jager, et al.

Fig. 2. Trials to criterion for the early and late phase of the two reversals.
(A) BALB/cJ mice under punishment conditions needed more trials to criterion compared to all other groups in the early phase of the first reversal (B) BALB/cJ mice
in general needed less trials than BALB/cByJ mice in the late phase of the first reversal. In particular BALB/cJ mice under regular conditions needed less trials than
BALB/cByJ mice under punishment conditions (C) No differences were found in the number of trials to criterion in the early phase of the second reversal (D) BALB/cJ
mice in general needed less trials than BALB/cByJ mice in the late phase of the second reversal. In particular BALB/cJ mice under regular conditions needed less trials
than BALB/cByJ mice under regular conditions. * p < 0.05; ** p < 0.01.

correction trials compared to BALB/cJ (BALB/cJ regular – BALB/cJ
punishment: p < 0.05) and BALB/cByJ under regular (BALB/cJ punishment – BALB/cByJ regular: p = 0.001) and BALB/cByJ under punishment conditions (BALB/cJ punishment – BALB/cByJ punishment:
p = 0.001). BALB/cJ mice under regular conditions performed similarly to the BALB/cByJ groups (Fig. 3C).
The late phase of the first reversal showed only a test condition
effect. During this reversal learning phase a significant increase in the
(II) average number of correction trials (test condition effect:
F(1,26) = 8.231, p = 0.008), in particular in BALB/cJ mice (BALB/cJ
punishment- BALB/cByJ punishment: p = 0.048) (Fig. 3D), was observed. No interaction effect was found when all individual trials were
taken into considering (interaction test condition x substrain: F(1,26) =
1.758, p = 0.196).
No differences in the (I) number of correction trials nor in the (II)
average of the number of correction trials were observed in both the
early (Fig. 3E) and late phase (Fig. 3F) of the second reversal.

p = 0.088). The average perseveration index was highest in BALB/cJ
mice (substrain effect: F(1,26) = 7.682, p = 0.010, Fig. 4D), in particular
under punishment conditions (BALB/cJ regular – BALB/cJ punishment:
p = 0.046).
A trend towards a substrain effect was found in the early phase of
the second reversal (BALB/cJ – BALB/cByJ: p = 0.051, Fig. 4E) for the
(IV) average perseveration index, which became significant in the late
phase (Fig. 4F). An interaction effect between substrain and test condition was found for the average perseveration index (interaction test
condition x substrain: F(1,22) = 5.009, p = 0.036) in the late phase of
the second reversal. BALB/cJ mice under regular conditions had a
higher perseveration index BALB/cByJ mice under similar conditions
(BALB/cJ regular – BALB/cByJ regular: p = 0.018), while there was no
difference in perseveration index between BALB/cJ and BALB/cByJ
mice under punishment conditions.

3.3.2. Perseveration index
In the early phase of the first reversal, an interaction effect was
found between substrain and test condition for the (III) perseveration
index (interaction test condition x substrain: F(1,26) = 7.938, p = 0.009;
BALB/cJ regular – BALB/cJ punishment, p = 0.048; BALB/cByJ regular
– BALB/cByJ punishment: p = 0.654; BALB/cJ regular – BALB/cByJ
regular: p = 0.614; BALB/cJ punishment – BALB/cByJ punishment:
p = 0.042, Fig. 4A, B). No difference in the average perseveration index
was found in the early phase of the first reversal (Fig. 4C), while in the
late phase there was a clear difference in the (IV) average perseveration
index between substrains (see below) but not in the repeated measures
calculation (interaction test condition x substrain: F(1,26) = 3.133,

In the current study, we tested negative feedback-related learning in
a reversal learning paradigm combined with an aversive punishment
condition in the inbred BALB/cJ mouse (compared to BALB/cByJ). This
model is known to display high levels of aggressive and antisocial behavior [24,25] and we sought to investigate punishment sensitivity of
BALB/cJ and related low-aggressive substrain BALB/cByJ mice in a
reversal learning paradigm combined with an aversive punishment
condition. We aimed to answer 1) if there is a difference in how cognitive flexibility (as measured by the number of trials to criterion) is
influenced by negative feedback-related learning and reward between
BALB/cJ and BALB/cByJ mice? 2) will negative feedback-related
learning affect error detection (as measured by the number of

4. Discussion

5
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Fig. 3. Number of correction trials for the early and
late phase of the two reversals.
(A) a trend towards more correction trials for the
BALB/cJ under punishment conditions compared to
the BALB/cJ regular condition was observed. (B) The
BALB/cByJ mice under punishment and regular conditions did not differ in this measure, however the).
BALB/cJ mice under punishment condition needed
more correction trials than BALB/cByJ under the same
conditions. (C) BALB/cJ mice needed a higher number
of correction trials to reach criterion in the early phase
of the first reversal. BALB/cJ mice under punishment
conditions needed significantly more trials than all
other groups. (D) BALB/cJ mice under punishment
conditions needed more correction trials compared to
BALB/cJ mice under regular conditions in the late
phase of the second reversal. Although not reported in
this graph, mice tested under punishment conditions
needed more correction trials in general. (E) No differences were found in the number of correction trials
in the early phase of the second reversal (F) No differences were found in the number of correction trials
in the late phase of the second reversal. * p < 0.05;
** p < 0.01.

6
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Fig. 4. The perseveration index for the early and late phase
of the two reversals.
(A) The BALB/cJ under punishment conditions had a higher
perseveration index in the early phase, compared to the
BALB/cJ mice under regular conditions. (B) BALB/cByJ mice
had a similar perseveration index in both conditions (punishment vs regular), though the BALB/cByJ punishment
condition was significantly different from the BALB/cJ punishment. (C) no differences were found between the groups in
the early phase of the first reversal. (D) BALB/cJ mice had a
higher perseveration index (correction trials/incorrect responses) than BALB/cByJ in the late phase of the first reversal. In particular BALB/cJ mice under punishment conditions had a higher score than BALB/cByJ mice under the
same conditions (E) A trend was found towards a higher
perseveration index in BALB/cJ mice in the early phase of the
second reversal. (F) An interaction effect was found between
test condition and substrain for the perseveration index in the
late phase of the second reversal. BALB/cJ mice had a higher
perseveration index under regular conditions, while BALB/
cByJ mice had a higher score under punishment conditions.
In general, BALB/cJ mice had a higher perseveration index.
BALB/cJ mice under regular conditions had a significantly
higher perseveration index than BALB/cByJ mice under the
same conditions. * p < 0.05; ** p < 0.01; # p < 0.10.

7
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correction trials and perseveration index) in BALB/cJ and BALB/cByJ
mice?

the first and second reversals. In the first reversal a loud 2 kHz noise
was introduced, and an additional glaring bright screen during the
second reversal phase. By using these methods as negative feedback, we
did not observe anxiety-related freezing under both reward and aversive conditions in the touchscreen chambers, which we previously observed in BALB/cJ mice in the open field [25]. Besides that, we observed that the reward motivation was not affected by the punishment,
which was what we aimed for. We choose these stimuli based on a
number of studies that have documented that both light [28,29] and
loud tone [30] stimuli are aversive in mice. One possible reason why
BALB/cByJ mice react differently to negative feedback may be that the
value of reward and punishment is differentially valued than in BALB/
cJ mice. The inter-strain variance in negative feedback-related learning
may be influenced by differences in the perception and value of the
aversive stimulus itself. The data on the perseveration index suggests
that BALB/cJ mice are more sensitive to visual than to auditory feedback, while BALB/cByJ mice maintain a stable performance. In addition, given that animals under punishment conditions were just as
motivated for the reward as under regular conditions, we don’t see an
indication that fear has driven the response and that we made a proper
choice of punishers for these mouse substrains. However, it needs to be
considered that the “punishers” could also have worked as distracting
stimuli in the first and second reversal. BALB/cJ mice have been found
to be less attentive compared to BALB/cByJ mice in the 5-choice serial
reaction time task [31]. Though, no differences were found between
BALB/cByJ mice under the two different test conditions, indicating that
there is probably no general distraction effect by the mild aversive
stimulus, at least in BALB/cByJ mice. Thereby, one would expect that
the addition of the glaring bright screen would be even more distracting
to the mice. This was not observed in BALB/cJ mice, as their average
perseveration index even decreased in the second reversal phase.
However, this decrease could also be caused by a motivation to withhold the response because of the aversive nature of the combined
punishment, which would mean that the combination of the two stimuli
would increase punishment sensitivity. Interestingly, similar to humans, mice that are more cognitively flexible are also more prone to the
effect of distractors [32].
Here, we have sought to clarify some of the neurobiological substrates underlying the ability to learn from punishment-like cues in
BALB/cJ mice, as previously we have documented that BALB/cJ mice
compared to BALB/cByJ mice show altered behaviour in response to
their environment [25]. In particular, BALB/cJ mice demonstrate increased anxiety in the elevated plus maze and our observation is that
BALB/cJ mice are very defensive in social interactions (reduced time
spent in social zone in the three-chamber task and increased tail rattles
in response to an intruder during the resident intruder task. Taken together, this may suggest that aspects of the hypothalamic-pituitaryadrenal (HPA) axis in mediating stress-related responses to the environment may be altered in BALB/cJ mice. Our data support this in
that BALB/cJ mice show a lower blood corticosterone tone compared to
BALB/cByJ mice [31]. Furthermore, the ability to learn from new
contexts depends on both hippocampal and cingulate cortical processing. BALB/cJ mice show reduced cingulate cortical inhibitory control
as observed by decreased 1H-MRS anterior cingulate GABA levels accompanied by an up-regulation of GABA catabolism in the same region
compared to BALB/cByJ mice. Interestingly, the cingulate cortex is
known to be involved in positive and negative feedback expectation
and affective decision-making [36]. Altered prefrontal inhibitory control may impact on processing between cingulate cortex, the amygdala
and the HPA axis leading to changes in the ability of BALB/cJ mice to
learn or implement behavioural strategies accompanied by negative
feedback reinforcers. To further examine whether the effects on cognitive flexibility and the increase in the number of correction trials and
perseveration index are caused by a deficient in error detection in
BALB/cJ mice, we performed the continuous performance task (CPT) in
BALB/cJ and BALB/cByJ mice (publication in preparation).

4.1. Cognitive flexibility in BALB/cJ mice is influenced by negative feedback
In general, when comparing the performance in the late phase of
both reversals, BALB/cJ mice needed less trials to reach criterion, indicating a higher level of cognitive flexibility compared to BALB/cByJ
mice. Further, we found indications for reduced negative feedback-related learning in BALB/cJ mice, but not in BALB/cByJ mice. The addition of a mild ‘punishment’, in the form of a loud 2 kHz noise, reduced
the performance of BALB/cJ, as indicated by an increased number of
trials and correction trials. Since BALB/cJ mice perform less in the
presence of the punishment, we could argue that they are less sensitive
to learn from punishment (i.e. increased sensitivity to punishment
learning would suggest that animals would perform (at least) better
when they would be at risk of a possible punishment) [2]. In contrast,
no effect of the mild ‘punishment’ was observed in BALB/cByJ mice,
suggesting that the punishment has no effect on their performance and
that these animals can change behavior adequately under punishment
conditions. These results point towards a difference in cognitive flexibility due to differential sensitivity to negative feedback between the
two BALB/c substrains. Note that these differences between the two
substrains do not appear to be due to differences in the ability to learn
the task given a similar number of trials and similar accuracy in the
acquisition phase. BALB/cJ mice tested under punishment conditions
needed more trials to criterion compared to all the other groups in the
early phase of the first reversal. However, this difference was absent in
the late phase of the same reversal. This could mean that BALB/cJ mice
struggled more with the newly introduced punishment condition in the
beginning of the first reversal phase and that the punishment challenged their cognitive flexibility, which they seem to overcome along
the sessions. BALB/cJ mice were faster in the collection of the reward in
the acquisition, and also in the second reversal phase, which could
imply that they were more motivated for the reward. This was independent of the presence of the punishment.
4.2. Error detection impairment in BALB/cJ mice
To assess whether negative feedback-related learning affects error
detection, we compared the correction errors and the ratio of correction
trials to correction errors, also called the perseveration index [17]. A
higher number of correction trials were measured for BALB/cJ mice
under punishment conditions compared to all the other groups. In
particular, the number of correction trials was significantly higher than
the same substrain under regular conditions in both the early and late
phase of the first reversal, suggesting that error detection may be impaired under punishment conditions. Although BALB/cJ mice still need
more correction trials under punishment compared to BALB/cJ mice
under regular conditions, this effect was not significant in the second
reversal. The perseveration index was higher for BALB/cJ mice compared to BALB/cByJ mice under both reward and punishment conditions for all phases of both reversals. However, while we did not observe a significant difference in the number of correction trials between
BALB/cJ mice under punishment conditions and regular conditions in
the second reversal phase, we still find an interaction effect for the
average perseveration index between substrain and test condition.
Apparently, in this particular phase, BALB/cJ have less perseverative
responses in the presence of the punishment. This may indicate that the
addition of the second punishment, the bright light, may have enhanced
punishment sensitivity in BALB/cJ mice.
Other studies have employed a probabilistic reversal learning
paradigm to test sensitivity to negative feedback and reward [19,20]. In
our study, we choose to use clear phases of reversal and not reverse the
contingency in a probabilistic manner; as we sought to ascertain the
effect of increasing the number and type of negative feedback between
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Interestingly, low dose methylphenidate (a clinical utilized therapy in
CD) enhanced the false discovery rate as a metric of error detection in
BALB/cJ mice. Whether differences in error detection between BALB/c
strains would be apparent if the CPT was performed under punishment
conditions is unknown and may merit investigation. Moreover, it
should be acknowledged that biases (side, response and stimulus) can
play a role in influencing the increased number of correction trials in
BALB/cJ mice under punishment conditions but these were controlled
for as far as possible in the current study.
BALB/cJ mice perform worse under punishment conditions (i.e.
need more trials to criterion and more correction trials and have a
higher perseveration index) and can be considered to be less sensitive to
(auditory) negative feedback-learning. In human, reduced negative
feedback-related learning is observed in youth with CU traits that may
derive from a failure to orient to the affectively salient aspects of stimuli
[33,34]. Additionally, CU traits in human patients tend to be positively
correlated with decreased sensitivity to aversive cues, whereas intact
reward processing is observed [1,35]. Therefore, an analysis of whether
CU traits are dimensionally associated with graded changes in negative
feedback sensitivity would be useful in the human literature. The decreased reward collection latencies in BALB/cJ mice may represent
increased reward sensitivity, activation and motivation in this substrain
relative to BALB/cByJ mice. Which seem to be task independent, as we
observed this not only during the performed reversal learning task here,
though also in the BALB/cJ mice during an appetitive extinction task
[16].
Interestingly, analogous findings that those juveniles with conduct
disorder with callous unemotional traits are more reward sensitive similar to that observed in the BALB/cJ mice assessed here offers an
interesting translational perspective [2]. Future studies should focus on
the value of both reward and negative feedback in BALB/cJ and BALB/
cByJ mice, for example, in the progressive ratio test with conditioned
punishment as well as reward to examine the motivation to obtain rewards / avoid punishments. In our study, we have provided a platform
to test strategies to alter negative feedback conditioning, which may
model similar insensitivities in those with high CU traits. In addition,
the reward sensitivity and addiction liability observed in CD and ADHD
is also modeled by the assessment of reward learning in the same task.
The further dissection of the substrates underlying negative feedbackrelated learning in BALB/cJ mice may be important for the discovery of
novel neural and molecular mechanisms to remediate negative feedback-related learning in juveniles with high CU traits and adults with
psychopathy.
This study investigated the effects of inter-strain sensitivity to negative feedback and reward on cognitive flexibility. We found that
BALB/cJ mice, previously reported to share aspects of CD and CU traits
(i.e. high aggression, antisocial behavior), show signs of reduced negative feedback-related cognitive flexibility as measured by an increased number of total and correction trials in both phases of the reversal learning. The increased number of correction trials in
combination with a higher perseveration index, can imply reduced
error detection in BALB/cJ mice. The addition of a glaring bright screen
to the punishment condition in the second reversal seemed to enhance
punishment sensitivity, specifically in BALB/cJ mice. In contrast, the
addition of aversive stimuli to the reversal learning paradigm did not
affect the performance of related substrain BALB/cByJ. These results
point towards a difference in cognitive flexibility due to inter-strain
variation in sensitivity to negative feedback learning. Interestingly,
increased reward seeking behavior was noted in the BALB/cJ mice indicated by shorter reward collection latencies, which may indicate
differences in reward related motivation between substrains. Taken
together, the BALB/cJ may be a useful model to further characterize the
molecular and neural underpinnings of callous unemotional traits in
CD.
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