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KEYWORDS Abstract

Cognitive flexibility; Dysregulation of executive function (EF) involves alterations in cognitive flexibility / control
Impulse control; and is underscored by learning impairments in neurodevelopmental disorders. Here, we ex-
Learning; amine cognitive inflexibility in BALB/cJ mice (a mouse model showing diminished sociability,
BALB/cJ; increased anxiety and inattentive behaviour) and closely related “reference” BALB/cByJ mice.
BALB/cByJ; We used an appetitive extinction paradigm to investigate if cognitive flexibility measures are
Neurodevelopmental different between learning acquisition and extinction. The two BALB/c sub-strains learned to
disorders respond to a stimulus in a touchscreen operant chamber, after which the reward was removed

and responses should be inhibited. Both mice sub-strains showed a different rate of learning
while acquiring the task, in which the BALB/cJ mice were faster learners compared to the
BALB/cByJ mice. This was not observed during the extinction phase, in which the BALB/cJ
mice were able to extinguish responding to unrewarded stimuli equally. Within the BALB/cJ
sub-strain, variation in the ability to inhibit a learnt response was observed when comparing
them to similar grouped BALB/cByJ mice: BALB/cJ animals that reached the criterion were
more reward driven, while BALB/cJ mice failing to reach the set criterion during extinction
processing make more mistakes. Additionally, the changes observed during acquisition, were
driven by animals not reaching the extinction criterion. Our results suggest that the BALB/c
mice sub-strains may use different strategies to learn during appetitive extinction. This may
be useful in the phenotypic dissection of cognitive flexibility in BALB/c sub-strains and their
mapping on genetic variance revealed by next-generation sequencing in future studies.
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1. Introduction

Executive function (EF) comprises a set of cognitive control
processes, mainly supported by the prefrontal cortex, which
regulates lower level processes (e.g., perception, motor
responses). It enables self-regulation and self-directed
behaviour toward a goal, allowing us to select, update
and plan motor sequences, withholding and/or stopping
of actions (Craig, 2016). Furthermore it is also involved
in monitoring and changing behaviour where appropriate;
and dividing, switching and sustaining attention (Miyake
and Friedman, 2012). Dysfunctions in EF are associated
with a variety of psychiatric and neurological disorders and
therefore has been shown to be a promising neuropsycho-
logical trait for the understanding of the pathophysiology
of neurodevelopmental disorders, such as autism spec-
trum disorder (ASD) and attention-deficit hyperactivity
disorder (ADHD)(Craig, 2016). While the core symptoms of
these disorders seem very different, ADHD and ASD share
overlapping features that co-occur. This co-occurrence
of symptoms is supported by clinical, epidemiological,
genetic, neurobiological, and environmental risk factors
i.e. prenatal exposures, familial history and environmental
contaminants (Lamanna, 2017; Martin, 2014; Musser, 2014;
Pinto, 2016; Rommelse, 2010, 2011; Tran and Miyake,
2017). Moreover, ASD and ADHD also share a dysfunction
of top-down inhibitory control regulating impulsivity and
compulsivity (Berlin and Hollander, 2014; Fineberg, 2010;
Naaijen, 2015; Robbins, 2012; Rommelse, 2010, 2011).
Studying inhibitory control has the advantage of dealing
with a relatively simple and straightforward process: the
over-riding of a planned or already initiated action (Bari and
Robbins, 2013). Deficient inhibitory processes profoundly
affect everyday life, causing cognitive inflexibility/rigidity
which is generally detrimental for the individual as seen in
patients with the above mentioned disorders. For example,
failing to inhibit one’s urge to physically harm another per-
son, is not only detrimental for oneself (i.e. one might end
up in prison) but also for the other person (i.e. sustaining
injuries). One way to investigate deficiencies in inhibitory
control and cognitive flexibility in a laboratory setting is the
use of an extinction paradigm (Bouton, 2004). In principle,
during the task a behaviour that has previously been rein-
forced will no longer be reinforced. This procedure makes
the behaviour ineffective such that it should occur less and
less until it eventually stops altogether (complete inhibi-
tion)(Cooper et al., 2007; Mar, 2013; Miltenberger, 2008).
Animal models not only allow for investigating cognitive
flexibility, but also the underlying neural substrates. A num-
ber of animal models, especially mouse and rat models,
have been tested on cognitive flexibility with discrete dif-
ferences reported (Bari and Robbins, 2013). Extending the
paradigm to rodents, one can use the appetitive extinc-
tion paradigm, which includes an acquisition phase in which
the rodents are trained to respond to a stimulus followed
by the extinction phase, where the reward will be stopped
and inhibition of the behaviour should appear (Mar, 2013).
The speed and degree of inhibition of the learnt response
over time is a measure of rigidity (Mar, 2013; Quirk and
Mueller, 2008). It can also provide insight in the decision
strategies used to learn and stop responding to the stimu-
lus. An interesting model to study this extinction behaviour

are the two BALB/c inbred mice sub-strains: the BALB/cJ
and BALB/cByJ. These genetically related but phenotypi-
cally distinct sub-strains show behavioural profiles that re-
semble ASD and ADHD symptoms (e.g. social withdrawal and
repetitive behaviour (Argyropoulos et al., 2013; Brodkin,
2007; Burket, 2016; Fairless, 2008, 2013; Jager, 2017). The
degree of these behavioural abnormalities differs, however,
between the sub-strains, namely: BALB/cJ mice show higher
levels of anxiety (Brodkin, 2007; Fairless, 2013; Zarcone et
al., 2004) and aggression (Dow et al. 2011; Jager, 2017;
Velez, 2010), and lower social approach and direct inter-
action (Brodkin, 2004,2007; Fairless, 2008; Jacome, 2011;
Moy, 2007; Sankoorikal, 2006). BALB/cJ mice are more re-
ward focused and unable to learn from mistakes during a
visual discrimination task compared to the BALB/cByJ mice
(Graybeal, 2014; Jager, 2019). In addition, BALB/cJ mice
demonstrate clear within sub-strain differences in sociabil-
ity and empathy-like behaviour (Laviola, 2017). While the
mentioned stereotypy and performances on learning in cog-
nitive tasks have been documented for BALB/c sub-strains,
data on extinction behaviour during an appetitive extinction
learning task in these sub-strains has not yet been charac-
terised.

The touchscreen extinction assay used in this study
utilises an appetitive extinction paradigm from the comput-
erised Cambridge Neuropsychological Test Automated Bat-
tery (CANTAB). The CANTAB utilizes a touchscreen com-
puter interface rodent paradigm (Horner, 2013; Mar, 2013;
Oomen, 2013) that translates directly to well established
monkey and human touch models (Bussey, 2012; Talpos,
2009). The mechanisms behind extinction are intricate,
its expression presumably contains numerous factors and
underlying processes (e.g., generalization decrement, re-
sponse inhibition, Pavlovian and/ or instrumental learning
mechanisms) (Lattal and Lattal, 2012), and the interpre-
tation of the results is complex. Care must be taken as
performance during the task has been noted to be highly
dependent on context, making an animal’s distant and re-
cent learning history influencing the learning and ‘unlearn-
ing’ (Mar, 2013). The ability to learn may underlie deficits
in EF measures. In the context of appetitive extinction,
this is relevant to both the task acquisition and the abil-
ity to suppress a previously learnt response. The investi-
gation of learning ability in influencing BALB/c extinction
performance may be useful to add to the fuller understand-
ing of the behavioural repertoire within and between these
sub-strains.

In the current study, we sought to compare two BALB/c
sub-strains (BALB/cJ and BALB/cByJ mice) as it is clear
that these differ in their social, anxiety and aggressive
phenotype. The ability to learn, process, implement and
change rules is dependent on rule-learning based strategies
and requires cognitive flexibility. Here, we investigated
differential effects in these substrains using a reward based
rule-learning task called visual appetitive extinction learn-
ing in operant touchscreens, which also assesses the ability
to inhibit non-rewarded behaviour. We previously observed
phenotypical differences within BALB/cJ and BALB/cByJ
sub-strains (Jager, 2017), and hypothesised that changes in
the ability to learn and inhibit rules may in part contribute
to within-strain behavioural differences. Therefore, we also
assessed task performance in appetitive extinction between
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animals that successfully reached the learning criterion and
those that did not during the extinction phase.

2. Experimental procedures

2.1. Subjects

Thirty two male animals, sixteen BALB/cJ and sixteen BALB/cByJ
mice (The Jackson Laboratory, USA), were trained to perform the
appetitive extinction paradigm, of which five died before finishing
the experiment (four BALB/cJ, one BALB/cByJ). Prior to the extinc-
tion paradigm, the animals performed a reversal learning with and
without punishment during the task. This prior experience did not
influence the outcome of the extinction paradigm, demonstrated
by equal performance between BALB/c sub-strains at the start of
the acquisition phase (Supplementary Fig. 1). The mice were 8
months old and between 23.5 and 29 g body weight when starting
the appetitive extinction paradigm. Their weight was maintained
at 90-95% of the free-feeding weight throughout the experiment
in order to provide a motivational stimulus to work for the liquid
food reward used in operant conditioning. Water was available ad
libitum and corncob bedding (Bio Services B.V. Uden; The Nether-
lands) was provided including some nesting material and an igloo as
enrichment. Inside a scantainer, the animals were housed individ-
ually (Scanbur Technology, Karlslunde, Denmark) under a 12h/12h
reversed light-dark cycle (lights off at 07:30 h; lights on at 19:30h).
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 (Dutch
Ethical Committee (DEC) licence number 2013-235).

2.2. Behavioural apparatus and training

2.2.1. Apparatus

Behavioural testing for the appetitive extinction learning was con-
ducted in eight Bussey-Saksida mouse touchscreen operant cham-
bers enclosed with Sound Attenuation Cubicles (SAC) (Campden In-
struments Ltd., United Kingdom (UK)). The Bussey-Saksida chamber
has a unique trapezoidal wall shape to focus the animal’s attention
towards the touchscreen. In front of the touch screen a mask was
positioned with three holes. The reward tray, positioned 2 cm above
the bar floor located opposite to the response holes, was attached
to an external food dispenser equipped to deliver a drop of straw-
berry milkshake (20 1l) to the magazine. A stimulus was shown on
the screen at the back of the middle mask hole. Also, a light was
situated within the food magazine. Nosepoke responses onto the
screen and food magazine aperture were detected by a horizon-
tal infrared beam. Chambers could be illuminated by a houselight,
and were controlled by WhiskerServer® and ABET Il software from
Lafayette Instruments neuroscience. Both the chambers and pro-
grams used in these experiments originate from Prof. Bussey and
Dr. Saksida, Dept. of Experimental Psychology, University of Cam-
bridge, UK and licenced to Campden Instruments Ltd., UK.

2.3. Appetitive extinction learning (AEL)

2.3.1. Acquisition phase

The touchscreen task performed by the animals is the appetitive
extinction task (Mar, 2013). Animals were first habituated to the
touchscreen box as described in the mentioned article. Then the
animals were trained to acquire a simple visually guided response
in order to earn a reward (Fig. 1(A)). During this response acquisi-
tion phase, sessions began with a free reward delivery to the mag-
azine together with magazine light illumination, indicating that a
trial may be initiated. Trials were initiated by the animal’s head

entry into the magazine (turning off the magazine light and acti-
vating a 0.2-s auditory click), in which subsequent head withdrawal
from the magazine initiates presentation of a single, solid white
square stimulus at the central hole on the touchscreen mask. When
the animal touched the stimulus (response), this was removed from
the screen, a reward was delivered and the magazine light and a 1-
s tone were turned on. Following reward collection, the magazine
light was turned off and a 5-s Inter-Trial-Interval (ITl) commences
after which a new trial begins. When the animals reached a crite-
rion of 30 responses out of 30 trials (100% responses) in 12.5 min for
five consecutive days, the animals started the extinction phase.

2.3.2. Extinction phase

In the extinction phase, each session contained 30 trials. Each trial
began with a 10-s ITI, after which the single, solid white square
stimulus was presented on the touchscreen (same shape and size
as in the acquisition phase; Fig. 1(B)). The animal did not have to
initiate the trial by entering its head into the magazine. The stimu-
lus was removed either when the animal touched the stimulus (re-
sponse) or did not touch the stimulus within a 10-s duration (omis-
sion). No rewards or conditioned reinforcers (e.g., tray light or tone
associated with reward delivery) were delivered during this extinc-
tion phase. In this phase the animal was reaching criterion when
having >23 omissions out of the 30 trials (>75% omissions) for two
consecutive days. All animals performed 15 sessions of extinction.

2.4. Measures

The primary measures for the acquisition and extinction phase are
(i) the number of sessions and responses to reach criterion which
provide information on the ability to learn and ‘unlearn’ or inhibit
responding, respectively (Mar, 2013). In addition, (ii) the number of
blank touches required to reach criterion and (iii) mean response
rate were examined to provide information on the learning in the
acquisition phase and the amount of inhibition, and therefore the
level of flexibility in the extinction phase. Three latencies were
included as an index of reward sensitivity and motivation, which
likely interacts with rigid behaviour. These latencies are: (iv) the
time to respond to the stimulus (response latency), v) the time to
touch the screen where no stimulus was presented (blank touch
latency), (vi) the time to check the tray for the reward (acquisition
phase) or check the food magazine without reward being delivered
(extinction phase) (reward latency). For each of these latencies
the data of the first and final day of acquisition and extinction were
compared as well within and between the two strains to gain insight
in the changes over time in the reward sensitivity and motivation.

For analysis of the acquisition and extinction phase of the ap-
petitive extinction paradigm, sessions were analysed (a) within and
between sub-strains and (b) within and between the BALB/c sub-
strains that are able to reach (>75% omissions or <25% responses)
and not reach (<75% omissions) the criterion during the extinc-
tion phase. Additionally, these subgroups from the extinction phase
(reaching and not-reaching) were used to analyse data from the
acquisition phase to assess possible effects of the learning ability
on extinction (see Supplementary Table 4, Supplementary results
and Supplementary Figs. 6 and 7). This was examined both be-
tween and within the subgroups and sub-strains.

2.5. Statistical analysis

All outcome measures were checked for normality using the
Shapiro-Wilks’ test and a visual inspection of their boxplots. The
normally distributed variables were analysed using independent
and dependent Student t-test. Not normally distributed data were
analysed with non-parametric Mann-Whitney U-tests (indepen-
dent samples) and Wilcoxon Signed Ranks Tests (paired-samples).
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Fig. 1 Flowchart of the acquisition (A) and extinction phase (B). (A) In the acquisition phase the animal needs to initiate the trial
and when touching the stimulus a reward is provided. Picking up the reward will lead to an inter-trial-interval (ITl) of 5 s before the
next trial can be initiated. (B) In contrast, during the extinction phase the trials start automatic and when the animal is touching
the stimulus there is no reward provided. Instead an ITI of 10 s will start before the next trial starts. Created based on the protocol
used from (Mar, 2013).
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Fig. 2 Acquisition phase of Appetitive Extinction learning comparing BALB/cJ to BALB/cByJ mice. (A) The total number of re-
sponses to reach the criterion of having 30 responses to the stimulus within 12.5 min for 5 consecutive days. (B) The total number
of touches on screen until reaching criterion where no stimulus was present. (C) The mean response rate measured as the number
of response per minute until reaching criterion. Data are presented as medians with corresponding IQR; *p <0.05.

Animals that died during the experiment and outliers (+1.5* In- 3.1.
terquartile range) were removed before performing the statistical
analysis and FDR correction was applied for multiple comparisons.
All analyses were done using SPSS (IBM, version 22.0). All boxplots
were created using interquartile range (IQR) and both the boxplots
and line graphs were visualised with GraphPad Prism (version 5.03).

Acquisition: sub-strain performance
comparison

The data of the acquisition phase of the touchscreen task
can be found in Supplementary Table 1, starting with our
primary measures: number of sessions (containing maxi-
mum 30 trials each) and trials required to reach criterion.
BALB/cJ mice showed a significantly lower total number of
sessions (U=49.5; P=0.020; N=26) as well as total num-

3. Results

Here we report whether cognitive flexibility is altered in the
acquisition and extinction of a visual appetitive extinction
paradigm in BALB/cJ and BALB/cByJ mice. We further assess
if the ability to learn influences underlying impulse control
and appetitive extinction in these sub-strains.

ber of responses (trials) to reach the set criterion (U=50;
P=0.039; N=26; Fig. 2(A)). In addition, the BALB/cJ mice
had a lower number of blank touches compared to the
BALB/cByJ to reach the 5-day criterion (U=42.5; P=0.033;
N=126; Fig. 2(B)), while the mean response rate between
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Fig. 3 Latencies during acquisition phase of Appetitive Extinc-
tion learning comparing BALB/cJ to BALB/cByJ mice. For both
the first and final day of acquisition when criterion was reached
it shows: (1) The latency to correctly touch the stimulus on
the first and final day. (2) The latency to retrieve the reward
after a correct touch response was made. (3) The latency for
blank touches. Data are presented as medians with correspond-
ing IQR; *p <0.05; **p < 0.01; ***p < 0.001.

the BALB/c sub-strains was not different (t;3= —0.46;
P=0.647; Fig. 2(C)). The lower number of sessions, re-
sponses to reach criterion and blank touches indicates that
the BALB/cJ mice learn the task faster and make less errors.
Both sub-strains are able to acquire the task equally well (as
seen by the fact that the response rate is similar).

Mean latencies (response, reward and blank touch) were
examined as measures of reward sensitivity and motiva-
tion in the acquisition phase (Supplementary Fig. 2). For
all three latency measures, the BALB/cJ mice showed
lower values compared to BALB/cByJ mice, meaning that
they touched faster (response latency: U=29; P=0.008;
N=25), pick up the reward faster (reward latency U=09;
P<0.001, N=24) and touch the screen faster on the lo-
cations where no stimulus is presented (blank touch la-
tency U=36; P=0.025, N=25). These differences were
also observed at day 1 (response latency: tyg3= 3.738;
FDR adjusted P=0.003, reward latency: U=4; FDR ad-
justed P<0.001; N=25, and blank touch latency: U=15;
FDR adjusted P=0.004; N=23) and on the final day of
the acquisition (response latency: U=28; FDR adjusted
P=0.022; N=23, reward latency: U=5; FDR adjusted
P<0.001; N=25 and blank touch latency: U=46.5; FDR ad-
justed P=0.094; N =25; Fig. 3).

The comparison between the first and final day of acqui-
sition showed that the BALB/c sub-strains had significant
shorter latencies ((response latency: Z;,=—4.107; P<0.001;
reward latency: Z;3=—3.559; P<0.001; blank touch latency:
Z,1=—3.875; P<0.001 (Fig. 3)) by the final day compared to
first.

3.2. Extinction: sub-strain performance
comparison

During the extinction phase, both of the BALB/c sub-strains
tested inhibited their responses and had more omissions

over time. This was observed in general over the course
of the 15 sessions accompanied by increases in the number
of blank touches per session (Supplementary Fig. 3(A) and
(B) and Supplementary Table 2). For the primary and ad-
ditional measures, the data shows that the number of ses-
sions (U=286; P=0.836; N=27), responses (tzs= —0.497;
P=0.624; Fig. 4(A)), blank touches (t;5=0.508; P=0.616;
Fig. 4(B)) and the response rate (U=77; P=0.719; N=26;
Fig. 4(C)) to reach criterion were not significantly different
between the BALB/cJs and BALB/cByJs. These results indi-
cate that both sub-strains are able to inhibit the response
to the stimulus equally when adjusting for the number of
sessions each animal successfully had.

Similar to the acquisition phase, the mean latencies were
analysed as measures of reward sensitivity and motiva-
tion for the extinction phase (Fig. 5). The reward latency
showed a significant decrease in the BALB/cJ compared to
the BALB/cByJ (t25=2.965; P=0.007). No differences were
found in the other two latency measures (response latency:
t25=0.995; P=0.329 and blank touch latency t;s=1.231;
P=0.230). The latencies on the first day of the extinction
phase showed that only the response latency was differ-
ent between the sub-strains (response latency: U=19; FDR
adjusted P=0.002; N =26; reward latency: t;s=0.177; FDR
adjusted P=0.861; blank touch latency; t;4= —0.005; FDR
adjusted P=0.996, Fig. 6). For the latencies on the final
day (Fig. 6), the reward latency showed a significant de-
crease (U=38; FDR adjusted P=0.022; N=27), while the
response- and blank touch latency did not differ (U=281;
FDR adjusted P=0.877; N=26, t;5=1.343; FDR adjusted
P=0.382, respectively).

The latencies of the first and last day of the extinc-
tion were compared to see if changes in the extinction
phase were observed over time. All latencies increased dur-
ing the response inhibition process during extinction (re-
sponse latency: Z=-2.704; P=0.007; N=25; reward la-
tency: Z=-4.300; P<0.001; N=27; blank touch latency:
Z=-3.365; P=0.001; N=26).

3.3. Extinction:sub-strain performance
comparison based on reaching criterion

During the extinction phase only half of the animals reached
the criterion. We investigated the performance of the ani-
mals that reached criterion with the ones that did not reach
it using the data until reaching criteria (for the reaching
group) or of all 15 sessions per animal (for the non-reaching
group). The results of this analysis can be found in Supple-
mentary Table 3. Briefly, we did not find differences be-
tween the sub-strains for the reaching group nor for the not
reaching group (Fig. 7).

Within the reaching group the reward latency was lower
in the BALB/cJ mice compared to the BALB/cByJ mice
(t12=—2.826; P=0.015), while the response latency was de-
creased in the not reaching BALB/cJ sub-strain (t;1=—2.880;
P=0.015). The other latencies did not show any differ-
ences (reached: response t1,=0.499; P=0.627, blank touch
t,=—-0.957; P=0.358, not reached: reward t;;=-—1.387;
P=0.193; blank touch t{;=—0.704; P=0.496) (Supplemen-
tary Fig. 4). The comparison between day 1 and either
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the reaching day or day 15 can be found in Supplementary
Fig. 5 and Supplementary Results.

4. Discussion

The current study investigated the ability to stop respond-
ing to a previously reinforced stimulus in BALB/cJ and
BALB/cByJ mice sub-strains during an appetitive extinction
paradigm, in order to examine the learning (acquisition) of
new rewarded behaviour and the ability to inhibit it (extinc-
tion) when the stimulus-reward association is broken.

Our results demonstrate that both sub-strains are able
to acquire the task, though with possible different learn-
ing strategies. The speed of acquisition is faster in BALB/cJ
mice compared to BALB/cByJ mice, without a reduction in
response rate to reach criterion. In addition, the latency to
respond to the stimulus, collect the reward and touch the
screen on locations where no stimulus was presented, was
shorter in the BALB/cJ sub-strain during acquisition overall

and measures on the first and final day. This confirms and
extends our data that BALB/cJ mice are more sensitive to
rewards than BALB/cByJ mice, not only in reversal learn-
ing (Jager, 2019), but also during acquisition of appetitive
extinction learning. The number of blank touches was also
lower in BALB/cJ compared to BALB/cByJ mice in general
(including reaching the criterion). This could be interpreted
as a reduced number of mistakes made by the BALB/cJ
mice (compared to BALB/cByJ sub-strains). Together with
the shorter latencies, the source of the decreased number
of blank touches may indicate improved error detection, in-
creased cue sensitivity or salience to the rewarded cue, or
decreased impulsivity in BALB/cJ mice when acquiring the
task. The BALB/cByJ sub-strain is, on the other hand, more
perseverative as they have more blank touches throughout
the acquisition phase, i.e. they touch the screen more often
where no stimulus is presented.

The BALB/cJ and BALB/cByJ sub-strains showed no dif-
ference during the extinction phase: the performance in re-
sponse inhibition was equal among all animals. Both strains
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Fig. 6 Latencies during extinction phase of Appetitive Extinc-
tion learning comparing BALB/cJ to BALB/cByJ. For both the
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to check for a reward. (3) The latency for blank touches. Data
are presented as medians with corresponding IQR; *p <0.05;
**p < 0.01; ***p < 0.001.

increased the number of omissions and blank touches, and
performed with higher latencies over the course of the 15
sessions of extinction. The same holds for the performance
until criterion in the primary and additional measures. How-
ever, the BALB/cJ animals were faster when checking for a
reward (overall and in the last session), which was observed
in the acquisition phase as well. Therefore, it seems that
these animals are more reward driven even though no re-
wards are provided at all during the extinction phase, mean-
ing this reward sensitivity of BALB/cJ mice persists over
time and in the absence of reward. Whether this is inde-
pendent of the reward, reward type or magnitude will re-
quire additional studies. Interestingly, on the first day the
BALB/cJ mice responded faster to the stimulus, though this
difference disappeared over time. Therefore, the differ-
ence in response latency on day one is likely to be caused by
the performance during the acquisition, as a lower response

latency was present in BALB/cJ mice throughout the acqui-
sition phase and disappeared as inhibition occurred during
the extinction phase.

Within the 15 sessions of the extinction phase, approx-
imately (only) half of the animals per sub-strain reached
the criterion. Separating each sub-strain in groups based
on their performance showed that the reward latency dif-
ference observed in the extinction phase was due to the
mice reaching criterion (reached <75% omissions for two
consecutive days): the BALB/cJ mice checked for a re-
ward faster than the BALB/cByJ mice that reached crite-
rion. On the other hand, in the group that did not reach
criterion, the BALB/cJ mice had a shorter session com-
pared to the BALB/cByJ due to significant faster responses
on the first day and throughout the extinction phase over-
all (Supplementary Table 3). Taking these results together,
it seems that there are subgroups within the BALB/cJ
mice: BALB/cJ mice that reached criterion are more reward
driven, whereas the BALB/cJ mice that did not reach the
criterion, make more mistakes during extinction compared
to BALB/cByJ. Whether this represents an improved ability
to stop responding to previously acquired stimulus-reward
associations within the BALB/cJ mice or the adoption of a
different behavioural strategy compared to the BALB/cByJ
mice remains to be clarified.

We have also retrospectively tested whether those reach-
ing the extinction criterion were different not only dur-
ing extinction but also during acquisition in the exist-
ing BALB/cJ and BALB/cByJ extinction performance groups
(Supplementary Table 4; Supplementary Figs. 6 and 7). In
the between strain (BALB/cJ vs. BALB/cByJ mice) compar-
ison, BALB/cJ mice not reaching the extinction criterion,
were fast learners, made less errors (or made those er-
rors faster on the first day) and respond faster (both on
the first day and subsequently) when compared to matching
BALB/cByJ datasets. In both those reaching and not reach-
ing the extinction criterion, BALB/cJ mice were clearly
more reward sensitive independent of their ability to inhibit
the learnt strategy in the extinction phase when comparing
them to the BALB/cByJ mice. BALB/cJ mice respond faster
to not only reward but also to blank touches. This leads to
the question: is this decrease in latency to respond related
to adopting a more ‘automatic’ strategy where they do not
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Fig. 7 Comparison of BALB/cJ and BALB/cByJ mice that reached or not reached the extinction criterion during extinction phase
of Appetitive Extinction learning. (A) The number of responses made to reach criterion for reaching and not reaching group. (B)
The number of touches on screen were no stimulus was present for the reaching and not reaching group. (C) The mean response
rate measured as the number of response per minute until reaching criterion for the reaching and not reaching group. Data are
presented as medians with corresponding IQR.
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carefully consider their response? It would be interesting to
compare the late phase of reversal learning (which may re-
flect habitual responding) between BALB/cJ and BALB/cByJ
to evaluate this further. Taken together, it appears that the
non-reaching BALB/c mice drive the observed effects in the
analysis of acquisition data without sub-groups.

In the within strain comparison of the same data, we also
compared the acquisition data of those BALB/cJ mice reach-
ing and not reaching the learning criterion at the extinc-
tion phase. There is a decrease in time to respond (reduced
mean response and reward latencies) in those BALB/cJ mice
not reaching the criterion, which may suggest that they
don’t have the ability to inhibit their response due to the
(overly) rapid responses. In contrast, the BALB/cByJ mice
that do not reach the extinction criterion learn slower (as
measured by the increase of the number of sessions and tri-
als needed to reach criterion and the increased amount of
time required per session), i.e. they can learn the strategy
but are slower to learn this but also retain the ability to
inhibit these responses. Whether the speed of information
acquisition affects the quality of learning would be worth in-
vestigating further. Examining this in a longer protocol de-
sign with more sessions might provide the opportunity for
these BALB/cByJ mice to learn to inhibit these responses.

Our data demonstrate that there are distinctions in learn-
ing and extinction strategies of the BALB/c sub-strains. Our
results on extinction add to previous reports on positively
reinforced reversal learning and demonstrate the presence
of behavioural subgroups within the BALB/cJ strain based
on their performance (Graybeal, 2014). Many studies to
date have reported differential effects in terms of per-
sistent responding after changes in rules (perseveration)
between animals tested in both reversal learning and ex-
tinction (Annett et al., 1989; Brigman, 2008; Castane et al.,
2010; Izquierdo and Murray, 2005; Karlsson, 2009), which is
confirmed by our extinction results. Whether this suggests
that these tasks measure different kinds of cognitive flex-
ibility, which is differentially regulated by other neural /
molecular substrates, has been investigated by others but
not completely elucidated (Clarke et al., 2008; Hamilton
and Brigman, 2015; Izquierdo and Jentsch, 2012). A possible
explanation for the difference between the performance
during the tasks can be that both implement different dy-
namic adjustments in the occurrence of reward. Both tasks
involve metrics related to response inhibition or inhibitory
control: during reversal learning, two stimuli are involved
and subjects must suppress one response while engaging
actively in another to obtain reward. As a consequence,
there remains a strong motivational impulse to respond
post reversal (selective response inhibition or behavioural
switching). In extinction, however, the subject may simply
inhibit the conditional response to a single stimulus, re-
flecting the importance of conserving energy when actions
no longer result in reward (general behavioural inhibition)
(Clarke et al., 2008; Izquierdo and Jentsch, 2012).

Deficits with inhibition during an extinction paradigm
have been reported in clinical ADHD and ASD cases (Murphy
2002; Sagvolden, 2005; Schmitt, 2018), aspects of which are
modelled by BALB/c sub-strains. Our earlier studies suggest
that BALB/cJ and BALB/cByJ mice perform differently in
reversal learning (Jager, 2019), and fear extinction (Sanford
et al., 2003; Schimanski and Nguyen, 2005). More specif-

ically, our previous observations were that the BALB/cJ
mice (in contrast to the BALB/cByJ), show perseveration in
reversal learning associated with punishment (Jager, 2019)
and this is extended to the appetitive extinction in this
study. Furthermore, results from us and others also show
that the BALB/cJ, but not BALB/cByJ mice, demonstrate
reduced social interaction (Brodkin, 2007; Fairless, 2013;
van Heukelum, 2019). In the context of our current findings,
it may suggest that BALB/cJ mice are more sensitive to
their environment and changes within it. Together with
other unpublished data sets in our laboratory (social con-
ditioned place preference and three chamber task) and
other research, this suggest that the BALB/cJ mouse model
demonstrates some features relevant to autism-related
traits (Velez, 2010).

In the current study, data regarding reward latency in the
acquisition and extinction phase was utilised as a metric
both of impulsivity and reward sensitivity. This metric is
differentially interpreted by a number of researchers as
indicating (i) the willingness to access the reward and
therefore in part reflects how motivated the animal is
for the reward, (ii) the sensitivity of the animal for the
reward cue and (iii) an index of activation. A more thorough
dissection of impulsivity, motivation and reward sensitivity
in these strains would be useful. To this end, we have
already tested BALB/cJ and BALB/cByJ mice in the 5-choice
serial reaction time task. No strain-difference in premature
responses (an index of impulsivity) is observed, though
decreased reward latencies in BALB/cJ mice persist across
tasks. Assessment of motivation would therefore be a useful
next step e.g. in the progressive ratio schedule task linked
to reward. Additionally, while the underlying molecular
substrates of the difference in extinction learning between
the BALB/c sub-strains is unknown, it may be useful to
investigate the genetic differences between them. The
breeding of the BALB/c strain into two separate sub-strains
(BALB/cJ and BALB/cByJ), may have introduced errors
by producing new alleles and/or spontaneous mutations.
This may underlie the phenotypic differences of BALB/c
sub-strains that are relevant to ASD and ADHD (Velez,
2010). As such, next generation sequencing of the BALB/cJ
and BALB/cByJ sub-strains (but not those tested in operant
chambers) has now been performed in collaboration with
others, to identify genetic substrates which underlie the
behavioural differences between BALB/c sub-strains.

In conclusion, we demonstrate that both BALB/cJ and
BALB/cByJ mice are able to learn the association between
stimulus and response in the acquisition of the appetitive
extinction task. The strategy used to learn the association
by each of the BALB/c sub-strains may differ, as the BALB/cJ
mice acquire this task more rapidly than BALB/cByJ mice
and seem to be more reward driven. The ability to ex-
tinguish a learnt response was comparable between the
sub-strains, but there are variations in their ability to do
this within the BALB/cJ sub-strain. BALB/cJ animals that
reached the criterion were more reward driven. In contrast,
BALB/cJ mice failing to reach the set criterion during ex-
tinction show more erroneous behaviour compared to those
BALB/cByJ mice that also fail to reach criterion. Addition-
ally, the animals that did not reach the criterion in the
extinction phase, are driving the changes observed during
acquisition. Taken together, we demonstrate that the ability
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to learn, as defined by reaching criterion, influences extinc-
tion performance and cognitive flexibility in BALB/c mice.
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