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Assessment of mGluR5 KO mice under
conditions of low stress using a rodent
touchscreen apparatus reveals impaired
behavioural flexibility driven by
perseverative responses
Jisoo Lim1†, Eosu Kim2†, Hyun Jong Noh1, Shinwon Kang1, Benjamin U. Phillips3, Dong Goo Kim1,
Timothy J. Bussey3,4, Lisa Saksida3,4, Christopher J. Heath5* and Chul Hoon Kim1,6*

Abstract

Genetic and pharmacological manipulations targeting metabotropic glutamate receptor 5 (mGluR5) affect
performance in behavioural paradigms that depend on cognitive flexibility. Many of these studies involved
exposing mice to highly stressful conditions including electric foot shocks or water immersion and forced
swimming. Because mGluR5 is also implicated in resilience and stress responses, however, apparent impairments in
inhibitory learning may have been an artifact of manipulation-induced changes in affective state. To address this,
we present here a characterization of cognitive flexibility in mGluR5 knockout (KO) mice conducted with a rodent
touchscreen cognitive assessment apparatus in which the animals experience significantly less stress.
Our results indicate a significant reversal learning impairment relative to wild-type (WT) controls in the two-choice
Visual Discrimination-Reversal (VDR) paradigm. Upon further analysis, we found that this deficit is primarily driven by
a prolonged period of perseveration in the early phase of reversal. We also observed a similar perseveration
phenotype in the KO mice in the Extinction (EXT) paradigm. In addition, mGluR5 KO mice show higher breakpoints
in the touchscreen Progressive Ratio (PR) and altered decision making in the Effort-related Choice (ERC) tasks.
Interestingly, this impairment in PR is an additional manifestation of an increased propensity to perseverate on the
emission of relatively simplistic behavioural outputs.
Together, these findings suggest that under conditions of low stress, mGluR5 KO mice exhibit a pronounced
perseverative phenotype that blunts cognitive flexibility.

Keywords: mGluR5, Behavioural flexibility, Perseveration, Reversal learning, Extinction, Progressive ratio schedule

Introduction
Behavioural flexibility is a key cognitive ability required
for effectively addressing the demands of a constantly
changing environment. The mGluR5 subtype of metabo-
tropic glutamate receptors is involved in this cognitive

function [1–4]. The studies characterizing this relation-
ship have assessed rodents in which mGluR5 receptor
expression or function has been manipulated with
genetic or pharmacological tools in reversal learning or
extinction paradigms. Notably, their behaviours were
measured in every study under high stress conditions,
for example, using classical (Pavlovian) fear conditioning
or water maze escape paradigms [1–5].
Exposure to aversive stimuli such as foot shock and

forced swim can induce stress responses that affect
learning, planning [6–10] and reward responsiveness
[11, 12], making it difficult for paradigms that use
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aversive stimuli to discriminate between stress suscepti-
bility and cognitive rigidity. This is particularly import-
ant in studies of mGluR5, because mGluR5 is critical in
resilience and the responses of mice to stressful stimuli
[13, 14]. An mGluR5-dependent impact on overall
affective state could, therefore, contribute indirectly to
any observed change in behavioural flexibility. We hence
wanted to assess the effects of mGluR5 manipulation on
cognitive flexibility in a relatively low-stress operant con-
text to provide further insight into the role this receptor
plays in this process.
To do this, we evaluated the cognitive flexibility of

mGluR5 KO and WT littermates using a rodent
touchscreen cognitive assessment apparatus [15, 16].
This platform exclusively uses appetitive reinforcement
to avoid stress-related confounding effects. Animals are
assessed in sound-attenuated, darkened behavioural
chambers to which they are thoroughly habituated. This
system is also automated such that the experimenter
does not handle the animals during testing, thus minim-
izing the stress associated with experimenter-animal in-
teractions. The use of computerized task delivery, data
recording, and analysis also ensures full standardization
between chambers, as well as robust paradigm stability
between sessions and the elimination of experimenter/
scorer bias within and across studies [16–20]. These
attributes contribute to high data reproducibility that
enables direct comparisons of studies both within and
between research groups [19, 21].
Here, we report that under conditions of low stress,

the absence of mGluR5 yields impairments in cognitive
flexibility in both the Visual Discrimination Reversal
(VDR) and Extinction learning (EXT) paradigms.
Further analysis of these data identified a pronounced
perseverative responding phenotype in the mGluR5 KO
mice. This trait also manifested itself as apparent
insensitivity to the lack of reward on a touchscreen
Progressive Ratio (PR) schedule of responding, and dis-
rupted reward-related decision making in the touchsc-
reen Effort-related Choice (ERC) paradigm.

Materials and methods
Animals
All experiments were conducted with male mGluR5 KO
mice [22] on a C57BL/6J background. WT and mGluR5
KO littermates were bred at Yonsei University through
heterozygous-heterozygous mating. Offspring were ge-
notyped by PCR analysis.
The behavioural testing presented here used four gen-

etically modified animal cohorts: cohort 1 (n = 7 for WT
and n = 7 for KO) was tested on VDR at 20–24 weeks of
age at the outset of training; cohort 2 (n = 8 per
genotype) was tested on EXT at 16–21 weeks of age at
the outset of training; cohort 3 (n = 10 per genotype)

was tested on fixed ratio (FR), PR and ERC at 20–28
weeks of age at the outset of training; cohort 4 (n = 10
per genotype) was tested on EXT and subsequently on
PR at 25–36 weeks of age at the outset of training.
For the behavioural pharmacology study using the

mGluR5 antagonist MTEP, male C57BL/6J mice (n = 16)
(Central Lab, Animal Inc., Seoul, Korea) were purchased
at 10 weeks of age and given a 7-day facility
acclimatization period comprising only routine hus-
bandry until the study began.
All mice were handled and weighed daily to establish

free-feeding weights. They were housed in groups of 2–4
per cage in a humidity- and temperature-controlled,
specific pathogen-free environment (lights on at 8:00
am) in the Yonsei University College of Medicine
Animal Care Facility. All animal experiments were ap-
proved (No. 2015–0287 and 2018–0278) by the Animal
Care Committee of Yonsei University College of
Medicine using US National Institutes of Health
Guidelines. Cages were changed by experimenters once
a week with food and water available ad libitum.
For food restriction, the daily provision of chow pellets

was adjusted to yield daily weight reductions of no more
than 5% from the previous day. Weights were measured
daily throughout the study and chow provisions were ad-
justed to maintain the mice at approximately 85% of
free-feeding weight throughout the experiment. Once
stable food restriction was achieved, animals were
trained in the touchscreen chamber once a day for 5–7
days a week, during the light phase of the cycle.

Reward and drugs
Strawberry-flavored milk (SM; SeoulMilk Dairy
Cooperative, Seoul, Korea) was used as the reinforcer in
this study. The nutritional parameters and efficacy of
SM in touchscreen tasks were previously described [21].
3-((2-methyl 1,3-thiazol-4-yl)ethynyl) pyridine hydro-

chloride (MTEP hydrochloride, Tocris Bioscience) was
dissolved in 1% Tween 80 (vol/vol) and 99% sterile
saline. Either MTEP (10 mg per kg, i.p.) or vehicle was
administered as a series of triple injections; 23 h, 15 h
and 1 h prior to the first extinction session. Then, a daily
single injection was administered 1 h before being put in
the touchscreen chambers beginning with session two
until the end of the study.

Apparatus
Testing was conducted in standard Bussey-Saksida mouse
touchscreen chambers (Campden Instruments Ltd.,
Loughborough, UK) that have been described in detail
elsewhere [15, 16, 18, 20, 23]. These consist of an operant
arena housed within a sound- and light-attenuating
chamber. The trapezoid-shaped arena consists of a
stainless-steel floor surrounded by reinforced plastic walls
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with a touchscreen (12.1-in., screen resolution 800 × 600)
mounted at one end and a reward magazine at the other.
Infra-red beams run across the floor of the chamber to
monitor locomotor activity with the front beam approxi-
mately 6 cm from the screen and the rear beam approxi-
mately 3 cm from the magazine. An IR beam in the
magazine monitors head entries, which are used to initiate
trials. The magazine also contains a light-emitting diode
(LED), which is lit to signal that a trial can be initiated by
head entry or that a liquid reward has been delivered.
Reward delivery in this study consisted of an 800ms acti-
vation of the pump built into the behavioural chamber to
yield delivery of 20 μL of SM to the magazine. Upon re-
ward collection, the LED is turned off, and the next trial
can be initiated. Black plastic masks are placed in front of
the touchscreen to provide defined response locations and
to minimize non-specific interactions with the screen by
the animals. In this study, a 2 × 1 mask (Campden Instru-
ments, Ltd) was used for VDR. This mask contains a row
of 2 square (7 × 7.5 cm) response windows, spaced 0.5 cm
apart. A 3 × 1 mask (Campden Instruments, Ltd) was used
in the EXT. This consists of a row of 3 square (7 × 7 cm)
response windows, spaced 0.5 cm apart. For the FR, PR,
and ERC tasks, a 5 × 1 mask (Campden Instruments, Ltd)
consisting of a row of 5 square (4 × 4 cm) response
windows, spaced 1 cm apart across the mask situated at
1.5 cm above the floor was used. In these two paradigms,
the visual stimuli appeared only in the central response
location.

Touchscreen behaviour training
The animals were first habituated to the behavioural
chambers in 2 consecutive 20-min sessions during which
IR beam breaks at the touchscreen were recorded to
track locomotor activity but no stimuli were presented
and no programmed behavioural consequences were
delivered. To aid habituation, 200 μL of SM was deliv-
ered to the magazine at the beginning of each session.
Criterion for completing these sessions required mice to
consume the available SM in both sessions.
The initial behavioural training session comprised a

60-min session to associate touchscreen visual stimulus
offset with reward delivery. For the FR, PR, ERC and
EXT tasks, a white square (4 × 4 cm) was presented in
the central response window for 30 s. For the VDR task,
1 of 20 randomly shaped, black and white stimuli
(approximately 5 × 5 cm) was displayed in one of the two
response windows, with the location selected pseudoran-
domly such that no image would be displayed in the
same window more than 3 times in a row. Upon stimu-
lus offset, 20 μL of SM was delivered with a tone (1000
ms, 3 kHz) and magazine illumination. After reward
collection, the magazine light was turned off and a 5-s
inter-trial interval (ITI) (or 20-s ITI for reversal) was

imposed before the next trial could commence. If the
stimulus was touched while illuminated, it was immedi-
ately turned off and triple reward delivery (60 μL) was
provided. Criterion for this stage required animals to
collect 30 rewards in a session.
In the next stage of training, the presented stimulus

remained on the screen until touched. This too was
rewarded with 20 μL SM, accompanied by a tone and
magazine illumination. Training in this stage continued
until animals completed 30 trials within 60min.
For animals training for VDR, an additional stage of

training is necessary. This requires animals to touch a
visual stimulus to receive a 20 μL SM reward, but
responses in the window without the visual stimulus
trigger a time-out in which the chamber house light is
illuminated. After this time-out and an ensuing ITI, the
magazine light is illuminated to signal that a head entry
will initiate a new trial. Criterion for this stage required
mice to achieve more than 77% correct responses within
30min for 2 consecutive days.

VDR task
Acquisition
Mice were presented with two brightness-matched stim-
uli, one of which was correct (S+) and the other incor-
rect (S−). A nose poke to S+ resulted in a tone,
magazine illumination and a 20 μL reward delivery. A
nose poke to S− resulted in house light illumination and
a time-out. Each session consisted of 30 trials with
pseudorandom selection of stimulus location presenta-
tion and a 20-s ITI. Animals were required to achieve
80% or more correct choices for 2 consecutive days to
achieve the performance criterion.

Reversal
After discrimination acquisition, all mice performed 3
further sessions to reinforce the reward contingencies
and ensure stable baseline performance. On the follow-
ing day, the S+ and S− contingencies were reversed. The
reversal phase continued until mice reached more than
80% correct responses for 2 consecutive sessions. The
early phase of reversal learning was analyzed through a
summation of all the errors in each session (30 - correct
trials) before each individual mouse reached 50%
accuracy [7, 10, 24, 25].

EXT task
Acquisition
In this phase, a single stimulus was presented in the cen-
ter response window of the 3-hole mask. A nose poke to
the stimulus was rewarded with SM delivery accompan-
ied by magazine illumination without tone delivery.
Responses in the blank response windows had no
programmed consequences. Each session consisted of 30
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trials (with 5-s ITIs). Training continued until the ani-
mals completed 30 trials in 12.5 min for 5 consecutive
days. The training criterion was adjusted to the comple-
tion of 30 trials in 6min for 5 consecutive days with
tone delivery for stronger acquisition learning so that
multi-session analyses could be performed in the follow-
ing EXT task.

Extinction
During the extinction phase, the stimulus was again
displayed in the middle window. The stimulus disap-
peared when the animal touched the window (response)
or after 10 s (omission) with no reinforcement provided.
Each session terminated after 30 trials had been per-
formed (~ 10 min). The number of stimulus responses
made in the first 3 min of the session on day 1 was eval-
uated for single session analysis. For multi-session ana-
lyses, the extinction phase was continued until animals
attain a criterion of 77% omissions (less than 23%
responses) for 2 consecutive days.

FR/PR task
The general FR task procedure in the touchscreen was
previously described [15, 23]. Following initial training,
animals progressed to FR training. Mice were trained to
respond to a white square stimulus presented in the cen-
tral response window. All animals were trained in FR1,
in which a single touchscreen response was required to
earn a single SM reward, followed by FR2 (two re-
sponses per reward) and FR3 (three responses per re-
ward). Touching the stimulus during the FR2 or FR3
schedules resulted in a brief (500 ms) removal of the
screen stimulus and the delivery of a ‘chirp’ tone (10 ms,
3 kHz). Each FR training session was limited to either
the completion of 30 trials for FR1, 15 trials for FR2, 10
trials for FR3 or a 60-min time. Criterion was defined as
completion of 30 touch responses in a single session.
Once criterion was reached, the mice progressed to

the more demanding FR5 schedule, in which a single re-
ward requires 5 correct touchscreen responses and 150
touch responses are required to reach criterion. Three
consecutive sessions of FR5 were performed to ensure
animals developed high selectivity for the target location,
avoiding excessive responses in the other four ‘blank’
locations, and to ensure sustained response levels.
Following FR5 training, the animals progressed to two
sessions of unrestricted FR5 (FR5-UC) with no max-
imum trial limit across each 60min session.
Following FR assessment, the mice were transferred to

the PR schedule. The task parameters under the PR
schedule were identical to those used in the FR sessions,
except that upon completion of each trial, the reward re-
sponse requirement was increased on a linear + 4 basis
(i.e., 1, 5, 9, 13, etc.). If no response to the screen or no

magazine entry was detected within 5 min, the sessions
were automatically terminated. Task performance was
evaluated by monitoring the breakpoint, which was
defined as the number of target responses emitted by an
animal in the last successfully completed trial of a
session. Other evaluated performance parameters in-
cluded blank touches (responses at the 4 non-target
screen locations), reward collection latency (time
between completion of the final target touch of a trial
and entry to the reward magazine for reward collection),
and the rate of front and rear IR beam breaks.

ERC task
Animals were trained on FR8, 16 and 32 for 5 consecu-
tive sessions of each work requirement using the FR task
parameters detailed previously, with the exception that
three pellets of standard laboratory chow were weighed
and scattered randomly across the floor of each chamber
prior to the start of each session. Upon session comple-
tion, mice were immediately removed from the cham-
bers and any remaining pellets and pellet fragments on
the floor of the arena or in the waste collection tray were
collected and weighed to calculate chow consumption.
Task performance of each operant work requirement
was evaluated in terms of the volume of milk consumed
which is linearly related to the number of trials
completed.

Chow and SM consumption assessment
Feeding behaviour in the presence of large quantities of
chow or SM was measured to assess the levels of chow
and SM consumption under effort-free conditions.
Standard laboratory chow or SM were independently
provided to individually caged mice and consumption
was monitored for 12 h across 2 days. This procedure
was conducted during the light phase of the 12 h
light-dark cycle in a quiet behaviour testing room.

Chow versus SM preference assessment
Free access home cage preference tests were performed
to determine whether mice assign different relative
values to the two reward options provided in the ERC
paradigm (chow vs. SM) in the absence of the
effort-related requirements. This procedure was
conducted in clean standard housing cages in a quiet be-
haviour testing room. Each cage was prepared with a
bowl attached to the center of the floor. Four weighed
standard laboratory chow pellets were randomly placed
on the floor of the cage and the bowl was filled with
SM. Mice were then allowed 60min to freely consume
either substance. After the session ended, the mice were
returned to their home cages and the remaining chow
and SM were weighed to measure consumption. This
procedure was repeated for 5 days.
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Statistical analysis
Behavioural data analysis was conducted with GraphPad
Prism version 7 (GraphPad Software, Inc., La Jolla, CA,
USA). Differences between means were assessed with a t
test or analysis of variance (ANOVA) as appropriate.
Two-way ANOVA or two-way repeated measures (RM)
ANOVA was conducted to assess the main effects of
genotype and other conditions (operant requirement or
session) and the genotype by condition interactions.
Whenever the ANOVA showed significant effects, the
Bonferroni post hoc test was used. The within-session
response rate analysis in FR5-UC and PR4 was
conducted as previously described [21, 26, 27]. The total
response time for each trial was converted to a response
rate (responses per minute) and fitted with the equations
y = b*(x)^2 + a for FR and y = a^(−b*x) for PR using
non-linear least squares regression. Using these fits, we
obtained predicted values for the peak response rate (a)
and decay rate (b) for each individual animal. All data
were presented as means ± standard error of the mean
(SEM). The significance level was set at p < 0.05.

Results
mGluR5 KO mice exhibit impaired reversal in the
touchscreen two-choice VDR task
To evaluate the importance of mGluR5 in cognitive flexi-
bility under low-stress conditions, we assessed a cohort of
mGluR5 KO mice and WT littermates in the touchscreen
two-choice VDR task using the ‘fan’ and ‘marbles’ stimuli
(Fig. 1a) [16] . For the acquisition phase of the VDR task,
we found no difference between genotypes in the number
of sessions required to reach criterion (Fig. 1b), suggesting
both genotypes show comparable performance in simple
perceptual discrimination and stimulus-reward association
learning. We also found no between-genotype differences
in either response latency (Fig. 1c) or reward collection
latency (Fig. 1d) during the acquisition phase.
When the stimulus reward contingencies were re-

versed, however, it became clear that mGluR5 KO mice
are impaired relative to WT (Two-way RM ANOVA,
main effect of genotype; F(1,12) = 14.9, p = 0.002, main ef-
fect of session; F(29,348) = 56.4, p < 0.001, genotype x ses-
sion interaction; F(29,348) = 1.32, p = 0.128) (Fig. 1e) in
the absence of any change in response latency (Fig. 1f) or
reward collection latency (Fig. 1g).
Perseveration is a term generally used to indicate abnor-

mal repetitive behaviors and is observed in various neuro-
psychiatric illnesses [28]. As a general term, it covers
several phenomena, including stuck-in-set perseveration,
recurrent perseveration, and continuous perseveration
[29]. Further analysis of the early phase (Accuracy < 50%)
of reversal learning revealed that mGluR5 KO mice are
significantly impaired relative to WT in the early phase

where perseveration is relatively high and learning is low
(Fig. 1h) [7, 10, 24, 25, 30]. This indicates that increased
perseveration significantly contributes to the impaired re-
versal behaviour of mGluR5 KO mice. These data, there-
fore, indicate normal mGluR5 function is crucial for
behavioural flexibility under conditions of low stress.

mGluR5 KO mice show impaired performance in the
touchscreen EXT task
The reversal phase of the touchscreen VDR task requires
animals to exhibit behavioural flexibility by inhibiting a
response driven by a previously learned stimulus-reward
association while simultaneously learning a new associ-
ation. To determine if the perseverative phenotype we
observed in the VDR task was a more general behav-
ioural consequence of the absence of mGluR5, we also
assessed these mice in another standardized test for be-
havioural flexibility - the touchscreen EXT task. In this
task, stimulus is no longer associated with reward and
analyzing the rate of continuous responses provides a
measure of the animal’s tendency to perseverate. Like the
VDR, the EXT requires animals to inhibit a previously
learned response behaviour, but this occurs without any
need to simultaneously learn a new stimulus-reward asso-
ciation [16, 31].
In the acquisition phase of the EXT task, we did not

detect any significant difference between WT and KO
mice (Fig. 2a). In a single session analysis of extinction
phase in the EXT task, however, we found mGluR5 KO
mice emit a significantly higher number of stimulus
responses than WT mice. This is consistent with im-
paired performance (Fig. 2b, two-way RM ANOVA,
main effect of genotype; F(1,14) = 10.7, p = 0.006, main
effect of time; F(7,98) = 129, p < 0.001, genotype x time
interaction; F(7,98) = 8.82, p < 0.001 and Fig. 2c,
unpaired t test; *p = 0.012) (Fig. 2b,c). Due to the rapid
extinction observed with the current EXT protocol, we
adopted a more stringent acquisition learning criterion
to strengthen stimulus-reward association so that we
could perform multi-session analyses of extinction. As
we observed in the single session analyses, we observed
slower extinction of stimulus-reward memories in
mGluR5 KO mice than WT mice in the multi-session
analyses (Additional file 1: Figure S1).

Pharmacological antagonism of mGluR5 in C57BL/6J mice
mirrors KO EXT behaviour
To determine if the phenotypes we observed in the
mGluR5 KO mice are developmental effects resulting
from the constitutive absence of mGluR5 expression, we
treated a group of C57BL/6J mice with the mGluR5
antagonist MTEP and assessed their behaviour with the
touchscreen EXT task. Like the mGluR5 KO mice,
MTEP-treated animals emit significantly more stimulus
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responses in the extinction phase of EXT relative to
vehicle-treated controls (Fig. 2d, two-way RM ANOVA,
main effect of treatment; F(1,14) = 5.64, p = 0.032, main
effect of time; F(7,98) = 73.8, p < 0.001, treatment x time
interaction; F(7,98) = 4.97, p < 0.001 and Fig. 2e, un-
paired t test; *p = 0.027) (Fig. 2 d, e). This suggests the
behavioural effects we observed in the mGluR5 KO ani-
mals are not due to any neurodevelopmental alterations
resulting from their genetic manipulation.

mGluR5 KO performance on touchscreen FR and PR
schedules is consistent with elevated perseveration
PR schedules that require increasing numbers of re-
sponses for a reinforcer over successive sessions are com-
monly used to assess behavioural motivation [15, 23, 32].
They are sensitive, however, to “non-motivational” influ-
ences such as perseverative behaviour [33, 34, 35]. Given
the perseverative responses observed in the mGluR5 KO
mice in both the VDR and EXT tasks, we used the
touchscreen FR and PR tasks to determine if these animals

exhibit perseverative behaviour in a context in which re-
sponse inhibition is not explicitly required for successful
performance.
Following training through FR1, 2, 3, and performance

stabilization in the more challenging FR5 schedule with
30 trials per 60-min session, we evaluated the mice in an
‘uncapped’ FR5 session (FR5-UC) lacking the 30-trial
performance limit. We chose this FR5-UC schedule to
permit operant responding to be expressed under condi-
tions of a moderate and consistent work requirement.
This should have feasibly allowed mice to work to the
point of satiation. Under the FR5-UC schedule, we did
not observe any differences in performance between
genotypes (Fig. 3 a-f ), suggesting that mGluR5 KO mice
do not show different levels of satiety compared to
wild-type mice.
Following the FR5-UC schedule, we evaluated the mice

on a PR4 schedule in which the number of responses
required to earn a single reward was linearly increased
by four in each subsequent trial. This results in mice

Fig. 1 mGluR5 KO mice are impaired in the reversal phase of the touchscreen VDR task. a Images of the ‘marble’ and ‘fan’ stimuli used in the
VDR task. b Mean number of sessions required to reach the VDR acquisition criterion (> 80% correct responses for 2 consecutive days). c-d Mean
response latency and mean reward collection latency across VDR acquisition sessions. e Percentage of correct during 3 baseline training sessions
(b1-b3) and following contingency reversal sessions (Two-way RM ANOVA, main effect of genotype; **p = 0.002). f-g Response latency and reward
collection latency through the reversal sessions. h Accumulated errors to reach 50% correct (early phase) in reversal learning (Unpaired t test;
*p = 0.037). WT group n = 7 and mGluR5 KO group n = 7. All data are presented as means ± s.e.m
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being required to both emit more responses to earn the
same reinforcer but also to continue to emit responses
for increasingly longer periods before receiving
reinforcement. We found the mGluR5 KO group achieve
a significantly higher breakpoint and total number of
correct touches than the WT control group in the PR4
schedule (Fig. 3g, h) with no significant difference in
blank touches, reward collection latency, or front and
rear beam break rate (Fig. 3i, j, k, l). We compared body
weights between genotypes as a potential confounding
effect on FR and PR performance, but we found no
significant between-group differences in % restricted
body weight (Fig. 3m).
We also evaluated mice subjected to the touchscreen

EXT task on a PR4 schedule to examine whether a sin-
gle cohort of animals could be assessed on multiple
tasks sequentially. We found a similar pattern of results
to animals only trained previously on ratio schedules
(Fig. 3g) in that mGluR5 KO mice exhibited elevated
breakpoints in the PR4 schedule relative to WT ani-
mals after completing the EXT task (Additional file 2:
Figure S2). This finding supports the validity of
assessing rodents in the touchscreen apparatus using
‘batteries’ of multiple tasks that target distinct cogni-
tive domains. In this case, prior completion of the

touchscreen EXT task had no impact on performance
of touchscreen ratio schedules. This demonstrates the
viability of sequential assessment of cognitive flexibil-
ity, motivation and perseverative behavior.
We also found via a within-session response rate

analysis [21, 26, 27] for the first session of FR5-UC
(Fig. 4a, b, c) and PR4 (Fig. 4d, e, f ) that in both
schedules, while there is no effect of genotype on pre-
dicted maximum or peak response rate (Fig. 4 b, e), the re-
sponse decay rate for mGluR5 KO mice is significantly
lower than that of the WT control group in PR4 (Fig. 4f),
but not in FR5-UC (Fig. 4c). This emphasizes that the
initial motivation to obtain reward is consistent between
groups but that, in spite of time-dependent changes in the
conditions that would arguably weaken the stimulus-re-
ward association in the PR schedule (e.g. increasing time
since last reward, increasing effort expenditure required
per reward), mGluR5 KO mice persist in responding
considerably more than WT littermates. Although mice
typically show a much faster response rate decay in PR4
compared to FR, the mGluR5 KO mice appear to be less
sensitive to the instrumental extinction process because
they show more perseverative behaviour. This persevera-
tive behaviour is independent of satiety and initial motiv-
ation for reward.

Fig. 2 mGluR5 genetic ablation and pharmacological antagonism impair extinction performance in mice. a Mean number of sessions required to
reach criterion (completion of 30 trials within 12.5 min for 5 consecutive days). WT group n = 8 and mGluR5 KO group n = 8. b Single-session
analysis (1st session) of the first 3 min of extinction task (Two-way RM ANOVA, main effect of genotype; **p = 0.006). c Number of correct
responses before making 3 consecutive omissions (Unpaired t test; *p = 0.012). d Single-session analysis (1st session) of the first 3 min of
extinction task (Two-way RM ANOVA, main effect of genotype; *p = 0.032). MTEP-treated group n = 8 and vehicle-treated group n = 8.
e Number of correct responses before making 3 consecutive omissions (Unpaired t test; *p = 0.027). All data are presented as means ± s.e.m.
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mGluR5 KO mice exhibit altered effort-related decision
making in the ERC task
We first evaluated reward preferences in mGluR5 KO
and WT littermates in a single-cage food (chow or SM)
consumption test and a chow vs. SM preference test to
ensure that both groups had similar satiety levels and
assign similar relative values to two reinforcers [15]. We

found no difference between genotypes in the amounts
of freely available SM and chow consumed (Fig. 5a) or
in the preference for SM over chow (Two-way ANOVA,
main effect of genotype; F(1,20) = 0.191, p = 0.667, main
effect of condition; F(1,20) = 72.6, p < 0.001, genotype x
condition interaction; F(1,20) = 0.0548, p = 0.817) (Fig. 5b).
These results suggest comparable satiation thresholds and

Fig. 3 mGluR5 KO mice exhibit elevated breakpoints relative to WT littermates in touchscreen PR4 schedule. a Number of trials completed in
FR5-UC. b Target touches in FR5-UC (Total number of responses at the target screen location). c Blank touches in FR5-UC (Total number of
responses at the 4 non-target screen locations). d Reward collection latency during FR5-UC (Time between completion of the final target touch
of a trial and entry to the reward magazine for reward collection). e-f Rate of IR beam breaks in the front and rear zones of the touchscreen
apparatus during FR5-UC. g Breakpoint in PR4 (Number of target responses emitted by an animal in the last successfully completed trial, before
session termination or 60 min time-out). h Target touches in PR4. i Blank touches in PR4. j Reward collection latency during PR4. k-l Rate of IR
beam breaks in the front and rear zones of the touchscreen apparatus during PR4. m Percentage of maintained restricted body weight relative to
the baseline free-feeding weight. WT group n = 10 and mGluR5 KO group n = 10, unpaired t test; ***p < 0.001. All data are presented as
means ± s.e.m.
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hedonic valuation. This is also consistent with our previ-
ous finding of no change in the hedonic responses of
mGluR5 KO mice towards sucrose in a non-stress condi-
tion [13].
In the ERC assessment, which is used to measure animal

reward-decision making, standard laboratory chow pellets
were scattered randomly across the floor of each chamber.
We compared the amount of SM consumed through
touchscreen responding to the amount of freely available
chow consumed using a range of touchscreen work re-
quirements (ERC8, 16, 32; eight, sixteen and thirty-two
touchscreen responses per SM delivery). As expected, in-
creasing the work requirement resulted in a progressive
decrease in touchscreen responding for SM in both geno-
types (Two-way RM ANOVA, main effect of genotype;
F(1,18) = 8.49, p = 0.009, main effect of operant work re-
quirement; F(2,36) = 153, p < 0.001, genotype x operant
work requirement interaction; F(2,36) = 7.61, p = 0.002)
(Fig. 5c). Correspondingly, both genotypes progressively
increased the consumption of standard chow as the work
requirement increased (Two-way RM ANOVA, main ef-
fect of genotype; F(1,18) = 0.042, p = 0.839, main effect of
operant work requirement; F(2,36) = 34.9, p < 0.001, geno-
type x operant work requirement interaction; F(2,36) =
0.486, p = 0.619) (Fig. 5d).
Critically, at both ERC16 and ERC32, we found

mGluR5 KO mice consume significantly more SM (and
so emit significantly more touchscreen responses) than
WT (Fig. 5c). It would therefore be reasonable to expect
that mGluR5 KO mice would consume less freely

available chow relative to WT animals. However, under
ERC 16 and ERC 32 conditions, we found mGluR5 KO
mice consume similar amounts of chow compared to
WT mice (Fig. 5d). Together, these data suggest that
mGluR5 KO mice tend toward making perseverative
operant responses, even in the presence of an opportun-
ity to make an effort-based decision.

Discussion
mGluR5 is ubiquitously expressed across several key
brain areas, such as the hippocampus, nucleus accum-
bens, dorsal striatum, and cerebral cortex [36, 37]. It also
plays a critical role in various forms of synaptic plasticity
[1, 22, 38–40]. These characteristics have suggested
mGluR5 as an important therapeutic target for the treat-
ment of various neuropsychiatric and neurodegenerative
disorders [41–43], with the potential for alleviating prob-
lems associated with disruptions across a number of im-
portant cognitive domains.
One such cognitive domain is behavioural flexibility,

which is critical to the success of an organism ex-
posed to a changing environment and its associated
alterations in stimulus-reward associations. Response
inhibition is a key process required for effective
behavioural flexibility, and a variety of studies have
reported impairments in response inhibition in mice
deficient in mGluR5 either because of a genetic dele-
tion or because of pharmacological antagonism [1–5].
However, most of the studies that have implicated

mGluR5 in behavioural flexibility have assessed genetically

Fig. 4 Within-session response rate analysis in FR5-UC and PR4. a Changes in response rate in the first session of FR5-UC. b Peak response rate in
FR5-UC. c Decay rate in FR5-UC. d Changes in response rate in the first session of PR4. e Peak response rate in PR4. f Decay rate in PR4. WT group
n = 10 and mGluR5 KO group n = 10, unpaired t test; ***p < 0.001. All data are presented as means ± s.e.m.
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or pharmacologically manipulated animals under high
stress conditions, for example using classical (Pavlovian)
fear conditioning or shock avoidance paradigms and
forced swim paradigms [1–5]. As stress-exposure typically
affects cognition adversely (although sometimes facilitates
cognitive functions) [6–10], it is challenging to separate
the effect of a manipulation on behavioural flexibility from
its effects on global affective state under high stress condi-
tions. Indeed, this is of particular significance because of
mGluR5’s critical role in resilience and in the responses of
animals to stressful stimuli [13, 14]. To overcome this
limitation, here we leveraged the benefits of the rodent
touchscreen cognitive assessment apparatus [16, 18, 20] to
evaluate behavioural flexibility in the mGluR5 KO mouse
model under low stress conditions using a battery of appe-
titive reinforced behavioural tasks.
In the two-choice VDR task, we did not detect any

differences in perceptual discrimination ability, or in the
acquisition of the required stimulus-response associa-
tions. This is in contrast to previous studies that have

suggested mGluR5 KO mice exhibit impaired acquisition
in both fear conditioning and the Morris water maze [1,
44]. This discrepancy may stem from differences in the
behavioural tasks themselves, such as the greater spatial
demands inherent in the Morris water maze, but it also
may be affected by the considerably higher levels of
stress associated with these procedures.
In contrast, we did find a substantial impairment in

mGluR5 KO mice when performing the reversal phase
of the VDR task. This is consistent with their impaired
reversal of spatial learning, as observed in the Morris
water maze [1]. Interestingly, further analysis of the VDR
data revealed that this reversal impairment was driven at
least in part by a significant increase in the perseverative
(early) epoch [7, 10, 24, 25] of the process in the KO
animals.
To determine if this perseverative phenotype is gener-

alized beyond tasks in which both response inhibition
and stimulus-reward learning are required [16, 31], we
assessed mGluR5 KO and WT littermates in the

Fig. 5 Profiles of food intake and effort-related choice behaviour of mGluR5 KO mice and WT littermates. a Consumption of freely available
standard laboratory chow and strawberry milk (given in isolation) were measured for 12 h. WT group n = 10 and mGluR5 KO group n = 10.
b Comparison of freely available SM and chow consumption measured for an hour a day for 5 consecutive days under maintained food
restriction conditions. WT group n = 6 and mGluR5 KO group n = 6 (Two-way ANOVA, main effect of chow or SM consumption; ***p < 0.001).
(c-d) WT group n = 10 and mGluR5 KO group n = 10 were analyzed for ERC performance. c SM consumption across increasing operant work
requirements in the ERC task (Two-way RM ANOVA followed by Bonferroni post hoc test, †p = 0.044, †††p < 0.001 between genotypes,
***p < 0.001 compared to the ERC8 condition). d Chow consumption across increasing operant work requirements in the ERC task (Two-way RM
ANOVA followed by Bonferroni post hoc test, **p = 0.002, ***p < 0.001 compared to the ERC8 condition). All data are presented as means ± s.e.m
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touchscreen EXT task. This also revealed an impairment
in the mGluR5 KO animals, with this group emitting
significantly more responses to the touchscreen stimu-
lus, despite a lack of reward for this behaviour. This is
also consistent with the extinction deficit previously
observed in mGluR5 KO mice in both contextual and
cued fear conditioning [1]. We now extend this finding
to non-aversive paradigms. Replication of this phenotype
in WT mice treated with the mGluR5 antagonist MTEP
and assessed in EXT indicates this behavioural effect of
mGluR5 KO cannot be attributed to any neurodevelop-
mental alteration induced by the genetic manipulation.
The ratio schedule we used here was designed to study

motivation [23, 32, 45]. The canonical interpretation of
elevated breakpoints is increased motivation. Thus, the
higher breakpoints achieved by mGluR5 KO mice indi-
cate that their deficits in reversal learning and EXT are
unlikely due to a lack of motivation. Moreover, several
studies have shown that PR breakpoints are sensitive to
perseveration [33–35]. The careful analysis we per-
formed in this study revealed that the high PR break-
points we observed for the mGluR5 KO mice were due
to perseveration.
Interestingly, the elevated performance we observed in

these ratio schedule tasks conflicts with studies of
food-maintained PR performance in rats acutely admin-
istered with the mGluR5 antagonists MPEP and MTEP.
These compounds cause either a suppression in
performance or no effect [46–48]. These differences may
be attributable to species differences, differences in the
details of the behavioural assessment paradigm, or differ-
ences in the mGluR5 manipulation approach producing
off-target/side-effects.
In the final element of the touchscreen-based behav-

ioural characterization presented here, we evaluated the
performance of the mGluR5 KO animals in the touchsc-
reen ERC paradigm. This assessment is similar to the FR
and PR schedules, but it provides animals with the
choice of emitting responses to obtain a preferred re-
ward or consuming a less preferred but freely available
alternative. This analysis revealed that while mGluR5
KO mice exhibit a similar pattern of choice behaviour to
WT by numerically increasing consumption of the less
preferred reward as the work requirement associated
with the more preferred reward rises, at the higher work
requirements (ERC16 and ERC32), the mGluR5 KO
mice also emit significantly more touchscreen responses
than WT littermates. Interestingly, we did not observe
any difference in touchscreen responses at the relatively
less challenging ERC8 work requirement. This is remin-
iscent of the similar levels of initial response rate to ob-
tain reward between WT and mGluR5 KO animals that
we revealed in the within-session response rate analysis
for PR4 (Fig. 4d, e, f ). These data again support the

hypothesis that mGluR5 KO promotes perseverative re-
sponses rather than increasing motivation, particularly
under conditions of high effort expenditure (operation-
ally defined by the number of responses required per re-
ward) or extended delay between reinforcer deliveries.
It is notable that the degree of perseveration exhibited

by the mGluR5 KO may be insufficient to completely
disrupt the cost-benefit decision making required in the
ERC task. In the canonical ERC procedure, when lever
presses are reduced, the animals show a compensatory
relocation of behaviour toward the low effort/low reward
option. While milkshake consumption by the mGluR5
KO mice is higher relative to WT at ERC16 and ERC32,
chow consumption relative to WT did not change at any
work requirement. Coupled with the matched SM vs.
chow preference of the genotypes, this suggests that the
KO animals consumed more milkshake because they
show increased perseveration rather than because they
actively allocated more response resources to consume
milkshake over standard laboratory chow.
While this paper was in preparation, another group in-

dependently reported similar phenotypes of the mGluR5
KO mice in touchscreen-based VDR and EXT cognitive
tests [49]. The fact that two independent groups are
reporting similar data support the reliability of the ob-
served cognitive phenotypes of mGluR5 KO mice and
the high reproducibility of automated touchscreen-based
cognitive test methods. The only discrepancy between
the two studies is that we did not find evidence that
mGluR5 KO impairs the acquisition of stimulus-reward
association in the visual discrimination task in our study.
Both groups used mice with the same genetic back-
ground. While Zeleznikow-Johnston et al. [49] used cor-
rection trials in their visual discrimination test, we did
not in this study. It is possible that the correction trials
are more efficient feedback to wild-type mice compared
with mGluR5 KO mice to counteract the development
of side or stimulus biases. This would enhance acquisi-
tion learning in wild-type mice. This can be tested in the
future with more precise experiments comparing acqui-
sition learning in the absence or presence of correction
trials.
Here we have assessed the role of mGluR5 in behav-

ioural flexibility in a low stress, appetitively reinforced
context using tasks delivered via the rodent touchscreen
assessment system. We found that mGluR5 KO mice
have deficits in behavioural flexibility that are manifested
as an impaired capacity to reverse in a two-choice VDR
assay and an impaired capacity to extinguish a previ-
ously acquired operant response. The impaired behav-
ioral flexibility of mGluR5 KO mice is driven by
perseverative behavior. Because perseveration occurs in
several disease states (i.e., epilepsy, dementia, schizo-
phrenia, and stroke), patients suffering from these
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diseases may benefit from pharmacological modulation
of mGluR5 activity. This is all the more promising
because a positive allosteric modulator of mGluR5 was
found to reduce perseverative behavior in a schizophre-
nia mouse model [50]. Several brain regions including
the orbitofrontal cortex, infralimbic cortex and amygdala
are thought to be responsible for behavioural flexibility
in humans and rodents [51–54]. Here, the deficits in
mGluR5 KO flexibility can be attributed to high levels of
perseverative responding, which have often been associ-
ated with orbitofrontal dysfunction [53, 55–58]. Further
studies will help clarify how mGluR5 regulates persever-
ative responding, which regions of the brain are in-
volved, and how behavioural flexibility can be
normalized in mGluR5-deficient brains.

Additional files

Additional file 1: Figure S1. mGluR5 KO mice emitted more stimulus
responses than WT littermates in the EXT task over multiple sessions.
Multi-session analysis of the percentage of responses during extinction
task. WT group n = 8 and mGluR5 KO group n = 9, Two-way RM ANOVA,
main effect of genotype F(1,15) = 10.5; p = 0.005, main effect of session;
F(9,135) = 23.3, p < 0.001, genotype x session interaction; F(9,135) = 3.1,
p = 0.002, followed by Bonferroni post hoc test, **p = 0.001 between
genotypes for session 1,2 and **p = 0.002 between genotypes for
session 3. All data are presented as means ± s.e.m. (DOCX 846 kb)

Additional file 2: Figure S2. mGluR5 KO mice perform better than WT
littermates in the PR4 schedule task evaluated after undergoing the
touchscreen EXT task. a Breakpoint in PR4. b Target touches in PR4.
c Blank touches in PR4. WT group n = 10 and mGluR5 KO group n = 10,
unpaired t test; ***p < 0.001. All data are presented as means ± s.e.m.
(DOCX 2097 kb)

Abbreviations
ANOVA: Analysis of variance; ERC: Effort-related choice; EXT: Extinction;
FR: Fixed ratio; FR-UC: Uncapped fixed ratio; IR: Infra-red; ITI: Inter-trial
interval; KO: Knockout; LED: Light-emitting diode; mGluR5: metabotropic
glutamate receptor 5; MPEP: 2-Methyl-6-(phenylethynyl)pyridine; MTEP: 3-((2-
methyl 1,3-thiazol-4-yl)ethynyl) pyridine; PR: Progressive ratio; RM: Repeated
measures; SEM: Standard error of the mean; SM: Strawberry-flavored milk;
VDR: Visual discrimination-reversal; WT: Wild-type

Acknowledgements
Not applicable.

Funding
This study was supported by a grant from the Korea-UK Collaborative
Alzheimer’s Disease Research Project from the Korean Health Technology
R&D Project (HI14C2173), Ministry of Health and Welfare, Republic of Korea.
CJH, TJB and LMS are supported by a Project Grant from the National Centre
for the Replacement, Refinement, & Reduction of Animals in Research
(NC/N001451/1).

Availability of data and materials
All data and materials are available upon requests.

Authors’ contributions
CHK, CJH, EK conceptualized the research. CHK, CJH, EK, TJB, LMS, DGK
designed, and JL, HJN, SK conducted the experiments. CHK, CJH, EK, JL
analyzed, CHK, CJH, EK, TJB, LMS, BUP, DGK interpreted the data. CHK, CJH,
EK, TJB, LMS, BUP wrote the manuscript. All authors read and approved the
final manuscript.

Ethics approval
All animal experiments were performed in compliance with guidelines approved
by the Institutional Animal Care and Use Committee (IACUC) of Yonsei University
Health System (reference number: 2015–0287 and 2018–0278).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Department of Pharmacology, BK21 PLUS Project for Medical Science, Brain
Research Institute, Yonsei University College of Medicine, 50-1 Yonsei-ro,
Seoul 03722, Republic of Korea. 2Department of Psychiatry, Institute of
Behavioural Science in Medicine, BK21 PLUS Project for Medical Science,
Yonsei University College of Medicine, 50-1 Yonsei-ro, Seoul 03722, Republic
of Korea. 3Department of Psychology and MRC/Wellcome Trust Behavioural
and Clinical Neuroscience Institute, University of Cambridge, Downing Street,
Cambridge CB2 3EB, UK. 4Molecular Medicine Research Laboratories, Robarts
Research Institute & Department of Physiology and Pharmacology, Schulich
School of Medicine & Dentistry, The Brain and Mind Institute, Western
University, London, ON, Canada. 5School of Life, Health and Chemical
Sciences, The Open University, Walton Hall, Milton Keynes MK7 6AA, UK.
6Severance Biomedical Science Institute, Yonsei University College of
Medicine, Seoul 03722, South Korea.

Received: 25 December 2018 Accepted: 5 March 2019

References
1. Xu J, Zhu Y, Contractor A, Heinemann SF. mGluR5 has a critical role in

inhibitory learning. J Neurosci. 2009;29(12):3676–84.
2. Xu J, Zhu Y, Kraniotis S, He Q, Marshall JJ, Nomura T, et al. Potentiating

mGluR5 function with a positive allosteric modulator enhances adaptive
learning. Learn Mem. 2013;20(8):438–45.

3. Sethna F, Wang H. Pharmacological enhancement of mGluR5 facilitates
contextual fear memory extinction. Learn Mem. 2014;21(12):647–50.

4. Sethna F, Wang H. Acute inhibition of mGluR5 disrupts behavioral flexibility.
Neurobiol Learn Mem. 2016;130:1–6.

5. Fontanez-Nuin DE, Santini E, Quirk GJ, Porter JT. Memory for fear extinction
requires mGluR5-mediated activation of infralimbic neurons. Cereb Cortex.
2011;21(3):727–35.

6. Sun MK, Alkon DL. Stress: perspectives on its impact on cognition and
pharmacological treatment. Behav Pharmacol. 2014;25(5-6):410–24.

7. Bryce CA, Howland JG. Stress facilitates late reversal learning using a
touchscreen-based visual discrimination procedure in male Long Evans rats.
Behav Brain Res. 2015;278:21–8.

8. Butts KA, Weinberg J, Young AH, Phillips AG. Glucocorticoid receptors in the
prefrontal cortex regulate stress-evoked dopamine efflux and aspects of
executive function. Proc Natl Acad Sci U S A. 2011;108(45):18459–64.

9. de Quervain DJ, Roozendaal B, McGaugh JL. Stress and glucocorticoids
impair retrieval of long-term spatial memory. Nature. 1998;394(6695):787–90.

10. Graybeal C, Feyder M, Schulman E, Saksida LM, Bussey TJ, Brigman JL, et al.
Paradoxical reversal learning enhancement by stress or prefrontal cortical
damage: rescue with BDNF. Nat Neurosci. 2011;14(12):1507–9.

11. Bogdan R, Pizzagalli DA. Acute stress reduces reward responsiveness:
implications for depression. Biol Psychiatry. 2006;60(10):1147–54.

12. Berghorst LH, Bogdan R, Frank MJ, Pizzagalli DA. Acute stress selectively
reduces reward sensitivity. Front Hum Neurosci. 2013;7:133.

13. Shin S, Kwon O, Kang JI, Kwon S, Oh S, Choi J, et al. mGluR5 in the nucleus
accumbens is critical for promoting resilience to chronic stress. Nat
Neurosci. 2015;18(7):1017–24.

14. Wagner KV, Hartmann J, Labermaier C, Hausl AS, Zhao G, Harbich D, et al.
Homer1/mGluR5 activity moderates vulnerability to chronic social stress.
Neuropsychopharmacology. 2015;40(5):1222–33.

Lim et al. Molecular Brain           (2019) 12:37 Page 12 of 13

https://doi.org/10.1186/s13041-019-0441-8
https://doi.org/10.1186/s13041-019-0441-8


15. Heath CJ, Bussey TJ, Saksida LM. Motivational assessment of mice using the
touchscreen operant testing system: effects of dopaminergic drugs.
Psychopharmacology (Berl). 2015;232(21-22):4043–57.

16. Mar AC, Horner AE, Nilsson SR, Alsio J, Kent BA, Kim CH, et al. The
touchscreen operant platform for assessing executive function in rats and
mice. Nat Protoc. 2013;8(10):1985–2005.

17. Bussey TJ, Holmes A, Lyon L, Mar AC, McAllister KA, Nithianantharajah J, et
al. New translational assays for preclinical modelling of cognition in
schizophrenia: the touchscreen testing method for mice and rats.
Neuropharmacology. 2012;62(3):1191–203.

18. Horner AE, Heath CJ, Hvoslef-Eide M, Kent BA, Kim CH, Nilsson SR, et al. The
touchscreen operant platform for testing learning and memory in rats and
mice. Nat Protoc. 2013;8(10):1961–84.

19. Nithianantharajah J, Komiyama NH, McKechanie A, Johnstone M, Blackwood
DH, St Clair D, et al. Synaptic scaffold evolution generated components of
vertebrate cognitive complexity. Nat Neurosci. 2013;16(1):16–24.

20. Oomen CA, Hvoslef-Eide M, Heath CJ, Mar AC, Horner AE, Bussey TJ, et al.
The touchscreen operant platform for testing working memory and pattern
separation in rats and mice. Nat Protoc. 2013;8(10):2006–21.

21. Kim EW, Phillips BU, Heath CJ, Cho SY, Kim H, Sreedharan J, et al.
Optimizing reproducibility of operant testing through reinforcer
standardization: identification of key nutritional constituents determining
reward strength in touchscreens. Mol Brain. 2017;10(1):31.

22. Jia Z, Lu Y, Henderson J, Taverna F, Romano C, Abramow-Newerly W, et al.
Selective abolition of the NMDA component of long-term potentiation in
mice lacking mGluR5. Learn Mem. 1998;5(4-5):331–43.

23. Heath CJ, Phillips BU, Bussey TJ, Saksida LM. Measuring Motivation and
Reward-Related Decision Making in the Rodent Operant Touchscreen
System. Curr Protoc Neurosci. 2016;74(8):34 1–20.

24. Brigman JL, Feyder M, Saksida LM, Bussey TJ, Mishina M, Holmes A. Impaired
discrimination learning in mice lacking the NMDA receptor NR2A subunit.
Learn Mem. 2008;15(2):50–4.

25. Brigman JL, Mathur P, Harvey-White J, Izquierdo A, Saksida LM, Bussey TJ, et
al. Pharmacological or genetic inactivation of the serotonin transporter
improves reversal learning in mice. Cereb Cortex. 2010;20(8):1955–63.

26. Bradshaw CM, Killeen PR. A theory of behaviour on progressive ratio
schedules, with applications in behavioural pharmacology.
Psychopharmacology (Berl). 2012;222(4):549–64.

27. Phillips BU, Heath CJ, Ossowska Z, Bussey TJ, Saksida LM. Optimisation of
cognitive performance in rodent operant (touchscreen) testing: Evaluation
and effects of reinforcer strength. Learn Behav. 2017;45(3):252–62.

28. Ridley RM. The psychology of perserverative and stereotyped behaviour.
Prog Neurobiol. 1994;44(2):221–31.

29. Sandson J, Albert ML. Varieties of perseveration. Neuropsychologia. 1984;
22(6):715–32.

30. Yang M, Lewis FC, Sarvi MS, Foley GM, Crawley JN. 16p11.2 Deletion mice
display cognitive deficits in touchscreen learning and novelty recognition
tasks. Learn Mem. 2015;22(12):622–32.

31. Romberg C, Horner AE, Bussey TJ, Saksida LM. A touch screen-automated
cognitive test battery reveals impaired attention, memory abnormalities,
and increased response inhibition in the TgCRND8 mouse model of
Alzheimer's disease. Neurobiol Aging. 2013;34(3):731–44.

32. Hodos W. Progressive ratio as a measure of reward strength. Science. 1961;
134(3483):943–4.

33. Stewart WJ. Progressive reinforcement schedules: A review and evaluation.
Australian Journal of Psychology. 1975;27(1):9–22.

34. Kincaid SL, Lattal KA. Beyond the breakpoint: reinstatement, renewal, and
resurgence of ratio-strained behavior. J Exp Anal Behav. 2018;109(3):475–91.

35. Stewart WJ, Blampied NM, Hughes RN. The effects of scopolamine on
performance on a geometric progressive ratio schedule.
Psychopharmacologia. 1974;38(1):55–66.

36. Romano C, Sesma MA, McDonald CT, O'Malley K, Van den Pol AN, Olney JW.
Distribution of metabotropic glutamate receptor mGluR5 immunoreactivity
in rat brain. J Comp Neurol. 1995;355(3):455–69.

37. Shigemoto R, Nomura S, Ohishi H, Sugihara H, Nakanishi S, Mizuno N.
Immunohistochemical localization of a metabotropic glutamate receptor,
mGluR5, in the rat brain. Neurosci Lett. 1993;163(1):53–7.

38. Buschler A, Manahan-Vaughan D. Metabotropic glutamate receptor, mGlu5,
mediates enhancements of hippocampal long-term potentiation after
environmental enrichment in young and old mice. Neuropharmacology.
2017;115:42–50.

39. Dietz B, Manahan-Vaughan D. Hippocampal long-term depression is
facilitated by the acquisition and updating of memory of spatial auditory
content and requires mGlu5 activation. Neuropharmacology. 2017;115:30–
41.

40. Luscher C, Huber KM. Group 1 mGluR-dependent synaptic long-term
depression: mechanisms and implications for circuitry and disease. Neuron.
2010;65(4):445–59.

41. Nicoletti F, Bruno V, Ngomba RT, Gradini R, Battaglia G. Metabotropic
glutamate receptors as drug targets: what's new? Curr Opin Pharmacol.
2015;20:89–94.

42. Niswender CM, Conn PJ. Metabotropic glutamate receptors: physiology,
pharmacology, and disease. Annu Rev Pharmacol Toxicol. 2010;50:295–322.

43. Swanson CJ, Bures M, Johnson MP, Linden AM, Monn JA, Schoepp DD.
Metabotropic glutamate receptors as novel targets for anxiety and stress
disorders. Nat Rev Drug Discov. 2005;4(2):131–44.

44. Lu YM, Jia Z, Janus C, Henderson JT, Gerlai R, Wojtowicz JM, et al. Mice
lacking metabotropic glutamate receptor 5 show impaired learning and
reduced CA1 long-term potentiation (LTP) but normal CA3 LTP. J Neurosci.
1997;17(13):5196–205.

45. Hailwood JM, Heath CJ, Robbins TW, Saksida LM, Bussey TJ. Validation and
optimisation of a touchscreen progressive ratio test of motivation in male
rats. Psychopharmacology (Berl). 2018;235(9):2739–53.

46. Gass JT, Osborne MP, Watson NL, Brown JL, Olive MF. mGluR5 antagonism
attenuates methamphetamine reinforcement and prevents reinstatement of
methamphetamine-seeking behavior in rats. Neuropsychopharmacology.
2009;34(4):820–33.

47. Markou A, Paterson NE, Semenova S. Role of gamma-aminobutyric acid
(GABA) and metabotropic glutamate receptors in nicotine reinforcement:
potential pharmacotherapies for smoking cessation. Ann N Y Acad Sci. 2004;
1025:491–503.

48. Paterson NE, Markou A. The metabotropic glutamate receptor 5 antagonist
MPEP decreased break points for nicotine, cocaine and food in rats.
Psychopharmacology (Berl). 2005;179(1):255–61.

49. Zeleznikow-Johnston AM, Renoir T, Churilov L, Li S, Burrows EL, Hannan AJ.
Touchscreen testing reveals clinically relevant cognitive abnormalities in a
mouse model of schizophrenia lacking metabotropic glutamate receptor 5.
Sci Rep. 2018;8(1):16412.

50. Gastambide F, Cotel MC, Gilmour G, O'Neill MJ, Robbins TW, Tricklebank
MD. Selective remediation of reversal learning deficits in the
neurodevelopmental MAM model of schizophrenia by a novel mGlu5
positive allosteric modulator. Neuropsychopharmacology. 2012;37(4):1057–
66.

51. Dolan RJ. The human amygdala and orbital prefrontal cortex in behavioural
regulation. Philos Trans R Soc Lond B Biol Sci. 2007;362(1481):787–99.

52. Ghahremani DG, Monterosso J, Jentsch JD, Bilder RM, Poldrack RA. Neural
components underlying behavioral flexibility in human reversal learning.
Cereb Cortex. 2010;20(8):1843–52.

53. Hamilton DA, Brigman JL. Behavioral flexibility in rats and mice:
contributions of distinct frontocortical regions. Genes Brain Behav. 2015;
14(1):4–21.

54. Stalnaker TA, Franz TM, Singh T, Schoenbaum G. Basolateral amygdala
lesions abolish orbitofrontal-dependent reversal impairments. Neuron. 2007;
54(1):51–8.

55. Freedman M, Black S, Ebert P, Binns M. Orbitofrontal function, object
alternation and perseveration. Cereb Cortex. 1998;8(1):18–27.

56. Chudasama Y, Robbins TW. Dissociable contributions of the orbitofrontal
and infralimbic cortex to pavlovian autoshaping and discrimination reversal
learning: further evidence for the functional heterogeneity of the rodent
frontal cortex. J Neurosci. 2003;23(25):8771–80.

57. Dias R, Robbins TW, Roberts AC. Dissociation in prefrontal cortex of affective
and attentional shifts. Nature. 1996;380(6569):69–72.

58. Rudebeck PH, Murray EA. Amygdala and orbitofrontal cortex lesions
differentially influence choices during object reversal learning. J Neurosci.
2008;28(33):8338–43.

Lim et al. Molecular Brain           (2019) 12:37 Page 13 of 13


	Abstract
	Introduction
	Materials and methods
	Animals
	Reward and drugs
	Apparatus
	Touchscreen behaviour training
	VDR task
	Acquisition
	Reversal

	EXT task
	Acquisition
	Extinction

	FR/PR task
	ERC task
	Chow and SM consumption assessment
	Chow versus SM preference assessment
	Statistical analysis

	Results
	mGluR5 KO mice exhibit impaired reversal in the touchscreen two-choice VDR task
	mGluR5 KO mice show impaired performance in the touchscreen EXT task
	Pharmacological antagonism of mGluR5 in C57BL/6J mice mirrors KO EXT behaviour
	mGluR5 KO performance on touchscreen FR and PR schedules is consistent with elevated perseveration
	mGluR5 KO mice exhibit altered effort-related decision making in the ERC task

	Discussion
	Additional files
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

