
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


  

 

 

 

 

 

Behavioral flexibility regulated by 

metabotropic glutamate receptor 5  

 

 

 

 

 

 

 

 

 

 

 

Hyun Jong Noh 

 

Department of Medical Science 

 

The Graduate School, Yonsei University 

 

 

 

[UCI]I804:11046-000000519778[UCI]I804:11046-000000519778[UCI]I804:11046-000000519778



  

 

 

 

 

 

Behavioral flexibility regulated by 

metabotropic glutamate receptor 5 

  

 

 

 

 

 

 

 

 

 

 

Hyun Jong Noh 

 

Department of Medical Science 

 

The Graduate School, Yonsei University 

 

 

 



  

 

 

 

 

Behavioral flexibility regulated by 

metabotropic glutamate receptor 5  

 

 

 

 

Directed by Professor Chul Hoon Kim 

 

The Master’s Thesis 

submitted to the Department of Medical Science, 

the Graduate School of Yonsei University 

in partial fulfillment of the requirements for the degree of 

Master of Medical Science 

 

 

Hyun Jong Noh 

 

June 2019 

 



  

 

 

 

 

This certifies that the Master’s Thesis  

of Hyun Jong Noh is approved. 

 

 

Thesis Supervisor: Chul Hoon Kim 

 

Thesis Committee Member #1: Dong Goo Kim 

 

Thesis Committee Member #2: Bae Hwan Lee 

 

 

 

 

The Graduate School 

Yonsei University 

 

June 2019 

 



  

 

ACKNOWLEDGEMENTS 

먼저 학위 과정 동안 저를 가르쳐 주시고, 이끌어 주신 김철훈 교수님께 진심으

로 감사의 말씀을 드립니다. 아무것도 모르던 제게 과학자로서의 지식, 자세와 

집념을 가르쳐 주셨고, 인생에 대한 공부를 제대로 할 수 있었던 좋은 기회가 

되었습니다. 그리고 바쁘신 일정 속에서도 시간을 내주시어 조언과 충고를 해주

신 김동구 교수님, 항상 날카로운 질문으로 연구에 도움을 주신 이민구 교수님, 

박경수 교수님, 김주영 교수님, 지헌영 교수님 그리고 김형범 교수님께 감사드립

니다.  

연구실 식구들에게도 감사의 말씀을 드립니다. 항상 곁에서 함께 해 주고, 힘들

어 할 때마다 따끔한 충고로 저를 일으켜 세워 준 임지수 선생님, 인생과 실험

에 대한 조언과 가르침을 주신 윤종진 선생님, 장유진 선생님, 왕혜진 선생님, 

김희옥 선생님 그리고 이석진 선생님께도 감사 드립니다. 항상 저를 응원해 주

고, 자신의 일처럼 도움을 주신 권순성 선생님, 이광현 선생님, 김순영 선생님, 

윤송이 선생님, 강신원 선생님, 김서영 선생님, 김소영 선생님과 함께했기에 이 

논문을 잘 마무리 할 수 있었습니다. 같은 공간에서 생활하면서 도움을 많이 받

은 조소연 선생님 그리고 하성지 선생님께도 정말 감사드립니다.  

마지막으로 변함없이 저를 지지해 주고 격려해준 부모님과 남동생에게 깊은 감

사와 사랑을 보내고 싶습니다. 그리고 제가 기쁠 때나 슬플 때나 한결같이 저를 

믿고 지지해준 최승재에게 고마움을 전하고 싶습니다. 

많은 분들의 도움으로 학위과정을 마무리 할 수 있었습니다. 지켜봐 주시고 이

겨낼 수 있게 도움을 주신 모든 분들께 다시 한번 감사드립니다. 



  

 

TABLE OF CONTENTS 

 

ABSTRACT ·············································································· 1 

I. INTRODUCTION ··································································· 3 

II. MATERIALS AND METHODS ··············································· 7 

1. Animals ············································································· 7 

2. Reward ·············································································· 8 

3. Drug ················································································· 8 

4. Apparatus (Touchscreen operant platform) ································· 9 

5. Ratio training and probe task procedures ··································· 10 

A. Visual discrimination-reversal (VDR) task····························· 11 

B. Extinction (EXT) task······················································· 12 

C. Fixed and progressive ratio (FR/ PR) schedules ······················ 12 

D. Effort-related choice (ERC) task ········································· 13 

E. Consumption assessment ··················································· 14 

F. Preference assessment ······················································ 14 

6. Statistical analysis ······························································· 15 

 

 

 



  

 

III. RESULTS ··········································································· 16 

1. mGluR5 KO mice and WT littermates showed no difference in amount 

consumption nor preference in the 12-hour and 1-hour single-caging 

test··················································································· 16 

2. mGluR5 KO mice were impaired in the reversal phase of the 

touchscreen two-choice visual discrimination-reversal (VDR) task ·· 18 

3. Behavioral inflexibility observed in mGluR5 KO mice was driven by 

the perseverative phenotype shown in the early stage of reversal ····· 20 

4. mGluR5 KO mice was impaired in inhibitory learning·················· 22 

5. Likewise mGluR5 KO mice, MTEP treated C57BL/6J WT mice was 

also impaired in inhibitory learning·········································· 24 

6. mGluR5 KO mice showed similar level of satiation with the WT 

controls and their perseverative character was not noticeably shown in 

the moderate work-required touchscreen fixed ratio (FR) schedules · 26 

7. mGluR5 KO mice showed elevated perseverative responding behavior 

in the touchscreen progressive ratio (PR) schedule······················· 28 

8. mGluR5 KO mice also displayed perseverance in the touchscreen 

effort-related choice (ERC) task ·············································· 30 

IV. DISCUSSION ······································································ 33 

V. CONCLUSION ····································································· 37 

REFERENCES ········································································· 38 

ABSTRACT (in Korean) ···························································· 42 



  

 

LIST OF FIGURES 

 

Figure 1. MTEP drug administration schedule ···················· 8 

Figure 2. The structure of the touchscreen operant chamber ·· 10 

Figure 3. No difference in the amount consumption of SM and 

chow was observed between mGluR5 KO and WT 

mice ························································· 17 

Figure 4. No difference in preference of SM vs chow was 

observed between mGluR5 KO and WT mice······· 17 

Figure 5. mGluR5 KO mice showed impaired reversal learning 

in the touchscreen two-choice VDR task ············· 19 

Figure 6. mGluR5 KO mice showed perseverative behavior in 

the early stage of the reversal phase ··················· 21 

Figure 7. mGluR5 KO mice showed impaired inhibitory 

learning behavior in the touchscreen EXT task······ 23 

Figure 8. C57BL/6J WT mice with pharmacological inhibition 

of mGluR5 also showed impairments in the inhibitory 

learning behavior in the touchscreen EXT task······ 25 

Figure 9. No genotype difference in perseverative behavior was 

observed in the touchscreen FR5-UC schedule······ 27 



  

 

Figure 10. mGluR5 KO mice showed higher perseverative 

responding behavior in the touchscreen PR4 schedule

 ······························································· 29 

Figure 11. mGluR5 KO mice exhibited perseverative behavior in 

the touchscreen ERC task ······························· 32 

 



1 

 

ABSTRACT 

 

Behavioral flexibility regulated by  

metabotropic glutamate receptor 5 

 

Hyun Jong Noh 

 

Department of Medical Science 

The Graduate School, Yonsei University 

 

(Directed by Professor Chul Hoon Kim) 

 

One such cognitive domain called behavioral flexibility is critical for 

species to essentially adapt to the constantly changing environmental contingencies. 

While this cognitive function requires a dynamic process, response inhibition is a 

key step required for effective behavioral flexibility. Many study groups have 

reported that mice with genetic ablation or pharmacological inhibition of the 

metabotropic glutamate receptor 5 (mGluR5) signaling had impairments in the 

inhibitory learning process; however their behavior were assessed under high stress 

conditions using electric foot shocks and forced water swimming. As mGluR5 

signaling is also implicated in the stress coping mechanism and stress responses, the 

mGluR5-dependent impact on the overall affective state of the testing mice might 

have indirectly contributed to impairments in behavioral flexibility. Therefore, to 
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overcome these limitations a group of mGluR5 knock-out (KO) and wild-type (WT) 

mice were assessed by the two-choice visual discrimination-reversal (VDR) task, 

extinction (EXT) task, fixed and progressive ratio (FR/ PR) task and effort-related 

choice (ERC) task of a low stress rodent touchscreen operant apparatus to 

characterize the role of mGluR5 signaling in behavioral flexibility.  

In my results, mGluR5 KO mice showed significant disruptions in the 

reversal phase of the touchscreen two-choice VDR task. And further analysis of this 

reversal phase into the early and late stages of reversal implicated that impaired 

behavioral flexibility was due to distinctive perseverative responding behavior of 

the mGluR5 KO mice. Furthermore, in the less complex touchscreen EXT task, 

mGluR5 KO mice exhibited impaired inhibitory learning behavior and in the 

touchscreen FR, PR and ERC tasks, mGluR5 KO mice showed enhanced 

performance (responding behavior), revealing perseverative responding behavior 

across the increased work requirements.  

Altogether, these results indicate that in low stress conditions, mGluR5 KO 

mice exhibits impaired behavioral flexibility which was driven by the distinctive 

perseverative behavior and further implicates that mGluR5 signaling has a critical 

role in this cognitive function. 

 

 

 

 

 

 

Key words: behavioral flexibility, metabotropic glutamate receptor 5 (mGluR5), 

low stress condition, touchscreen operant platform, reversal, extinction, ratio 

schedules, effort-related choice, perseverative behavior 
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I. INTRODUCTION 

 

In an ever-changing environment, the ability to adapt to new response 

patterns is essential for daily living and often survival.
1,2

 Behavioral flexibility, 

defined as the ability to adjust response patterns according to the altering 

circumstances, is considered a key cognitive construct required in species, to 

effectively adapt to the rapidly changing environment.
2,3

 

This cognitive process is impaired in diseases such as schizophrenia,
4-6

 

autism,
7
 depression,

8
 alzheimer

9
 and many other different neuropsychiatric and 

neurodegenerative diseases. Many groups suggested that the nucleus accumbens 

(NAc), striatum and different subregions of the prefrontal cortex (PFC) and their 

dopaminergic, serotonergic and glutaminergic systems are involved in regulating 
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behavioral flexibility.
1,10-12

 

Behavioral flexibility involves a dynamic process of recognition of the 

altered situation, inhibition of the previously applied response rule, together with 

the acquisition of a new response rule.
1,11,13

 In other words, individuals must be able 

to withhold the initially trained response rule, but also emit responses which was 

previously learned to be unrewarded. Apparently, this cognitive process requires 

both response inhibition and acquisition at the same time. And to evaluate these 

components of behavioral flexibility, two different behavioral paradigms called, 

‘reversal learning’ and ‘extinction’ are usually tested. Briefly in the reversal learning 

paradigm, flexible behavior is assessed by evaluating the adaptive responding in the 

face of changing response rules.
2,14,15

 Eventually, it requires the testing subject to 

not only withhold the previously rewarded response rule, but also learn to choose 

the previously unrewarded option. And in extinction, the testing subject is required 

to inhibit the previously learned response rule, but with the absence of requirement 

to learn a new stimulus-reward association.
16-20

 So simply in extinction, subjects are 

required to suppress their responding. Both of these behavioral paradigms can be 

performed in different instruments like the skinner box, the Morris water-maze test 

and the operant touchscreen system. 

Although behavioral flexibility requires both response inhibition and 

acquisition at the same time, the key process required for effective behavioral 

flexibility is response inhibition.
16,18-21

 And many study groups have reported that 

inhibitory learning was impaired in mice with genetic ablation or pharmacological 

inhibition of the metabotropic glutamate receptor 5 (mGluR5) signaling.
16,18,21

 

mGluR5 is a group I family of Gq protein-coupled glutamate receptors which are 

expressed throughout the central nervous system (CNS).
22-25

 This receptor is well 
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known to modulate synaptic and cellular plasticity,
21,26-28

 which likely underlie its 

contribution to memory and different cognitive functions
22-25

 such as behavioral 

flexibility.  

To date, different studies examining the relationship between mGluR5 and 

behavioral flexibility have exposed the testing mice to highly stressful conditions 

involving electric foot-shocks or forced swimming via water immersion.
16-21

 For 

example in 2009, Xu, J. et al.,
18

 have reported behavioral inflexibility in mGluR5 

knock-out (KO) mice by using two common learning paradigms, the Pavlovian fear 

conditioning and the Morris water maze test. In the Pavlovian fear conditioning test, 

the aversive electric foot shock was repeatedly paired with the context-specific 

environment or a loud tone to emit fear responses of the testing mice. And in this 

fear conditioning test, they found that extinction of both contextual and auditory 

fear was completely abolished in the mGluR5 KO mice. In other words, mGluR5 

KO mice showed significant deficits in the inhibitory learning process. In the 

Morris water maze test, the testing mice were forced to swim in the water filled 

maze, to find the hidden platform which was subsequently reversed. The ability to 

relearn the reversed platform location was diminished in the mGluR5 KO mice, 

showing impairments in the reversal learning behavior. Altogether, mGluR5 KO 

mice showed impairments in the inhibitory learning and reversal learning behavior, 

suggesting a critical role of mGluR5 in the process of behavioral flexibility. Not 

only this study group but also Fontanz-nuin, D. E. et al., 2011,
19

 Sentha, F. et al., 

2016,
16

 and many other group have evaluated the relationship between mGluR5 

signaling and behavioral flexibility in high stress conditions involving electric foot-

shocks or forced water swimming.
16-21

 

In 2015, Shin. et al.,
29

 have reported that more depression-like behaviors 
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were observed in the mGluR5 KO mice and it was due to the deficits in the stress 

coping mechanism. In high stress conditions where different aversive stimuli were 

used, mGluR5 KO mice developed stress responses such as learned helplessness 

and social avoidance behavior which revealed cognitive rigidity. However, these 

stress responses were simply rescued by pharmacological activations targeting the 

mGluR5 signaling. Therefore, as mGluR5 signaling is highly involved in the stress 

resilience via stress coping mechanism, the mGluR5 dependent impact on the 

overall affective state of the testing mice might have indirectly contributed to 

impaired behavioral flexibility.  

Therefore, to clearly distinguish between the mGluR5 dependent gene 

effect and stress induced cognitive rigidity,
15,30-33

 this study have assessed the role of 

mGluR5 signaling in behavioral flexibility by using the relatively low stress 

conditioned rodent touchscreen operant platform.
34-36

 Similar to those used in 

human patients,
37

 the touchscreen operant platform is a testing system that uses 

different touchscreen tasks to provide an approach on assessing complex cognitive 

properties in rodents.
34-36,38,39

 The touchscreen operant platform uses the operant 

conditioning; a type of learning where behavior is controlled by consequences like 

positive and negative reinforcements. And in this testing system appetitive 

reinforcement was used to avoid stress-related confounding effects.
34-36,38,40

 

Additionally, to minimize environmental interruptions, all animals are trained and 

assessed in the sound/ light attenuating chambers with ventilation fans fitted.
34-36

 

This system is also automated, providing a standardized approach to the assessment 

of a broad range of cognitive domains, minimizing stress associated with the 

experimenter-animal contact. The computerized task delivery and data analysis also 

provides standardized testing paradigms, eliminating the experimenter’s bias in data 
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collections.
34-38,41

 This methodology of low stress excluding the use of aversive 

stimuli also allows single cohorts of animals to be assessed in series of different 

behavioral paradigms, enabling efficient data yields and within subject correlation 

of performance across different cognitive domains.
39,41

  

Altogether, since mGluR5 signaling is highly related to stress responses, 

evaluating mGluR5 KO mice in high stress conditions may have some limitations. 

Therefore, this study was conducted to understand the role of mGluR5 signaling in 

behavioral flexibility by using the automated rodent touchscreen operant platform in 

which animals experience significantly less stress. Different cohorts of mGluR5 KO 

and WT littermates were assessed by the touchscreen visual discrimination-reversal 

(VDR), extinction (EXT), fixed ratio (FR), progressive ratio (PR) and effort-related 

choice (ERC) paradigms. 
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II. MATERIALS AND METHODS 

 

1. Animals 

All experiments were carried out with wild-type (WT) and mGluR5 knock-

Out (KO) mice. mGluR5 KO mice were generated as previously described.
26

 These 

mice were backcrossed with C57Bl/6J background mice for reproduction. The 

genotype of these mice was confirmed by the polymerase chain reaction, (PCR) 

analysis. All mice were group-housed (2-5 mice per cage) with water available ad 

libitum, in a humidity and temperature-controlled environment (lights on at 8:00-

20:00) at the Yonsei-University College of Medicine Animal Care Facility 

accredited by the Association for Assessment and Accreditation of Laboratory 

Animal Care (AAALAC).  

To allow food restriction, daily chow pellets were provided to maintain 

mice weight at approximately 85% of the free-feeding weight throughout this study. 

And weight loss of more than 5% from the previous day was strictly avoided. Mice 

weight was measured daily throughout the study.  

WT and mGluR5 KO male littermates were randomly assigned to each 

touchscreen tasks. Cohort 1 with WT (n=5) and KO (n=4) aged between 20-24 

weeks were tested on VDR; cohort 2 with WT (n=8) and KO (n=8) aged 16-21 

weeks were tested on EXT; cohort 3 with WT (n=10) and KO (n=10) aged 20-28 

weeks were tested on FR, PR and ERC. To test the pharmacological effects of 

mGluR5 antagonist (MTEP), male C57BL/6J mice (n=16) were purchased (Central 

Lab, Animal Inc., Seoul, Korea) at 10 weeks of age and a week acclimatization 

period was given, prior to commencing the task.  

All animals were trained in the touchscreen chamber once a day for 5–7 



9 

 

days a week, during the light phase of the cycle. 

 

2. Reward 

Strawberry-flavored milk (SM; Strawberry milk, Seoul Milk) was used as 

a reinforcer in this study. 

 

3. Drug 

3-((2-Methyl-1,3-thiazol-4-yl)ethynyl) pyridine hydrochloride
42

 (MTEP 

hydrochloride, Tocris Bioscience) was dissolved in 10% v/v Tween 80 and 99% 

sterile saline. Before the first session of extinction, MTEP (10mg/kg, i.p.) or vehicle 

was pretreated in a series of triple injections; 23, 15 and 1.5 hours to ensure drug 

activation. And from session two and onwards, a daily single injection was 

performed, an hour before the test (Figure 1).  

 

 

Figure 1. MTEP drug administration schedule. After reaching a certain level of 

acquisition of extinction, 10mg/kg of METP was administrated as a series of triple 

i.p. injections; 23, 15 and 1.5 hours before the first extinction session and from 

session two and onwards, single injections were given before each session of 



10 

 

extinction. 

 

4. Apparatus (Touchscreen operant platform) 

All training and testing were carried out in the standard Bussey-Saksida 

mouse touchscreen chambers (Campden Instruments Ltd, Loughborough, 

Leicestershire, UK) which have been described in detail elsewhere.
35,36,40,43

 Briefly, 

the touchscreen chamber consists of a touchscreen monitor (12.1 inch; resolution 

800 x 600) at one end and a reward providing magazine at the other. The floor of the 

arena is made of stainless steel and a trapezoidal reinforced plastic wall surrounds 

the whole operant arena (Figure 2A).  

Locomotor activity was detected by the infra-red (IR) beams placed across 

the touchscreen chamber. The front beam runs approximately 6cm from the screen 

and the rear beam runs 3cm from the magazine. These IR beams also detect 

responses (Nose-pock) at the touchscreen monitor and detect head entries at the 

magazine.  

Reward of 20μL of SM was delivered by a pump mounted inside the 

chamber that requires 800ms of activation time. Once the trial is initiated, light-

emitting diode (LED) inside the magazine illuminates, requiring a head entry or 

signing a reward delivery. After reward collection, LED is turned off and the next 

trial initiates. 

Black Perspex masks were placed in front of the touchscreen in order to 

minimize the animal’s non-specific interactions at the screen and to focus 

responding to the appropriate spatial location where the stimulus is presented. In 

this study, the 2x1 mask (Campden Instruments, Ltd) was used in the VDR task and 

for EXT, 3x1 mask (Campden Instruments, Ltd) was used (Figure 2B). For ratio 
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schedules including FR, PR and ERC tasks, 5x1 mask (Campden Instruments, Ltd) 

was used (Figure 2B). All behavioral programs were controlled and displayed by the 

touch software, ABET II (Campden Instruments, Ltd) and Whisker Server (Cardinal 

& Aiken, 2010). 

 

 

Figure 2. The structure of the touchscreen operant chamber. The operant arena 

of the touchscreen chamber is represented in (A) and the masks used in VDR (2x1), 

EXT (3x1) and FR/ PR/ ERC (5x1) tasks are shown in (B). 

 

5. Ratio training and probe task procedures 

The training procedure for the touchscreen ratio schedules including FR 

and PR has been described in detail elsewhere.
40,45

 To briefly explain, all animals 

were habituated to the touchscreen chamber for 20-minutes over two consecutive 

days. 200μL of SM was provided manually in the reward collection magazine at the 

beginning of each session and locomotor activity was recorded by the IR beams of 

the touchscreen chamber. The criterion for chamber habituation was to consume the 

provided SM at least once during the two consecutive days of habituation.  

Following the chamber habituation, mice were trained to emit responses on 

the screen for a single 60-minute session (1-day session) to associate the visual 
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stimuli-reward delivery. A white square was presented as a visual stimulus, in the 

central position of the 5x1 mask response window for FR, PR, ERC and EXT tasks. 

For VDR, 1 of 20 randomly shaped stimuli was displayed in one of the 2x1 mask 

response window however, the randomly shaped stimuli were not displayed in the 

same window position for more than 3 times in a row. These visual stimuli were 

displayed for 30s and removed with a ‘chip’ tone (1,000ms, 3 kHz), providing 20μL 

of SM with a magazine illumination. If the displayed stimuli were correctly touched, 

triple volume (60μL) of SM was delivered to the magazine to reinforce the visual 

stimuli-reward delivery association. After reward collection, the magazine light was 

turned off and inter-trial interval (ITI) of 5-20 seconds was automated before 

initiation of the next trial. The criterion for this initial-behavioral training was to 

allow animals to consume the reward 30 times (30 trial) in 60 minutes. 

Upon completion of this session, animals were moved to the must-touch 

stage of training where stimuli remained on the screen until it was actually touched. 

So, when mice touched the stimuli, 20μL of SM was delivered with a ‘chip’ tone 

and magazine illumination. Training at this stage continued until animals completed 

30 trials within 60 minutes.  

For the VDR task, animals needed an additional stage of training. While 

animals were trained to touch the correct stimuli to receive 20L of SM, an 

incorrect screen touch was punished with a 5s timeout and house light illumination. 

After the timeout, ITI will begin and a new trial may be initiated by a head entry. 

The criterion for this stage was to complete more than 77% correct responses within 

30 minutes for two-consecutive days. 
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A. Visual discrimination-reversal (VDR) task 

(A) Visual-discrimination phase 

In the visual-discrimination phase, two concurrently placed white and 

black stimuli were displayed on the screen and mice were trained to select one 

stimulus between the two. One of the two stimuli was always allocated as correct 

(S+) and it was constantly reinforced with a reward of 20L of SM. The other 

stimuli were always allocated as incorrect (S-) and was punished with a house light 

illumination and a 5 seconds of timeout period. The correct (S+) and incorrect (S-) 

stimuli presenting location was pseudorandomly selected between the trials. Each 

session consists of 30 trials with 20 seconds of ITI. Training was continued until the 

mice achieved 80% or more correct responses for two consecutive sessions. 

Before moving on to the reversal phase mice performed three further 

sessions to reinforce reward contingencies and ensure stable baseline performance. 

(B) Reversal 

In the reversal phase, the correct (S+) and incorrect (S-) contingencies 

were reversed. Each session consists of 30 trials with 20 seconds of ITI. The 

reversal phase was continued until the mice achieved 80% or more correct 

responses for two consecutive sessions. In VDR, % stimulus responses per session, 

response latency, reward collection latency and number of errors in the early and 

late reversal phase were analyzed and evaluated. 

 

B. Extinction (EXT) task 

(A) Acquisition 
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In the acquisition phase of extinction, a single stimulus was presented in 

the center of the 3x1 mask response window. Once the stimulus is touched 20L of 

SM was delivered as a reward with a magazine illumination. Each session consisted 

of 30 trials with 5 seconds of ITI. Training was continued until the mice completed 

30 trials in 12.5 minutes for five consecutive sessions.  

(B) Extinction 

In the extinction phase, a single stimulus was presented in the center of the 

3x1 mask response window, however, no reward was provided even if the mice 

touched the stimulus. And if mice showed no response for 10 seconds it was 

counted as an omission. Sessions were terminated after 30 trials. In EXT, the 

accumulated number of responses of the early 3 minutes and the number of 

responses before reaching three omission counts were evaluated as a single session 

analysis.  

 

C. Fixed and progressive ratio (FR/PR) schedules 

 Upon the initial behavioral training, all animals were moved to the fixed 

ratio
9,40,43,45

 training where mice were trained to respond to a single stimulus 

presented in the center of the 5x1 mask response window. Once the stimulus is 

touched, the stimulus was removed briefly (500ms) from the screen with a ‘chirp’ 

tone (10ms, 30kHz). Beginning with FR1; a single touchscreen response was 

required to earn a single reward, animals moved to FR2; two touchscreen responses 

were required to earn a single reward and FR3; three touchscreen responses were 

required to earn a single reward. All of these FR training paradigms were restricted 

to a total of 30 trials or 60 minutes. The criterion of these ratio trainings was to 
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complete 30 trials in a single session.  

After training with FR1, FR2 and FR3, a ll animals were subsequently 

moved to the FR5 schedule which required five touchscreen responses to earn a 

single reward. Three consecutive sessions of FR5 were performed to acquire high 

selectivity on target location and to ensure a sustained level of responding. Same as 

the ratio training criterion, FR5 schedule required completion of 30 trials within 60 

minutes. Then all animals progressed to the uncapped FR5 (FR5-UC) schedule, in 

which was only restricted to the time of 60 minutes with no maximum trial limits. 

FR5-UC was performed for two consecutive sessions. In FR, trials completed, total 

target touch, blank touch, reward collection latency and front and rear beam breaks 

were analyzed and evaluated. 

Following the FR assessment, animals were transferred to the PR schedule. 

In the PR schedule the required number of responses to receive a single reward was 

progressively increased on a linear +4 basis (i.e. 1, 5, 9, 13 etc.) in each trial. 

Session runs for 60 minutes, but if mice do not respond to the presented stimulus or 

do not make a head entry to the food delivered magazine for 5 minutes, the session 

was automatically terminated. In PR, breakpoint, total target touch, blank touch, 

reward collection latency and front and rear beam breaks were analyzed and 

evaluated. 

 

D. Effort-related choice (ERC) task 

In the effort-related choice task, animals were trained on FR 8, 16 and 32 

for 5 consecutive sessions. Same task parameters were used with the FR 

assessments however, freely available standard laboratory pellets were scattered on 

the floor of the touchscreen chamber. Three pellets of standard laboratory chow 
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were given prior to the start of each session and they were weighed before and after 

to calculate the consumption of it. After session termination, mice were immediately 

removed from the touchscreen chambers to avoid excessive chow consumption. In 

ERC, chow consumption and the volume of strawberry milk consumed were 

measured and evaluated in terms of linearly increased work requirements. 

 

E. Consumption assessment 

In a quiet animal behavior testing room, standard laboratory chow or 

strawberry milk was independently provided to the individually caged mice for 12 

hours. In this assessment, the consumption of chow or SM was monitored under the 

effort free condition for two consecutive days. This procedure was conducted during 

the light phase of the 12hour light-dark cycle. The consumption assessment 

evaluated the animal’s general amount consumption of chow or strawberry milk.  

 

F. Preference assessment 

In the same animal behavior testing room, both standard laboratory chow 

and strawberry milk were provided to the individually caged mice for an hour. Four 

of the weighted standard laboratory chow pellets were randomly scattered on the 

floor of the cage with a bowl of strawberry milk prepared on the center of the cage. 

In this assessment, the consumption of freely available chow and SM was both 

monitored at once. This assessment was performed for five consecutive days. This 

procedure was conducted during the light phase of the 12hour light-dark cycle. The 

preference assessment evaluated the animal’s different relative values on chow and 

strawberry milk.    
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6. Statistical analysis 

Statistical significance was determined using Student’s t-test. p < 0.05 was 

considered statistically significant. Calculations were performed using GraphPad 

Prism 7 software (GraphPad Software, Inc., La Jolla, CA, USA). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



18 

 

III. RESULTS 

 

1. mGluR5 KO mice and WT littermates showed no difference in amount 

consumption nor preference in the 12-hour and 1-hour single-caging test 

Before testing series of touchscreen tasks mGluR5 KO mice and WT 

littermates were evaluated with the single-caging test in which food (Strawberry 

milk and chow) consumption and preference between strawberry milk or chow were 

assessed to ensure both group have a similar satiety level and relative values on the 

two reinforcers.
40

  

There was no genotype difference in the amount consumption of 

strawberry milk and chow showing similar levels of satiation (Figure 3) in the 

consumption assessment. There was no genotype difference in the preference 

assessment as well, both mGluR5 KO and WT mice showed higher levels of 

strawberry milk (more preferred reward) consumption over the chow (less preferred 

reward) consumption (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, interaction genotype x 

condition; F(1,20)=0.0548, p=0.817) (Figure 4). These results show that there was 

no difference in the satiety level and relative values between WT and mGluR5 mice 

groups. 
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Figure 3. No difference in the amount consumption of SM and chow was 

observed between mGluR5 KO and WT mice. In the 12-hour single-caging test, 

amount consumption of strawberry milk and chow were analyzed. Consumption of 

n=10 mGluR5 KO mice and n=10 WT littermates were measured in this assessment. 

All values are represented as means s.e.m. 

 

Figure 4. No difference in preference of SM vs chow was observed between 

mGluR5 KO and WT mice. In this preference assessment, amount consumption of 

strawberry milk vs chow was analyzed; ***p < 0.001 comparison between 

strawberry milk or chow consumption in both genotype. n=10 mGluR5 KO and 

n=10 WT littermates were analyzed. All values are represented as means s.e.m. 
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2. mGluR5 KO mice were impaired in the reversal phase of the 

touchscreen two-choice visual discrimination-reversal (VDR) task 

To determine the role of mGluR5 signaling in behavioral flexibility under a 

low stress condition, mGluR5 KO mice and WT littermates were tested for the two-

choice VDR task. Two different images representing ‘marble’ and ‘fan’ (Figure 

5A)
34

 were used in this task.  

During the visual discrimination phase of the VDR, session to criterion did 

not differ between genotypes, meaning that all animals were able to discriminate 

simple perceptual cues and acquire stimulus-reward associations (Figure 5B). There 

was no significant genotype difference in the locomotor activity as well (Figure 5C 

and 5D). However, when the stimulus-response contingencies were reversed, the 

mGluR5 KO mice showed significant impairments in % responses compared to the 

WT controls (Two-way repeated-measures (RM) ANOVA, main effect of genotype; 

F(1,7) = 9.11, p = 0.020, main effect of session; F(13,91) = 33.63, p < 0.001, 

interaction between genotype x session; F(13,91) = 1.58, p = 0.105)  (Figure 5E). 

There was no genotype difference in the locomotor activity (Figure 5F and 5G) 

during the reversal phase. And there was no difference in % restricted body weight 

(Figure 5H). 
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Figure 5. mGluR5 KO mice showed impaired reversal learning in the 

touchscreen two-choice VDR task. In the touchscreen two-choice VDR task, two 

different images representing marble and fan (A) were used. Mean number of 

sessions to criterion (B), mean response latency (C), mean reward collection latency 

(D) was analyzed for the VDR acquisition phase. Percentage of correct response; *p 

< 0.05 comparison between genotypes (E), response latency (F) and reward 

collection latency (G) were analyzed across sessions of reversal phase. Percentage 

of maintained restricted body weight relative to baseline free feeding weight of 
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mGluR5 KO (n=4) and WT (n=5) mice were calculated (H). All values are 

represented as means s.e.m. 
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3. Behavioral inflexibility observed in mGluR5 KO mice was driven by 

the perseverative phenotype shown in the early stage of reversal 

Further analysis of the reversal phase was performed by segregating mice 

performance by less or more than 50% accuracy rate.
46

 So, the early stage of the 

reversal phase was represented as less than 50% accuracy rate, in which was 

dominantly characterized as showing perseverance and the late stage of the reversal 

phase represented as over 50% accuracy rate, in which was driven by new learning.  

Results show that mGluR5 KO mice were impaired in the early stage 

(Unpaired t-test; p = 0.009) of the reversal phase (Figure 6A), suggesting abnormal 

preservative behavior as one of the reasons for impaired behavioral flexibility of the 

mGluR5 KO mice.  

However, mGluR5 KO mice also exhibited longer response latency (Figure 

6B) to the presented stimulus while showing no differences in the reward collection 

latency (Figure 6C). Again, these data indicate that mGluR5 KO mice reveal high 

perseverative behavior via impaired behavioral flexibility. 
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Figure 6. mGluR5 KO mice showed perseverative behavior in the early stage of 

the reversal phase. In further analysis of the reversal phase of touchscreen VDR 

task, number of errors were analyzed as early (˂ 50% accuracy) and late (≥ 50% 

accuracy) stages of reversal; **p < 0.01 comparison between genotypes at the early 

stage of reversal (A). Response latency and reward collection latency were also 

analyzed (B and C). n=4 mGluR5 KO and n=5 WT mice were evaluated in this task. 

All values are represented as means s.e.m. 
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4. mGluR5 KO mice was impaired in inhibitory learning 

The touchscreen VDR task requires the mice to not only extinguish the 

previously rewarded response rule, but also learn to choose the previously 

unrewarded option.
43

 Since mGluR5 KO mice was impaired in the reversal learning 

driven by perseverative phenotypes, mice were further assessed on the touchscreen 

EXT task to determine if this perseverative behavior was more a general behavioral 

consequence in the absence of the mGluR5 signaling.  

There was no genotype difference in the acquisition phase of EXT (Figure 

7A) however, mGluR5 KO mice revealed higher number of accumulated responses 

in the early 3 minutes of the extinction phase than the WT controls (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, interaction genotype x time; F(7,98) = 8.82, p < 0.001) 

(Figure 7B). Additionally, mGluR5 KO mice emitted less omissions than the WT 

littermates (Unpaired t-test; p = 0.012) (Figure 7C), again this represents that 

mGluR5 KO mice have impairments in the inhibitory learning process via reveals 

the perseverative phenotype. There was no genotype difference in the % restricted 

body weight (Figure 7D) during the EXT task. 
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Figure 7. mGluR5 KO mice showed impaired inhibitory learning behavior in 

the touchscreen EXT task. In the touchscreen EXT task, mean number of sessions 

to criterion of the acquisition phase (A), first session analysis of the accumulated 

number of responses of early 3 minutes of the extinction phase; **p < 0.01 

comparison between genotype (B) and the number of responses before three 

omission count; *p < 0.05 comparison between genotype (C) were evaluated. 

Percentage of maintained restricted body weight relative to baseline free feeding 

weight of mGluR5 KO (n=8) and WT (n=8) mice were calculated (D). All values 

are represented as means s.e.m. 
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5. Likewise mGluR5 KO mice, MTEP treated C57BL/6J WT mice was 

also impaired in inhibitory learning 

To exclude the consequences of the developmental effects resulted from 

the absence of mGluR5 expression in the mutant mice, a group of C57BL/6J WT 

mice was treated with MTEP (mGluR5 antagonist) and assessed in the same 

touchscreen EXT task. By showing similar results with the mGluR5 KO mice, the 

MTEP treated C57BL/6J WT mice displayed higher number of responses than the 

vehicle treated WT mice, in the early 3 minutes of the extinction phase (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, interaction treatment x time; F(7,98) = 4.97, p < 

0.001) (Figure 8A) and before reaching 3 continuous omissions (Unpaired t-test; p 

= 0.027) (Figure 8B). There was no genotype difference observed in the % 

restricted body weight (Figure 8C). And these results confirm that there were no 

neurodevelopmental alterations resulted from genetic manipulations in the mGluR5 

KO mice. 
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Figure 8. C57BL/6J WT mice with pharmacological inhibition of mGluR5 also 

showed impairments in the inhibitory learning behavior in the touchscreen 

EXT task. In the touchscreen EXT task, first session analysis of the accumulated 

number of responses of early 3 minutes of the extinction phase; *p < 0.05 

comparison between genotype (A) and the number of responses before the three 

omission count (B) were evaluated. Percentage of maintained restricted body weight 

relative to baseline free feeding weight of vehicle treated (n=8) and MTEP treated 

(n=8) WT mice was calculated (C). All values are represented as means s.e.m. 
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6. mGluR5 KO mice showed similar level of satiation with the WT 

controls and their perseverative character was not noticeably shown in the 

moderate work-required touchscreen fixed ratio (FR) schedules 

Commonly ratio schedules are used to assess animal motivation
37,40,45

 

however, it has also been suggested as an approach to evaluate the perseverative 

behavior.
47-49

 Excluding the motivational aspects, perseverance was assessed by the 

moderate work requiring touchscreen FR5-UC task to exhibit the perseverative 

responding behavior while response inhibition is not required. 30 trial performance 

limits were removed in this ratio task to allow mice to emit responses to the point of 

satiation.  

Under this FR5-UC task, there were no genotype difference (Figure 9A-F), 

showing similar satiety levels between mGluR5 KO mice and WT controls. The 

FR5-UC task was not able to evaluate the perseverative behavior properly since it 

revealed a condition where behavioral flexibility was not heavily engaged. 
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Figure 9. No genotype difference in perseverative behavior was observed in the 

touchscreen FR5-UC schedule. In the touchscreen FR5-UC schedule, the number 

of trials completed (A), mean number of target and blank touches (B-C), reward 

collection latency (D), the front and rear beam breaks (E-F) were analyzed. 

Percentage of maintained restricted body weight relative to baseline free feeding 

weight of mGluR5 mutant (n=10) and WT (n=10) mice were calculated (G). All 

values are represented as means s.e.m. 
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7. mGluR5 KO mice showed elevated perseverative responding behavior 

in the touchscreen progressive ratio (PR) schedule 

To determine the observed perseverative behavior of the mGluR5 KO mice 

in both VDR and EXT tasks, the PR4 task was performed. In this task, the number 

of responses required to earn a single reward was linearly increased by the number 

of four in each of the subsequent trials. Eventually, the PR4 task requires mice to 

emit more responses to earn the same single reward but also, make the mice to 

continuously emit responses for an increasingly longer period of time.  

The mGluR5 KO mice showed significantly higher number of breakpoints 

and mean number of target touches then the WT littermates (Unpaired t-test; ***p < 

0.001) (Figure 10A-B). However, there was no between group differences in the 

blank touches (Figure 10C), reward collection latency (Figure 10D), front and rear 

beam breaks (Figure 10E-F) and in percentage restricted body weight during the PR 

task (Figure 10G). Eventually, these data indicate that mGluR5 KO mice exhibits 

higher perseverative responding behavior than the WT controls.  
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Figure 10. mGluR5 KO mice showed higher perseverative responding behavior 

in the touchscreen PR4 schedule. In the touchscreen PR4 schedule, the number of 

trials completed; ***p < 0.001 comparison between genotype (A), mean number of 

target touches; ***p < 0.001 comparison between genotype and blank touches (B-

C), reward collection latency (D), the front and rear beam breaks (E-F) were 

analyzed. Percentage of maintained restricted body weight relative to baseline free 

feeding weight of mGluR5 KO (n=10) and WT (n=10) mice were calculated (G). 

All values are represented as means s.e.m. 
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8. mGluR5 KO mice also displayed perseverance in the touchscreen 

effort-related choice (ERC) task 

Through the touchscreen VDR, EXT and ratio tasks, mGluR5 KO mice 

showed impaired behavioral flexibility, primarily suggesting inappropriate control 

of the perseverative responding behavior. To further assess this perseverative 

behavior even in the presence of freely available reward, mice were evaluated in the 

touchscreen ERC paradigm. In this paradigm, animals were required to make a 

choice to either put effort, to obtain the more preferred reward (Strawberry milk) or 

consume the freely available but less preferred reward (Standard laboratory chow) 

on the floor of the touchscreen chamber. 

In the ERC paradigm, the amount of strawberry milk earned through 

touchscreen responding was compared to the amount consumption of freely 

available chow, by using a range of touchscreen work requirements. In ERC8, 16 

and 32; eight, sixteen and thirty-two responses were required to obtain the more 

preferred reward, the strawberry milk.  

Both genotypes exhibited a progressive shift from touchscreen responding 

to earn the strawberry milk, towards increased consumption of the freely available 

chow as the work requirement increased to ERC8, 16 and to 32 (Two-way RM 

ANOVA, main effect of genotype: F(1,18) = 0.0422, p = 0.839; main effect of 

operant work requirement: F(2,36) = 34.9, p < 0.001; interaction genotype x 

operant work requirement F(2,36) = 0.486, P = 0.619) (Figure 11A). While 

relatively less work required ERC8, showed no genotype difference in the 

strawberry milk and chow consumption, more work requir ing ERC16 and 32 

displayed significantly more strawberry milk consumption in the mGluR5 KO mice 

than the WT controls (Two-way RM ANOVA, main effect of genotype; F(1,18) = 
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8.49, p = 0.009, main effect of operant work requirement; F(2,36) = 153, p < 0.001, 

interaction genotype x operant work requirement; F(2,36) = 7.61, P = 0.002) 

(Figure 11B). In the absence of difference in genotype at the single caging 

preference test (Figure 4), mGluR5 KO mice seems to emit perseverative responses 

even in the presence of hard work requirements and freely available standard 

laboratory chow. 
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Figure 11. mGluR5 KO mice exhibited perseverative behavior in the 

touchscreen ERC task. In the touchscreen ERC task, mGluR5 KO (n=10) and WT 

(n=10) mice were evaluated by chow and strawberry milk consumption across 

increasing operant work requirements; **p < 0.01 and ***p < 0.001 comparison 

between work requirements across ERC8, 16 and 32; † p < 0.05 and ††† p < 0.001 

comparison between genotypes (A-B).  
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IV. DISCUSSION 

 

Behavioral flexibility refers to the adaptive change in behavior, in response 

to the changing environmental contingencies.
1,2

 This cognitive process requires both 

response inhibition and acquisition of the new response rule at the same time.
1,11,13

 

While this cognitive function involves a dynamic process, inhibitory learning is a 

critical step required for effective behavioral flexibility.
16,18-21

  

Many different study groups have reported that genetic or pharmacological 

disruptions of the mGluR5 signaling in mice, showed impairments in behavioral 

flexibility.
16,18-21

 mGluR5, is a Gq protein-coupled glutamate receptor
22-25

 which is 

highly expressed in the hippocampus, the nucleus accumbens, cerebral cortex and 

the dorsal striatum of the brain.
44,50-52

 It modulates different forms of synaptic and 

cellular plasticity
21,26-28

 which likely underlie its contribution to diverse cognitive 

functions such as behavioral flexibility. 

Recent studies have demonstrated that mice with genetic ablation or 

pharmacological inhibition of the mGluR5 signaling had disruptions in the fear 

extinction and spatial reversal learning where necessitated the exposure of the 

testing mice to high stress conditions such as electric foot shocks or forced water 

swimming.
16-21

 However, since mGluR5 signaling has a critical role in stress 

resilience
29

 and it is well known that cognition is highly affected by stress,
15,31-33,53

 

the overall affective state of the testing mice under high stress conditions may have 

indirectly contributed to cognitive rigidity resulting alterations in the flexible 

behavior of the animal.
54,55

  

Therefore, to get a better understanding of the relationship between the 

mGluR5 signaling and behavioral flexibility, cohorts of mGluR5 KO and WT mice 
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were assessed with series of touchscreen tasks in a low stress touchscreen operant 

apparatus that uses appetitive reinforcments.
34-36

 

Consistent with the impaired spatial reversal learning results of the Morris 

water maze test,
18

 mGluR5 KO mice also showed impairments in the reversal phase 

of the touchscreen two-choice VDR task. And in the further analysis segregating the 

early and late stages of reversal,
46

 mGluR5 KO mice showed significant 

impairments in the early stage of the reversal phase, revealing high perseverative 

characteristics.
15,30,46,56

 These results suggest that impaired behavioral flexibility in 

the mGluR5 KO mice was due to this perseverative responding phenotype.  

However, as other study groups suggested impaired acquisition in both fear 

extinction and the Morris water maze test,
18,57

 mGluR5 KO mice did not exhibit any 

impairments in the acquisition phase of the two-choice VDR task. This discrepancy 

may have resulted from the differences in the behavioral tasks used. While the 

Morris water maze test requires more spatial demands than the touchscreen operant 

platform, high levels of stress associated with the fear conditioning test may have 

resulted these differences. 

To further reveal this distinctive perseverative phenotype observed in the 

mGluR5 KO mice, they were assessed in the touchscreen EXT task. In the 

extinction task, the same stimulus-reward association was applied with the two-

choice VDR task but, in the absence of providing a reward to promote response 

inhibition.
43

 As a result, mGluR5 KO mice exhibited more responses to the 

touchscreen stimulus, even-though they were unrewarded for that particular 

behavior.  

Since this impairment was consistent with the previous studies showing 

disrupted extinction in the mGluR5 KO mice at both contextual and tone regulated 
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fear-conditioning test,
18

 the critical role of mGluR5 signaling seemed be equivalent 

at both low and high stress conditions. Moreover, replicated assessments with the 

MTEP (mGluR5 antagonist) treated C57BL/6J WT mice indicated that the impaired 

inhibitory learning shown in mGluR5 KO mice were not related to the 

neurodevelopmental alterations induced by genetic manipulations. 

Ratio tasks are commonly used to assess motivation
24,40,43

 however, it has 

also been suggested as an effective platform to evaluate the perseverative 

behavior
47-49

 of the animal. While there was no genotype difference in the relatively 

moderate work required touchscreen uncapped FR5 schedule, the more work 

requiring PR4 schedule was performed. Since the PR4 task required more responses 

to earn the same single reward for an increasingly longer period of time , the 

mGluR5 KO mice exhibited higher number of breakpoints than WT littermates. 

Altogether, these results represent that mGluR5 KO mice have increased 

perseverative responding behavior than the WT controls exhibiting a distinctive 

perseverative phenotype. 

However, the results of enhanced performance in the PR4 schedule were 

not replicated in rats with MPEP or MTEP (mGluR5 antagonist) administrations.
58-

60
 Rats with MPEP or MTEP treatment, did not show any enhanced performance nor 

have shown any changes on their behavior. These results clearly show the difference 

in species and in the mGluR5 manipulation approaches where pharmacological off-

target effects or other side-effects may have existed. 

Finally, animals were assessed by the touchscreen ERC paradigm. In this 

paradigm, the performance of the animal was evaluated based on their choice of 

emitting a response to obtain the more preferred reward in this case, the strawberry 

milk or consuming the freely available but less preferred reward, the standard 
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laboratory chow which was present at all times. As a result, mGluR5 KO and WT 

mice seem to exhibit a similar level of cost-benefit decision making behavior 

showing comparable amounts of chow consumption, the less preferred reward as 

the work requirement increased from ERC8 to 16 and to 32. However, as work 

requirement increased mGluR5 KO mice emitted significantly greater number of 

touchscreen responses than the WT mice, showing higher strawberry milk 

consumption as well.  

Consistent with the result of no genotype difference in the consumption of 

chow (less preferred reward) as the work requirement increased, past studies using 

canonical ERC paradigms have also shown that animals generally exhibit a 

consumption shift, from the more preferred reward to the less preferred reward as 

work requirement increased. This was related to the compensatory relocation of 

behavior towards selecting the low effort and less preferred reward options when 

work requirement gradually increases.  

While it is understandable that the perseverative phenotype shown in 

mGluR5 KO mice was not strong enough to completely disrupt the cost-benefit 

decision making behavior in the ERC paradigm, it is noticeable that the mGluR5 

KO mice emitted significantly higher number of touchscreen responses via 

strawberry milk consumption, while preserving the chow as well. These results 

indicate that mGluR5 KO mice consumes more strawberry milk because they show 

increased perseverative behavior rather than allocating their response resources to 

consume strawberry milk over the standard laboratory chow. 

Altogether, mGluR5 KO mice showed impairments in the touchscreen 

two-choice VDR and EXT tasks while showing distinctive perseverative responding 

behavior in the more work requiring PR4 ratio schedule and ERC 16 and 32 tasks.  
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V. CONCLUSION 

 

At low stress conditions mGluR5 KO mice had impairments in behavioral 

flexibility, which seemed to be attributed by high levels of perseverative responding 

behavior. This study demonstrates that mGluR5 signaling is critical to function the 

neural processes that are required for effective behavioral flexibility. 
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ABSTRACT (in Korean) 

 

대사성 글루타메이트 수용체5에 따른 행동 유연성 변화 분석 

 

<지도교수 김 철 훈> 

 

연세대학교 대학원 의과학과 

 

노 현 종 

 

‘행동 유연성(behavioral flexibility)’이란, 환경 또는 상황의 

변화에 따른 행동의 변화로, 새로운 환경에 빠르게 적응 할 수 있도록 

도와주는 능력이다. 이러한 행동 유연성이 효과적으로 나타나기 위해서는 

두 가지 과정을 필요로 한다. 먼저, 이전에 학습된 반응을 억제할 수 

있어야 하며, 이와 동시에 새로운 반응을 습득할 수도 있어야 한다. 

많은 연구 그룹은 대사성 글루타메이트 수용체5(mGluR5)를 유전적으로 

제거하거나, 약리학적으로 억제한 쥐들에게서 공포기억(fear memory)을 

억제/소멸(extinction)하는 학습 과정에 결함을 관찰할 수 있었다고 

한다. 이를 보고한 대부분의 연구 그룹은 전기 충격(foot-shock)과 

강제적인 물 속 수영(forced water swimming)과 같은 높은 스트레스를 

주는 실험 조건에서 쥐들의 행동 유연성 변화를 측정하였다고 한다. 

하지만, mGluR5 신호전달체계는 스트레스 대응 메커니즘(stress coping 

mechanism)과도 관련이 있다고 밝혀져 있기 때문에, 이러한 실험 

조건에서의 mGluR5 신호전달체계에 따른 행동 유연성 변화에 대한 

올바른 평가가 이루어지지 않았을 가능성이 높다. 따라서 본 연구에서는 
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스트레스를 주는 요소들이 배제되어 있으며, 중개적 의미와 신뢰성이 

높은 동물인지행동평가 기술장치인 touchscreen-based operant 

chamber를 이용하여, 행동 유연성에서의 mGluR5 신호전달체계의 역할을 

규명하고자 하였다. 

Touchscreen operant chamber 과제들 중 two-choice visual 

discrimination-reversal(VDR), extinction(EXT), fixed ratio(FR), 

progressive ratio(PR) 그리고 effort-related choice(ERC)를 

시행하였고, wild-type(WT) 과 mGluR5를 유전적으로 제거한 knock-

out(KO) 쥐들의 행동 변화를 분석 및 비교하였다. 그 결과, VDR 과제의 

reversal phase에서 WT 군 대비 mGluR5 KO 군은 reversal 과정에 결함을 

보였고, 이 결함을 관찰할 수 있었던 reversal phase에 대한 추가 

분석을 통해 새로운 반응을 습득하는 후기 단계(late stage)보다는 

반복적 행동이상을 시사하는 초기 단계(early stage)에 따른 결과라는 

것을 확인할 수 있었다. 이후 진행한 EXT 과제에서도 mGluR5 KO 군은 

반응 억제(extinction) 학습과정에도 심각한 결함을 보였으며, FR 및 PR 

과제와 ERC 과제를 통해 다시 한번, 이러한 결함이 반복적 행동이상 

때문임을 확인할 수 있었다.  

위 결과들을 토대로, mGluR5 KO 쥐들은 낮은 스트레스 

조건에서도 행동 유연성에 결함을 보이며, 이는 특유의 반복적 

행동이상에 의해 나타난다는 것을 확인할 수 있었다. 결론적으로 mGluR5 

신호전달체계는 행동 유연성 및 인지기능에 있어서 매우 중요한 역할을 

한다는 것을 알 수 있다. 

핵심되는 말: 행동 유연성, 대사성 글루타메이트 수용체5, 낮은 

스트레스 실험 조건, touchscreen operant platform, reversal. 

Extinction, ratio-schedules, effort-related choice, 반복적 행동이상 


