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Abstract 

Extinction of instrumental responses is an essential skill for adaptive behaviour such us 

foraging. So far, only few studies have focused on extinction following appetitive conditioning in 

mice. We studied extinction of appetitive operant lever-press behavior in 6 standard inbred 

mouse strains (A/J, C3H/HeJ, C57BL/6J, DBA/2J, BALB/cByJ and NOD/Ltj) and 8 recombinant 

inbred mouse lines. From the response rates at the end of operant and extinction training we 

computed an extinction index, with higher values indicating better capability to omit behavioral 

responding in absence of reward. This index varied highly across the mouse lines tested, and 

the variability was partially due to a significant heritable component of 12.6%. 

To further characterize the relationship between operant learning and extinction, we calculated 

the slope of the time course of extinction across sessions. While many strains showed a 

considerable capacity to omit responding when lever pressing was no longer rewarded, we 

found a few lines showing an abnormally high perseveration in lever press behavior, showing no 

decay in response scores over extinction sessions. 

No correlation was found between operant and extinction response scores, suggesting that 

appetitive operant learning and extinction learning are dissociable, a finding in line with 

previous studies indicating that these forms of learning are dependent on different brain areas. 

These data shed light on the heritable basis of extinction learning and may help develop animal 

models of addictive habits and other perseverative disorders, such as compulsive food seeking 

and eating. 
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1. Introduction 

Extinction of previously acquired behavior that no longer results in a desired outcome is 

essential for adaptive responding to a changing environment. For successful foraging, animals 

should be able to rapidly learn actions that are rewarded, but also quickly omit responding to 

stimuli that are no longer rewarding. However, once an action-outcome association has been 

established, animals typically need many trials to extinguish a behavioral response that no 

longer results in a positive outcome (Neuringer et al., 2001; Killcross and Coutureau, 2003). 

After prolonged training, reward-seeking behavior may become so persistent that it hinders the 

animal in effectively learning new stimulus-outcome relationships. The action may become 

habitual, implying the animal will display it even in the absence of a desired outcome. In 

humans, similar processes may take place in pathological conditions characterized by 

behavioral inflexibility, such as schizophrenia (Elliott et al., 1995) or obsessive-compulsive 

disorder (Veale et al., 1996), in which anxiety is often coupled to carrying out non-functional 

rituals and habits (Swedo, 1989). Similarly, seeking food or drugs of abuse may continue even in 

the presence of punishers for such behavior (Vanderschuren and Everitt, 2004; Latagliata et al., 

2010). 

Brain areas regulating the acquisition of operant behavior may not be the same ones as those 

mediating extinction. Extinction is not equivalent to forgetting but constitutes a form of new 

learning, and acquisition and extinction appear to engage different neural mechanisms in rats 

(Dickinson, 1980; Sotres-Bayon et al., 2004; Myers and Davis, 2006; Quirk and Milad, 2010). This 

was first found in the context of fear conditioning: While acquisition of fear conditioning in rats 

is linked to the amygdala, the ventromedial prefrontal cortex has been implicated in the 

extinction of fear conditioning in rats (Milad and Quirk, 2002; Morgan et al., 2003).  

As in rats, extinction of acquired behavior in mice has been studied most extensively in the 

context of fear conditioning (Waddell et al., 2004; Siegmund et al., 2005); for C57BL/6  and 

DBA/2 and substrain comparisons see (Stiedl et al., 1999) and conditioned taste aversion 

(Crabbe et al., 1982; Ingram, 1982). Extinction of positively reinforced conditioning has been 

examined in most common inbred mouse strains. While a majority of these studies 

concentrated on substances of abuse (Stolerman et al., 1999; Zghoul et al., 2007; Orsini et al., 
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2008) one study comparing three inbred mouse strains addressed extinction of appetitively 

motivated responses (Lederle et al., 2011). 

Like in fear conditioning, acquisition and extinction of appetitive operant conditioning in mice 

appear to depend on different brain areas: Excitotoxic lesions of the dorsal hippocampal area 

CA1 of C57BL/6 mice impaired extinction but not acquisition of appetitive operant learning 

(Dillon et al., 2008). In both rats and mice, prelimbic cortex was shown to promote appetitive 

instrumental responding, particularly when reinforcement is uncertain or unavailable (Balleine 

and Dickinson, 1998; Killcross and Coutureau, 2003; Mulder et al., 2003). As concerns the role 

of ascending neuromodulatory systems, lesions of the cholinergic nucleus basalis 

magnocellularis impaired reversal learning and extinction in an appetitive lever press task 

(Cabrera et al., 2006) in rats. This study supported earlier findings in which systemic treatment 

of rats with cholinergic agonist resulted in faster extinction and treatment with cholinergic 

antagonist in greater perseveration in an operant task (for a review, see Mason, 1983). 

Disrupted communication between the rat orbitofrontal cortex, striatum and the serotonergic 

system has been implicated in compulsive lever-pressing for food in the absence of reward 

(Schilman et al., 2010). Compulsive lever pressing for food in rats has been shown to be 

attenuated by selective serotonin reuptake inhibitors (SSRIs) but not tricyclic antidepressants or 

anxiolytic substances (Joel et al., 2004), which is interesting in the light of the serotonin 

hypothesis of obsessive-compulsive disorder (OCD; Insel et al., 1985; Barr et al., 1993; Lederle 

et al., 2011). Given the complexity of neural mechanisms underlying obsessive-compulsive 

disorder, more specific animal models exhibiting features typical of OCD, such as compulsivity 

and resistance to extinction, will be required. Such studies may also be useful in elucidating the 

genetic background of eating disorders, which are comorbid with OCD (Fontenelle et al., 2005; 

Jiménez-Murcia et al., 2007), which speaks for using an appetitive task for screening. 

Several mouse models have been shown to express persistent behavior, most commonly a 

reversal learning deficit. However, these models are usually generated to model 

neuropsychiatric disorders involving cognitive inflexibility, thus expressing other abnormalities 

as well (e.g. Koistinaho et al., 2001; Van Dam et al., 2000). Research on mouse models of 

perseveration in appetitively motivated tasks has been scarce: while a number of studies have 

characterized the role of various transmitter-receptor systems and mouse brain areas in 

extinction of appetitive operant behavior (e.g. Niyuhire et al., 2007; Crombag et al., 2008; Dillon 
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et al., 2008; Gourley et al., 2009), extinction behavior and its heritability has not been 

systematically assessed in common inbred mouse lines (but see Lederle et al., 2011), despite 

their importance for providing a background against which targeted mutations can be studied. 

Furthermore, the heritability of this behavior constitutes an important parameter for the 

development of genetic mouse models, but remains to be explored. 

The first goal of this study was to identify mouse strains that may serve as animal models for 

perseverative disorders such as OCD and compulsive food seeking and to characterize 

extinction behavior in a number of common inbred mouse lines that belong to the so called 

“priority group A” in the Mouse Phenome Project because of their popularity as background 

strains in transgenic studies (Bogue and Grubb, 2004). Secondly, we aimed to estimate the 

proportion of variability in extinction that can be explained by heritability. In order to assess the 

overall contribution of heritable factors, we first trained a large number of mouse strains (35 

strains, N=343 animals) on an operant lever press task, and subsequently studied extinction 

behavior in strains that achieved sufficient operant performance. To accommodate the large 

number of strains, we developed a behavioral protocol of a limited duration, comprising 5 

sessions of operant training followed by 3 extinction sessions. As a third, additional aim, this 

protocol allowed us to examine whether operant learning was correlated with subsequent 

extinction. 

2. Methods 

2.1. Animals 

BxD mouse lines refer to a set of lines that were originally created in The Jackson Laboratory 

(http://www.jax.org) by crossing C57BL/6J and DBA/2J and inbreeding the offspring sister-

brother pairs for tens of generations in order to create a set of recombinant inbred mouse lines 

that can be used e.g. for heritability and quantitative trait loci analysis. All BxD mouse lines 

included in this study (lines 2, 8, 16, 27, 29, 33, 42, 43), their progenitor strains C57BL/6J and 

DBA/2J, inbred strains A/J, C3H/HeJ, Balb/cByJ and NOD/Ltj (N=5-19 mice per line, all male, on 

average 7.9 mice per strain (median=7.5 mice, total 111 mice) were bred locally at Harlan 

Netherlands (http://www.harlaneurope.com). Each strain consisted of several batches of mice 
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with at least two litters from separate mothers; mice were 9-10 weeks of age at the beginning 

of extinction training. 

In brief, the experimental details up until the extinction phase followed the description in 

(Malkki et al., 2010). Prior to the beginning of experiments, mice were habituated to the colony 

room (reversed day–night cycle; 7.00 lights off, 19.00 lights on, social housing) for four weeks. 

Food and water were available ad libitum. In the week preceding the experiments, the mice 

were handled daily by the experimenter, habituated to the operant boxes for one hour per day 

and given samples of food pellets (14 mg dextrose-sucrose precision pellet produced by Bio-

Serv, Frenchtown, NJ, http://www.bio-serv.com) in the home cage.  

During the course of experiments, mice were food-restricted by removing food 4-5 hours prior 

to each training session, resulting in weight loss of about 5%. After each training session (once 

daily), food was available ad libitum until the beginning of the next restriction period the 

following day. Water was provided in the home cages ad libitum at all times. All experimental 

procedures were approved by the institution’s Animal Welfare Committee and were in 

compliance with the European Council Directive (86/609/EEC) and Principles of laboratory 

animal care (NIH publication No. 86-23, revised 1985). 

2.2. Behavioral apparatus 

Standard mouse operant boxes (model ENV-307A) were equipped with two retractable levers 

(model ENV-312-2W) and a feeder tray in between them (See Chapter 2, Fig. 1). Each of the 

eight boxes was positioned inside a sound-attenuating cubicle (model ENV-022MD). The 

chambers were placed in parallel on two shelves, each holding four boxes. Control of the 

operant boxes and recording behavioral data was carried out by a MED-PC research control and 

acquisition system (version IV; MED Associates, St. Albans, VT). 

2.3. Behavioral training 

The timeline of behavioral training is illustrated in Fig. 1. Before the mice were trained on the 

operant task, they were first subjected to a series of habituation and shaping sessions 

(“pretraining”; Malkki et al. 2010). Every training session began with a pretask period during 

which the mice were placed in the operant box one hour before training onset. Mice were 
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trained for one session per day. In the operant conditioning task, the onset of each trial was 

marked by two levers (one on each side of the food magazine) protruding from the operant box 

wall. While the levers were protruded, the mice could obtain a sucrose pellet (14 mg) by 

pressing either lever and subsequently poking their nose in the food magazine. Following a 

lever press response or a period of 150 seconds without response, the levers were retracted to 

prevent possible extinction behavior during the course of training, and a pseudorandom 

intertrial interval of 5-25 (on average 15 s) seconds followed.  

 

Figure 1: Timeline of the experiments. The protocol is ordered in time from left to right, 

beginning with handling and ending with extinction sessions. 

 

To avoid satiety, mice could collect a maximum of 30 pellets in one session. Each training 

session lasted up to one hour, after which the mouse was removed from the operant chamber, 

even if it had not yet made 30 correct responses. The mice were trained on operant 

conditioning for five sessions in total. A response was considered correct when the mouse 

pressed a protruded lever before the 150 sec timeout. Only mouse strains in which a majority 

and at minimum five of the subjects had achieved at least 50% correct performance on average 
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in the last (fifth) session of operant phase were included in extinction training. This criterion 

resulted in the rejection of 21 strains and acceptance of 14 strains.  

Extinction training followed the operant conditioning task under similar conditions. The 

pseudorandom intertrial intervals as well as 150 second lever presentation were the same, but 

now we omitted sucrose pellets as a reward for a lever press. Thus, each mouse could produce 

at most one lever press response per trial. The session length was limited to 60 minutes as in 

the previous training phase and each mouse was subjected to 3 extinction sessions in total. 

2.4. Analysis of behavioral parameters 

The following parameters were analyzed in this study:  

1. RO and RE: 

The response score in operant training sessions (RO) was defined as the percentage of lever 

presses leading to reward delivery relative to the total number of trials in a given session. 

Similarly, the extinction response score (RE) was defined as the number of lever presses (which 

is equivalent to the number of trials with a lever press occurring) divided by the total number of 

trials in a given session. 

2. SlopeO and SlopeE: To assess the course of acquisition of operant behavior and extinction, we 

calculated SlopeO and SlopeE by applying linear regression to RO and RE in each session of 

operant and extinction training, respectively. SlopeO and SlopeE were defined as the average 

percentage change in response score per session. 

3. The extinction index EI was defined as  

EI = 1 - (RE / RO), 

where RE and RO are the response scores in the last session of extinction and operant training 

(3
rd

 and 5
th

, respectively). Thus, a higher extinction index indicates a higher capability to omit 

behavioral responding in absence of reward, with an EI value of 1 indicating complete extinction 

of lever press behavior and a value of 0 complete absence of extinction. Note that EI may in 

principle assume a negative value, while its upper bound is 1. 
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To quantify correlations between behavioral parameters, we computed standard Spearman's 

rank correlation coefficients on strain means and on all subjects pooled together. To assess the 

significance of behavioral differences between strains, one-way ANOVAs and post-hoc t-tests 

were carried out (Tukey’s least significant difference procedure). All analyses were carried out 

in MATLAB (MathWorks, Natick, MA). 

2.5. Heritability 

Narrow-sense heritability estimates, which reflect the portion of total phenotypic variation that 

is due to the allelic effects of genes (h
2
,
 
(Hegmann and Possidente, 1981), were calculated with 

a procedure using the following equations that control for variable group sizes in different 

strains, 

)2/()(2 BkBABAh   

)1/()/1( 2   SnNNk
s s  

)1/(])([ 2   STtnA
s ss  

 
s ss SNvnB )/()(  

where N is the total number of animals, S is the total number of tested strains, ns is the number 

of animals for a given strain s, ts is the trait average for a given strain (in this case, EI), vs is the 

trait variance for a given strain and T refers to the trait average across all strains (Isles et al., 

2004); Heimel et al. 2008). 

The p-levels of the heritability estimates were calculated by a permutation test with 1000 

permutations (Moore and McCabe, 2000). Both the heritability estimates and their significance 

were calculated with a custom MatLab script (Heimel et al., 2008), available at 

http://www.nin.knaw.nl/~heimel/software/heritability. 
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3. Results 

3.1 Heritability of extinction behavior 

The extinction index (EI) was computed from the response scores RO and RE measured at the 

end of operant and extinction training, with higher values indicating higher capability to omit 

responding in the absence of reward. Amongst the 14 strains satisfying our criterion for operant 

learning, EI varied from 0.09 in BxD-16 to 0.77 in C3H (mean ± SEM: 0.38 ± 0.05). C3H, BxD-27, 

A/J and DBA/2J showed the highest EI values, indicating efficient omission of non-rewarded 

behavior. Conversely, mouse lines BxD-16, BxD-42 and NOD/Ltj showed the lowest EI, indicating 

the least decay of RE when normalized to RO (Fig. 2). 

Figure 2: Extinction index. 

Extinction index over the 

14 strains tested. Values 

represent the mean ± SEM 

EI per strain. 

 

EI showed a highly 

significant heritability 

(12.6%, p<0.001). Overall, 

we found a significant 

variability in EI across all 

14 strains tested: One-way ANOVA revealed a significant strain effect for EI (F(13,97) =3 .25, p = 

0.0004). Post-hoc tests indicated multiple differences between strains with 30 out of 91 

possible pair-wise correlations between strains significantly different from each other. 

3.2. Comparison of operant and extinction response scores 

Comparing the response scores in the last sessions of operant lever pressing (RO) and extinction 

training (RE, Fig. 3) tells how effectively strains were able to acquire lever press behavior in the 

presence of reward and how capable they were of omitting their response in the absence of 

reward. The rationale for making this comparison is that poor extinction might positively 



77 

 

correlate with fast and reliable operant conditioning, based on the assumption that animals 

have greater difficulty adapting a response once it has been firmly rather than weakly 

established. However, neither strain mean nor subject-wise correlation analysis revealed any 

significant correlation between the response scores at the end of the operant and extinction 

phases (RO and RE; r=0.19, p = 0.51 and r = 0.13, p = 0.18, respectively), confirming that 

extinction was statistically dissociable from operant conditioning. Consistently, no significant 

strain mean or subject level correlations were found between response score at the end of the 

operant phase and the extinction index (RO vs EI; r = 0.11, p = 0.70 and r = 0.04, p = 0.67, 

respectively). Overall, the lack of correlation indicates a dissociability of the two measures: 

strong extinction may well occur following high operant performance. 

Figure 3: Comparison of response 

scores during operant and 

extinction phase.  

Response scores in the last session 

of operant (abscissa) vs. extinction 

(ordinate) training. Each data point 

represents the response score 

averaged across all mice belonging 

to the strain indicated. 

 

RO ranged from 84.4% (BxD-42) to 

100.0% (BxD-27), with a mean ± SEM 

of 93.2 ± 1.4% and RE between 

21.7% (C3H) and 86.6% (BxD-16), mean ± SEM: 58.0 ± 4.3%. Strain C3H showed the most 

flexibility during extinction, with a very low response score in the last session of extinction 

training despite its high operant performance. Another striking example of flexibility is BxD-27, 

which reached 100% successful performance in the operant lever press task, and also had a 

relatively high extinction index. Other strains showing relatively low RE values coupled to high 

operant performance include DBA/2J and A/J. 

To further control whether performance differences might be attributed to a variable 

motivation to work for sucrose rewards, we correlated the data presented here with data from 
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a pretraining task, where mice were collecting sucrose pellets by making a nose poke in the 

food magazine (Malkki et al., 2010). In the last (third) session of this pretraining task, the 14 

strains included in this study were collecting on average the vast majority of pellets offered in 

the task (28.7 ± 0.7 pellets; mean ± SEM; maximum number of pellets being 30), indicating a 

high motivation to work for sucrose rewards. Furthermore, we found no correlation between 

the number of pellets collected in this pretraining task and either EI (R = -0.23, p = 0.43), SlopeO 

(R = 0.07, p = 0.80) or SlopeE (R = 0.27, p = 0.35). 

3.3. Development of extinction behavior over sessions 

To study the time course of operant learning and extinction, we calculated the response scores 

for each session in these training phases (Fig. 4) and assessed the development of operant and 

extinction learning by applying linear regression to the response scores of each session of 

operant learning (SlopeO) and extinction (SlopeE; see Fig. S1 for additional information on the 

course of operant and extinction sessions as well as slopes per strain and Fig. 5 for comparison 

of SlopeO and SlopeE values between strains). As was the case for the response scores RO and RE, 

we found no significant correlation between SlopeE and SlopeO (r=0.11, p=0.70) as determined 

per strain. Furthermore, EI correlated with neither SlopeE (R=-0.52, p=0.062) nor SlopeO (R=0.15, 

p=0.61). This result confirms that a high rate of operant conditioning is not predictive of a 

subsequent poor progression of extinction for the mouse lines studied. 

SlopeO ranged between +8.1% in NOD/Ltj and +21.8% in C3H (mean 15.0 ± 1.2%) and SlopeE 

between -27.8% in BxD-27 and +8.4% in BxD-68 (mean -3.5% ± 2.3%; Fig. 5). BxD-27 not only 

had the steepest negative SlopeE: Together with displaying the second highest EI, it can be 

stated that it was the quickest and the most efficient mouse line in extinguishing unrewarded 

behavior. While most of the mouse lines showed a modest decline in response scores during 

extinction, BxD-68, BxD-42, C57BL/6J, BxD-16 and NOD/Ltj failed to express a steady, 

progressive extinction. Of these, the NOD/Ltj strain had acquired one of the highest (93.2%) 

response scores (RO) during operant training. Together with a SlopeE of 0.00, its RE value, which 

was among the highest, and EI value, which was among the lowest (0.21), indicate inflexibility in 

adjusting to absence of reward. 
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BxD-16 and BxD-42 were among the strains with the lowest extinction indices (Fig. 2) and their 

rates of lever pressing in the last extinction session were among the highest (Fig. 4). Like 

NOD/Ltj, they also failed to show progressive extinction. Instead, their SlopeE values (+3% and 

+5%, respectively) even indicated a slight increase in response scores towards the third session. 

4. Discussion 

In this study we tested 14 mouse strains on their capacity to extinguish a previously acquired 

operant lever press response using a medium-throughput protocol which allows rapid 

behavioural screening but effectively differentiates between good and poor extinguishers: 

several examples of both types were found. The extinction index EI, which was normalised to 

operant lever response scores, had a significant heritable component. Together with the 

observed heritability, the widespread and often subtle interstrain differences suggest that EI is 

not regulated by a single gene but by multiple genes of small effect size. If extinction would be 

regulated by a single gene, a more robust bimodal distribution between high and low strain 

values would be expected (Jones and Mormède, 2007), chapter 25). 

All mice showed lower response rates after removal of the reward (Fig. 4). However, the decline 

of response rate, defined as SlopeE, varied between mouse lines. Interestingly, some mouse 

lines showed a positive SlopeE, meaning that after an initial drop in response scores, their lever 

press behavior was resistant to extinction and even gained strength. Of these, BxD-16, BxD-42 

and NOD/Ltj had the lowest EI, making them the most suitable models for perseveration, while 

BxD-27 showed the highest RO, second highest EI and a pronounced, negative SlopeE. Thus, BxD-

27 may present a good model for high cognitive flexibility. From the viewpoint of perseveration, 

NOD/Ltj was perhaps the most interesting standard inbred strain: it readily acquired operant 

behavior and reached the second highest operant response score, but maintained a high 

response rate in the absence of reward, thus having the third lowest EI after BxD-16 and BxD-

42. The popularity of C57BL/6 as a background strain for transgenic models as well as for 

behavioral testing in general makes it noteworthy that also this line expressed some 

perseverative behavior: despite its moderate EI values and a substantial drop in response rates  
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Figure 4. Response scores over operant and extinction training. 
Time course of response scores of mouse lines across five operant and three extinction 
sessions. Mouse lines are sorted according to their operant response scores in the last (5th) 
session of operant training. Black vertical line indicates the end of operant (left) and start of 
extinction (right) sessions. Colour scale indicates the response score defined as percentage of 
trials with a lever press. 

 

 

Figure 5. Slope measures of operant 
and extinction performance.  
Linear regression slopes over three 
sessions of operant training (Δ 
Operant response score / session) vs. 
three sessions of extinction training 
(Δ Extinction response score / 
session). Gray horizontal line 
indicates SlopeE value of 0. Note that 
the slope measures plotted here do 
not take into account the change in 
response score occurring from the 
last (5th) operant training session to 
the 1st extinction session (Fig. 4). 
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from the last operant session to the last extinction session (86.4% to 54.3%, respectively; see 

Fig. 3.), there was no steady decline of lever press responses across extinction sessions (Fig. 4 

and 5). 

The lack of correlation between RO, RE and EI, as well as between regression slopes for 

extinction and operant stages (SlopeE and SlopeO, respectively) reflects a dissociation between 

acquisition and extinction of operant performance shown by many strains. Strong extinction 

may well occur following high performance during acquisition. This is in accordance with a 

previous study reporting that acquisition and extinction of appetitive operant behavior in mice 

are primarily dependent on different brain areas (Dillon et al., 2008). 

A general point to consider for follow-up studies is to examine whether strong extinction is still 

found after prolonged operant training where a plateau level of responding is reached, which is 

interesting for studying the persistence of habits. 

4.1. Comparison to previous extinction studies in mice 

A recent study screening C57BL/6J, DBA/2J and Balb/cJ mice using an appetitively motivated 

touchscreen-based stimulus-reward operant task reported that DBA/2J were slightly slower and 

Balb/cJ slightly faster to extinguish than C57BL/6J, although the differences were small (Lederle 

et al., 2011). This stands in partial contrast with our study, where DBA/2J actually had a slightly 

lower RE and steeper negative SlopeE than the other two strains, while EI levels were 

comparable across all three strains. The most important difference between the studies is the 

lack of a steady decline in the response pattern of C57BL/6J found in our study. This may be 

explained by differences in apparatus and/or experimental protocol (such as lever press vs. 

touchscreen, short vs. prolonged training and different time windows in which responses to 

stimuli were allowed). Two other studies (Niyuhire et al., 2007; Dillon et al., 2008) reported 

C57BL/6J to express a steady decline in lever press behaviour when rewards were omitted, but 

this is not directly in contradiction with our study, because both studies used much shorter 

sessions. A short first extinction session often captures the so called ‘extinction burst’, i.e. a 

transient increase in response rate after removal of reinforcer, resulting in a steep negative 

slope. Both studies reported a substantial decline from the last operant session to the third 

extinction session, which is in accordance with our study. 
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Studies comparing extinction of appetitive lever press behavior across standard inbred mouse 

strains have been scarce, but comparison to extinction of fearful behavior and other aversively 

motivated tasks revealed some similarities. In cued fear conditioning, DBA/2J extinguished 

fearful responses more quickly than C57BL/6J (Waddell et al., 2004), in line with the results of 

our study, where DBA/2J had higher EI values and steeper SlopeE. Other studies reported Balb/c 

mice to express prominent acquisition of fear memory (Brinks et al., 2009) and no fear 

extinction deficit when compared to C57BL/6J (Norcross et al., 2008), which is basically in 

accordance with our results: the EIs of both Balb/cByJ and C57BL/6J mice were comparable and 

moderate. In an active avoidance task using a two-way shuttle box, strains C3H and A showed a 

rapidly developing extinction of a conditioned fear response (Hamburger et al., 1985). In 

agreement with these results, these strains showed the highest (C3H) and third highest (A/J) EI 

of the inbred strains in our study. While C57BL/6J mice showed little or no extinction in the 

Hamburger et al. study, they reached moderate extinction levels in our task (Fig. 2). Differences 

between our study and studies of extinction of fearful memory may be explained by the notion 

that extinction of fearful and appetitive behaviors may be under differential neurochemical 

control (Niyuhire et al., 2007). 

4.2. Comparison to models of obsessive-compulsive disorders 

OCD is a common psychiatric disorder with a lifetime prevalence of around 2%. While the 

intrusive obsessive thoughts characteristic of OCD are difficult, if not impossible, to model in 

rodents, several attempts have been made to construct a mouse model for the compulsive 

components of OCD, such as excessive grooming (Nordstrom and Burton, 2002; Chou-Green et 

al., 2003; Welch et al., 2007; Shmelkov et al., 2010). In some of these models, OCD-like 

symptoms and anxiety could be ameliorated by selective serotonin reuptake inhibitors (SSRIs; 

(Welch et al., 2007; Shmelkov et al., 2010), which are commonly used in treating OCD in 

humans. These results support the previously proposed serotonin hypothesis, which 

emphasizes a central role of serotonergic modulation of prefrontal and striatal areas in this 

disorder. This hypothesis has gained support from human genetics: Heritable alterations in 

serotonin function, such as in the human serotonin transporter (hSERT) gene, have been 

suggested to be a risk factor for OCD (Ozaki et al., 2003). In addition to serotonin, glutamatergic 

and dopaminergic transmission have been implicated in OCD (Denys et al., 2004; Pittenger et 



83 

 

al., 2006), for instance, glutamatergic drugs have been reported to aggravate symptoms of OCD 

spectrum disorders in transgenic mice with enhanced cortico-limbic D1 receptor signaling 

(McGrath et al., 2000). Perseverative and stereotypic patterns are also present in dopamine 

transporter knockout mice, possibly arising from interactions with serotonergic regulation 

(Giros et al., 1996; Pogorelov et al., 2005). Numerous candidate genes, including serotonergic, 

dopaminergic, glutamatergic and opioid receptor and transporter genes, have been proposed 

to be associated with OCD (Wang et al., 2009). However, at this stage many of the studies have 

not been replicated and the genetic background of the syndrome remains elusive. 

Our findings may be tentatively associated to OCD and other persistent disorders as low 

extinction indices are indicative of compulsion-like behavior. From the standard strains used in 

our study, C3H, C57BL/6J and DBA/2J are each known to have specific hSERT genotypes, while 

A/J and Balb/c have a specific, yet shared genotype (Carneiro et al., 2009). Taken that the 

progenitor strains have different genotypes, it is possible that the BxD strains used in our study 

also differ in this locus. Previous studies did not assess SERT function in strains BxD-16, BxD-42 

and NOD/Ltj that emerged as most interesting candidate models in our study. Thus, the 

relationship between serotonin transporter genotype and perseverative behaviors in these 

strains must await further study. 

4.3. Comparison to mouse models of addictive behaviors 

It has been suggested that consumption of sweet substances can elicit addictive behavior in 

animal models. Besides behavioral changes due to high sugar intake, changes in opioid and 

dopamine receptors (Colantuoni et al., 2001) and cross-sensitization to substances of abuse 

have been observed (Gosnell et al., 2010). Mechanisms for food and drug addiction may share 

common pathways, at least partially, as both stimulate the same neural systems (Hernandez 

and Hoebel, 1988). 

After learning to lever press for sucrose reward, several mouse lines in our study had difficulty 

letting go of food-seeking behavior. In an earlier study, rats that had daily access to glucose in 

their home cage exhibited increased lever press rates for glucose after abstinence, a behavior 

often used to measure "craving" for a substance of abuse (Avena et al., 2005, 2008). While the 

response rate during extinction did not exceed the peak rate in the rewarded phase in any 
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mouse strain in our study, several mouse lines showed an increasing trend in lever-pressing in 

the absence of the reward (Fig. 4, 5). These lines are particularly interesting for developing 

genetic mouse models for drug or food seeking. 

While to our knowledge no studies on sucrose or high-fat addiction in mice have been 

published, both inbred and BxD mouse lines have been studied in the context of substance 

abuse. After learning to lever press for nicotine, DBA/2 showed lower lever press rates than 

C57BL/6J in the absence of the drug (Stolerman et al., 1999). Similarly, in our study, DBA/2J 

showed a slightly lower lever press rate in the third extinction session relative to C57BL/6J (Fig. 

4). 

In the current dataset the Balb/cByJ strain showed slightly more perseveration than C57BL/6J 

when this persistence was defined by lower EI values. In an earlier study where mice were 

trained to press a lever for etonitazene (a potent benzimidazole type opioid) administration, 

Balb/cJ mice showed a more rapid decline in responding in the absence of the drug than 

C57BL/6 mice, which might be explained by the strains’ differential preferences (C57BL/6 high, 

Balb/c low) for opioids (Elmer et al., 1995). Therefore, these results are not contradictory to our 

study per se. 

4.5. Concluding remarks 

To our knowledge, heritability of persistent behavior in standard inbred mice has not been 

previously assessed. Here we showed that while some mouse strains were able to flexibly let go 

off unrewarded behavior, some lines kept on persistently responding even after relatively short 

operant training. A significant portion of the variability in extinction of lever press behavior 

could be explained by genetic background, implying the possibility to develop specific genetic 

models for compulsive disorders in which inflexibility of appetitively motivated behavior is 

involved. BxD-16, BxD-42 and NOD/Ltj may present suitable models for specific impairment in 

extinguishing food-rewarded operant responses, while C3H and BxD-27could serve as a model 

displaying high flexibility. As C57BL/6J displayed moderate or relatively poor extinction, 

depending on the measure considered, one should be cautious when considering it as a 

background strain against which genetic models of perseveration and compulsion may be 

constructed. 
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Multiple significant differences between strains suggest that the capacity to extinguish 

unrewarded behavior is regulated by multiple genes of small effect size. Thus it should be 

feasible to probe the candidate genes for such models by screening a larger number of BxD-

lines and performing analysis for quantitative trait loci (Plomin et al., 1991), preferably paying 

extra attention to loci in which BxD-16 and BxD-42 differ from BxD-27.  
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Supplementary Figure S1. Operant and extinction slopes per strain. Response scores defined 
as percentage of trials with lever press during acquisition (blue dots) and extinction (red dots) 
of operant behaviour. SlopeO and SlopeE  are listed for each strain and illustrated by blue and red 
lines, respectively. Five sessions of operant and three sessions of extinction are indicated on 
abscissa. 

 


