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Attentional Control in Adolescent 
Mice Assessed with a Modified Five 
Choice Serial Reaction Time Task
Mariasole Ciampoli1, Gabriella Contarini2, Maddalena Mereu1,2 & Francesco Papaleo1

Adolescence is a critical period for the development of higher-order cognitive functions. Unlike in 
humans, very limited tools are available to assess such cognitive abilities in adolescent rodents. 
We implemented a modified 5-Choice Serial Reaction Time Task (5CSRTT) to selectively measure 
attentiveness, impulsivity, broad monitoring, processing speed and distractibility in adolescent mice. 
21-day old C57BL/6J mice reliably acquired this task with no sex-dependent differences in 10–12 
days. A protocol previously used in adults was less effective to assess impulsiveness in adolescents, 
but revealed increased vulnerability in females. Next, we distinctively assessed selective, divided 
and broad monitoring attention modeling the human Spatial Attentional Resource Allocation Task 
(SARAT). Finally, we measured susceptibility to distractions using non-predictive cues that selectively 
disrupted attention. These paradigms were also applied to two genetically modified lines: the dopamine 
transporter (DAT) and catechol-O-methyltransferase (COMT) heterozygous. Adolescent DAT hypo-
functioning mice showed attentional deficits and higher impulsivity as found in adults. In contrast 
to adults, adolescent COMT hypo-functioning mice showed decreased impulsivity and attentional 
resilience to distractors. These paradigms open new avenues to study the establishment of higher-order 
cognitive functions in mice, as well as an effective tool for drug-testing and genetic screenings focused 
on adolescence.

Adolescence is a critical transitional period of development from infancy to adulthood in which neurochemical 
and hormonal brain maturational processes extensively shape mammalian behaviors1–3. In particular, higher 
order cognitive functions drastically develop and mature during this time period4. Indeed, significant improve-
ments in cognitive functioning are evident throughout late childhood and adolescence, with the most dramatic 
progress occurring in the development of attentional control, processing speed, decision making, planning, and 
response inhibition5, 6.

The development of attentional control is crucial because this ability might strongly influence all other cog-
nitive domains7, 8. Attentional control abilities start to emerge in childhood9, 10, but their full maturation peaks 
during adolescence11. Moreover, the speed of attentional control, its accuracy, inhibitory control towards irrel-
evant stimuli and the ability to disengage from one focus to another greatly improve throughout adolescence12. 
Additionally, it has been observed that adolescents are more prone to risk taking behavior and impulsiveness, 
compared to infants and adults13, 14. Notably, adolescents with poorer attentional regulation have worse health, 
earn less money and commit more crimes during adulthood15. To trace the development of the above mentioned 
abilities from infancy, through adolescence, to adulthood, the serial reaction time task and other similar tasks 
have been extensively used in human studies16–18.

Animal models are a useful tool to identify molecular and circuital processes potentially underlying the neu-
robiological basis of the maturational changes observed in human adolescence. The most drastic changes in terms 
of neuronal architecture and function have been identified within the prefrontal cortical areas (PFC)19–21. For 
example, in the PFC, adolescent rodents show prolonged neuronal pruning22, a drastic maturation of the gluta-
matergic, dopaminergic and GABAergic systems22–24 and a shift in the balance between mesocortical and mes-
olimbic systems25. Similarly, human neuroimaging studies suggest that adolescence is characterized by changes 
in patterns of brain activation, including increased activation in ventral PFC regions26–28 and exaggerated accum-
bens activity related to rewarding outcomes compared to children or adults29, 30. However, despite several elegant 
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studies dissecting the changes in brain circuits and molecular footprints in animal models, very limited behav-
ioral tools that reliably assess higher order cognitive functions are available for adolescent rodents. Thus, there 
is still a significant gap between the extensive and complex human literature on cognitive development and the 
scarce equivalent tools in rodents. Behavioral paradigms able to selectively dissect different forms of attentional 
control during rodent adolescence could help clarify the dynamic changes creditably observed at the molecular 
level, drawing better parallelisms with human studies. Finally, because adolescence is considered to be a period of 
higher vulnerability and increased risk of onset for several psychiatric disorders31, appropriate cognitive tasks for 
rodents could help to discern the impact of genetic and environmental factors.

Here we validated a modified version of the 5-Choice Serial Reaction Time Task (5CSRTT) for adolescent 
mice (Fig. 1a). Available tasks to assess higher-order cognitive functions have been designed and tested only 
in adult mice and rats32–35. This is mostly due to the long periods required for training, which are incompatible 
with the very short duration of rodent adolescence. Similarly to another recently modified 5CSRTT36, our task is 
acquired by adolescent mice in about 12 days only, in the context of no food restriction regimens. Additionally, 
our task is performed minimizing single-housing, since adolescence is considered to be a delicate period for the 
development of social skills. Moreover, this new task did not require any additional cage other than the 5CSRTT 
apparatus. The novel automatic paradigms implemented are effective in differentially measuring multiple atten-
tional functions such as selective and divided attention, broad monitoring, vulnerability to distractors, impulsiv-
ity, speed of processing and motivation in adolescent mice. This was validated in both males and females as well 
as in two different genetically modified mouse lines (i.e. DAT and COMT), highlighting substantial divergences 
in performance between adolescents and adults. Combined with the advanced techniques currently available to 
study the impact of molecular-, circuital-, cell- and genetic-specific factors in mice, this new behavioral tool will 
help improve our understanding of adolescence.

Results
Adolescent mice readily acquired the modified 5CSRTT. In order to keep the duration of the task 
within the very short period of mice “adolescence” (i.e. ≈25–50 days old), the first challenge we had to face was 
to shorten the long training which is usually required for the classical 5CSRTT for adults37. The implementation 
of three testing sessions randomly presented during the night phase successfully decreased the time needed to 
acquire the task. Indeed, about 85% of mice were able to acquire the task in an average of about 12 days (Fig. 1b,c). 
There was no sex-dependent effect on the number of days needed to reach the final stage (F1,27 = 2.1, p = 0.15; 
Fig. 1b). Notably, at the end of the training phase, mice were still in the middle portion of “adolescence” (≈32 days 
old). This was achieved maintaining a normal adolescent body weight-growing curve (Fig. 1d,e). If ad libitum 
access to food was kept in the home cage during the light phase of the day, mice typically lost weight the morn-
ings that followed the first 3 nights of testing (F21,546 = 3.5, p < 0.0005), but all mice quickly recovered gradually 
growing throughout the test (p < 0.0001; Fig. 1d). In contrast, restricting the access to food during the light phase 
of the day, as is usually done in adults34, 37, abolished the initial morning body weight loss (F21,546 = 134.070, 
p < 0.0005; Fig. 1e). Nonetheless, under the two food regime conditions, mice performance did not vary in all 
parameters described below, a part from the omissions (66.8 ± 2.0 or 59.7 ± 2.0 for day-time food ad libitum or 
restriction, respectively; p = 0.01). This demonstrates that the three test sessions per night were sufficient to keep 
the normal growing curve of adolescent mice, while ensuring a quick acquisition of the task and maintaining a 
good level of performance.

The 5–7 second inter-trial interval (ITI) shift is not effective in triggering premature responses in 
male C57BL/6J adolescent mice. Upon reaching the training criteria with the basic stage of the 5CSRTT, 
adolescent mice were exposed to different paradigms with different trial manipulations as summarized in Fig. 2.

The impulsivity trait in adult rats and mice becomes appreciable in the 5CSRTT when the ITI is increased from 
5 to 7 seconds34, 38. To test whether a similar outcome could be obtained in adolescent mice, we tested in our mod-
ified 5CSRTT paradigm this same 5–7 ITI challenge (Fig. 2: impulsivity paradigm). A significant ITI-by-sex inter-
action effect was evident for accuracy (F2,54 = 4.94, p = 0.01) and premature responses (F2,54 = 6.78, p = 0.002). 
Post-hoc analyses revealed no significant effects for accuracy (p = 0.6; Fig. 3b), but an increase in premature 
responding in the 7-s trials in female adolescent mice (p = 0.008; Fig. 3d), but not in males (p = 0.5; Fig. 3d). 
As shown in Fig. 3, the 5- to 7-s ITI shift did not influence any other parameter including correct responses 
(F2,54 = 0.3, p = 0.7), omissions (F2,54 = 0.1, p = 0.8), perseverative responses (F2,54 = 0.2, p = 0.8), time-out 
responses (F2,54 = 1.58, p = 0.2), latencies to correct responses (F2,54 = 0.1, p = 0.8) and reward retrieval (F2,54 = 0.2, 
p = 0.8). These results indicate that this manipulation was less effective in inducing impulsive-like behaviors in 
adolescent mice than in adult mice. Moreover, similarly to what was reported for adult mice34, females showed 
more vulnerability to impulsivity challenges than males.

Adolescent mice showed faster reaction time with a valid pre-cue, but difficulties distributing 
attention broadly. The Spatial Attentional Resource Allocation Task (SARAT) has been described as a visu-
ospatial attention paradigm in humans able to selectively investigate broad monitoring abilities and discriminate 
dysfunctions in patients with psychiatric disorders such as schizophrenia39. Notably, visuospatial functioning 
is impaired in children and adolescents with psychiatric disorders such as schizophrenia, ADHD, autism and 
22q11.2DS40. Thus, here we implemented a variation of the 5CSRTT modelled after the human SARAT protocol 
(Fig. 2: SARAT v1 paradigm).

The number of cued locations defined the predictability of the target location. Only 1 cued location (i.e. Cued 
1 trials) provided a precise information about the target, allowing a narrower and more selective attentional 
focus. Conversely, the Cued 5 trials increased spatial uncertainty and the need to monitor broadly. As reported in 
Fig. 4, a trial effect was evident for correct responses (F3,81 = 23.4, p < 0.0001), accuracy (F3,81 = 123.5, p < 0.0001), 
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omissions (F3,81 = 13.13, p < 0.0001), premature responses (F3,81 = 54.7, p < 0.0001), perseverative responses 
(F3,81 = 18.31, p < 0.0001), time out responses (F3,81 = 13.54, p < 0.0001), and correct latency (F3,81 = 23.54, 
p < 0.0001). In particular, the Cued 5 trials produced a consistent decrease in correct responses (p = 0.0001; 
Fig. 4a) and accuracy (p = 0.0001; Fig. 4b). Both Cued 1 and Cued 5 trials decreased omissions (p < 0.05; Fig. 4c), 

Figure 1. (a) The modified 5CSRTT apparatus: (1) modified 5 nose-poke holes wall, each outfitted with a 
recessed LED stimulus light and 2 additional LED cue lights (red and green) above each of the 5 nose-poke 
holes. (2) A stainless steel grid floor modified for the use in adolescent mice. (3) Food magazine on the wall 
opposite to the 5-hole array. (4) Water dispenser. (5) House-light. (6) Food pellet dispenser. (7) Smart Control 
Panel. (All the standard components were obtained from Med Associates, St. Albans, VT, USA). (b) Number 
of days taken by C57BL/6J male and female adolescent mice kept under food ad libitum condition during the 
light phase of the day to reach Stage 6 criteria. (c) Number of days taken by C57BL/6J male adolescent mice 
kept under food restriction condition during the light phase of the day to reach Stage 6 criteria. (d) Morning 
body weight measurements (in grams) of C57BL/6J male and female adolescent mice kept under food ad 
libitum condition during the light phase of the day. Ns = 15 males and 14 females. (e) Morning body weight 
measurements (in grams) of C57BL/6J male adolescent mice kept under food restriction condition during the 
light phase of the day. Ns = 6 males. Values represent mean ± SEM in all Figures.
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increased time out responses (p < 0.005; Fig. 4f), increased premature responses (p < 0.05; Fig. 4d) and decreased 
perseverative responses (p < 0.05; Fig. 4e). The Cued 1 trials selectively triggered faster correct responses 
(p = 0.0001 Fig. 4g). No trial effect was evident for reward latencies (F3,81 = 2.53, p = 0.06; Fig. 4h). Moreover, no 
sex-dependent effects were evident for any parameter (p > 0.4). These findings provide evidence that this SARAT 
paradigm can be applied to adolescent C57BL/6J mice. Indeed, as well as that of adolescent mice, the performance 
of healthy humans displays faster reaction times in trials with more precise pre-cues while attentional control is 
disrupted in trials where the pre-cues provide invalid information about the target39, 41, 42.

Distracting cues selectively disrupted attentional accuracy in adolescent mice. Adolescents 
show less control and more distractibility during cognitive tasks that require high demand of attention43. 
Moreover, increased distractibility during adolescence has been identified as a possible risk factor for psychiatric 

Figure 2. Schematic diagrams of the trials type that were presented to the mice during the three different test 
manipulation paradigms: Impulsivity; SARAT v1 and v2 and Distractor v1 and v2.
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Figure 3. Performance displayed by C57Bl/6J male and female adolescent mice during the Impulsivity screening 
at different Inter-trial Interval delays (i.e. ITI of 5 or 7 seconds). Percentage of (a) correct responses (correct 
responses/total number of trials*100), (b) accuracy (correct responses/(correct + incorrect responses)*100), 
(c) omissions (omitted trials/total number of trials*100), (d) premature responses (premature responses/
(correct + incorrect + premature + perseverative + time-out responses)*100), (e) perseverative responses 
(perseverative responses/(correct + incorrect + premature + perseverative + time-out responses)*100), (f) time-
out responses (time-out responses/(correct + incorrect + premature + perseverative + time-out responses)*100), 
(g) correct latency (time in seconds from onset of light stimulus to the performance of a correct response/number 
of correct responses) and (h) reward latency (time in seconds from the performance of a correct response to the 
retrieval of the food reward from the food magazine/number of correct responses). Data from consecutive sessions 
were averaged within each trial type. For clarity, the first depicted trial type represents the performance during 



www.nature.com/scientificreports/

6SCIentIFIC RePoRTS | 7: 9936  | DOI:10.1038/s41598-017-10112-8

diseases44–46. Thus, we developed a protocol able to assess the impact of distracting cues on the cognitive perfor-
mance of adolescent mice (Fig. 2: Distractor v1 paradigm).

As shown in Fig. 5, a trial effect was evident for correct responses (F3,81 = 9.32, p < 0.0001), accu-
racy (F3,81 = 52.59, p < 0.0001), omissions (F3,81 = 14.68, p < 0.0001), premature responses (F3,81 = 61.39, 
p < 0.0001), perseverative responses (F3,81 = 14.63, p < 0.0001) and correct latencies (F3,81 = 23.54, p < 0.0001). 
In particular, trials with the distracting cues produced a decrease in correct responses (p < 0.0002; Fig. 5a) and 
accuracy (p < 0.0001; Fig. 5b). Both the Cued 1 and distractor trials triggered more premature (p < 0.0001; 
Fig. 5d) and less perseverative responses (p < 0.0001; Fig. 5e). Finally, consistent with the SARAT results, in the 
Cued 1 trials less omissions (p < 0.0001; Fig. 5c) and faster correct responses were made (p = 0.0005; Fig. 5g). 
A marked trial-by-sex interaction effect was evident in the time-out responses (F3,81 = 14.79, p < 0.0001) and 
reward latency (F3,78 = 4.84, p < 0.05). Adolescent female mice made more time-out responses (p < 0.05; 
Fig. 5f) and needed more time to retrieve the food pellet in the distractor trials (p < 0.05; Fig. 5h). These find-
ings highlight the ability of the distracting manipulation to disrupt attentional control in both male and female 
adolescent mice.

The SARAT and Distractor are distinct paradigms assessing selective attentional control pro-
cesses. To test whether the SARAT and the Distractor paradigms could grasp distinct aspects of attentional 
control in adolescent mice, we further implemented these two paradigms (Fig. 2: SARAT v2 and Distractor v2 
paradigms), as done in adult mice47. In particular, with the SARAT version 2, we directly linked mice perfor-
mance to the number of presented pre-cues (i.e. 0, 1, 3 or 5) as is reported in human studies39, 41. Instead, in the 
second version of the Distractor, we eliminated the overlapping presence of the distracting green lights with the 
valid red pre-cue light that could generate conflicting information to the mice (see Fig. 2 for trials illustrations 
and comparisons).

The SARAT v2 demonstrated that cognitive performance is tightly related to the number of valid pre-cues. 
Indeed, increasing spatial uncertainty to three and five pre-cues proportionately decreased the accuracy 
(F3,15 = 30.32, p < 0.0001; Fig. 6b), and increased omissions (F3,15 = 16.70, p < 0.0001; Fig. 6c). Instead, providing a 
more precise predicting cue (Cued 1 trials) greatly ameliorated the performance of adolescent mice increasing the 
amount of correct responses (F3,15 = 9.82, p < 0.0008; Fig. 6a), decreasing the omissions (F3,15 = 16.70, p < 0.0001; 
Fig. 6c) and fastening the speed of a given correct answer (F3,15 = 3.28, p < 0.05; Fig. 6e). Other parameters were 
not altered by this manipulation.

In contrast, the distracting stimuli in the Distractor v2 decreased correct responses (t = 7.82; df = 5; 
p < 0.0006; Fig. 6f ) and accuracy (t = −6.11; df = 5; p < 0.001; Fig. 6g) with a stronger effect compared to 
Distractor v1 (Fig. 5). Other parameters were not altered by this manipulation. Notably, a direct comparison 
between the SARAT v2 and Distractor v2 (Fig. 6 first column compared to second) highlighted the dis-
tinct pattern of performance triggered by the different stimuli. Overall, these data demonstrate that atten-
tional control in adolescent mice can be selectively and differentially assessed by the SARAT and Distractor 
paradigms.

Attentional control performance in adolescent DAT and COMT genetically hypo-functioning 
mice. To accentuate the effectiveness of this novel task for adolescent genetically modified mice, we tested 
two mice lines which we previously assessed in the 5CSRTT at adult age47. Specifically, we tested dopamine trans-
porter (DAT) and catechol-O-methyltransferase (COMT) heterozygous (+/−) knockout mutant male mice, 
because they are clinically relevant mouse models with effects on cognitive functions that recapitulate the effects 
of similar genetic variations in humans35, 48, 49.

The performance of DAT+/+ and COMT+/+ wild-type littermates followed an identical pattern of per-
formance as that of the C57BL/6J mice shown in Figs 1–5. In contrast, compared to +/+ littermates, DAT+/− 
adolescent mice showed reduced accuracy during the training phase of the task (F2,29 = 4.37, p < 0.02; Fig. 7a), 
reduced levels of perseverative responses in the basic cued 0 trials (t = 2,29; df = 17; p < 0.04; Fig. 7b), and 
increased premature responding following the 5–7 ITI challenge (F4,48 = 3.33, p < 0.01; Fig. 7c). No other 
DAT-dependent effects were evident in any of the other parameters in all other paradigm manipulations (data 
not shown). Consistent with data from adult mice48, these results highlight that genetic variations reducing DAT 
produced attentional and impulsive control deficits since adolescence. Notably, despite the 5–7 ITI shift was con-
firmed to be ineffective in wild-type mice, it triggered a consistent increase in premature responding in DAT+/− 
mice, suggesting that this challenge is still effective in vulnerable subjects. Finally, an unexpected DAT effect in 
reducing compulsive-related phenotypes during adolescence was detected.

Instead, compared to their +/+ littermates, COMT+/− adolescent mice showed reduced levels of prema-
ture responses in the basic Cued 0 trials (t = 2,31; df = 14; p < 0.05; Fig. 7d), and increased correct responses 
(F2,26 = 8.54, p < 0.005; Fig. 7e) and accuracy (F2,26 = 3.64, p < 0.05; Fig. 7f) in the distractor trials. No other 
COMT-dependent effects were evident in all other parameters in the other paradigm manipulations (data not 
shown). In contrast to what was found in adult mice34, these results highlight that genetic variations reducing 
COMT are associated with reduced levels of basal impulsivity, and an attentional control that is more resilient to 
the detrimental effects of distracting cues in adolescence.

the previous days of only Cued 0 trials, while the other two depicted trial types were the performance during 
the day of impulsivity screening. Ns = 15 males and 14 females. *p < 0.05 versus trials with a 5-second ITI. 
*p < 0.05 versus performance at 5-ITI trials and versus males performance at the 7-ITI trials.
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Figure 4. Performance displayed by C57Bl/6J male and female adolescent mice during the SARAT test version 1. 
Percentage of (a) correct responses (correct responses/total number of trials*100), (b) accuracy (correct responses/
(correct + incorrect responses)*100), (c) omissions (omitted trials/total number of trials*100), (d) premature 
responses (premature responses/(correct + incorrect + premature + perseverative + time-out responses)*100), 
(e) perseverative responses (perseverative responses/(correct + incorrect + premature + perseverative + time-out 
responses)*100), (f) time-out responses (time-out responses/(correct + incorrect + premature + perseverative + time-
out responses)*100), (g) correct latency (time in seconds from onset of light stimulus to the performance of a 
correct response/number of correct responses) and (h) reward latency (time in seconds from the performance of 
a correct response to the retrieval of the food reward from the food magazine/number of correct responses). Data 
from consecutive sessions were averaged within each trial type. For clarity, the first depicted trial type represents 
the performance during the previous days of only Cued 0 trials, while the other two depicted trial types were the 
performance during the day of SARAT screening. Ns = 15 males and 14 females. *p < 0.05 and ***p < 0.0005 versus 
performance at all other trials type.
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Figure 5. Performance displayed by C57Bl/6J male and female adolescent mice during the Distractor test version 
1. Percentage of (a) correct responses (correct responses/total number of trials*100), (b) accuracy (correct 
responses/(correct + incorrect responses)*100), (c) omissions (omitted trials/total number of trials*100), 
(d) premature responses (premature responses/(correct + incorrect + premature + perseverative + time-out 
responses)*100), (e) perseverative responses (perseverative responses/(correct + incorrect + premature +  
perseverative + time-out responses)*100), (f) time-out responses (time-out responses/(correct + incorrect +  
premature + perseverative + time-out responses)*100), (g) correct latency (time in seconds from onset of light 
stimulus to the performance of a correct response/number of correct responses) and (h) reward latency (time in 
seconds from the performance of a correct response to the retrieval of the food reward from the food magazine/
number of correct responses). Data from consecutive sessions were averaged within each trial type. For clarity, 
the first depicted trial type represents the performance during the previous days of only Cued 0 trials, while the 
other two depicted trial types were the performance during the day of Distractor screening. Ns = 15 males and 14 
females. *p < 0.05, **p < 0.05, and ***p < 0.0005 versus performance at all other trials type.
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Figure 6. Comparison of the performance in key parameters displayed by C57Bl/6J male and female 
adolescent mice between the SARAT version 2 and the Distractor version 2 paradigms. Percentage of (a and 
f) correct responses (correct responses/total number of trials*100), (b and g) accuracy (correct responses/
(correct + incorrect responses)*100), (c and h) omissions (omitted trials/total number of trials*100), (d and 
i) premature responses (premature responses/(correct + incorrect + premature + perseverative + time-out 
responses)*100), (e and j) correct latency (time in seconds from onset of light stimulus to the performance of a 
correct response/number of correct responses). Data from consecutive sessions were averaged within each trial 
type. Ns = 6 mice. *p < 0.05, **p < 0.005 and ***p < 0.0005 versus performance at all other trials type.
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Discussion
The data reported here demonstrate that this modified 5CSRTT can effectively test attentional control abil-
ities in adolescent mice. Moreover, different challenges in the test were able to detect in adolescent mice: (i) 
impulsive-like behaviors defined as the ability to refrain to make a preponderant response, (ii) the ability to main-
tain focused or broad attention when different pre-cue stimuli were presented (SARAT) and (iii) the attentional 
vulnerability to distractors.

While developing the task, preserving the chance to train mice in less than 12 days was crucial for the effec-
tiveness of the task itself. Training in the 5CSRTT for adult mice usually requires from thirty days up to sev-
eral months34, 50, 51. However, paradigms longer than twenty days would exceed the rodents’ short “adolescence” 
period which is considered to span from about 28 to 45 days of age1, 52. Notably, we were able to achieve this also 
maintaining the physiological curve of adolescent-growing body size, limiting the amount of stress and potential 
metabolic deficits that could derive from scarce food intake during this developmental period. Indeed, most of 
similar operant-based tasks in adult rodents require a food restriction protocol34, 37, 53. However, adolescence is a 
peculiar period for the vulnerability related to nutritional factors23. For example, an increasing body of literature 
illustrates a direct connection between an appropriate nutrition during adolescence and optimal cognitive and 
brain function54–56. Therefore, this novel paradigm can assess higher order cognitive functions such as attention, 
compulsivity, impulsivity, distractibility, decision making and processing speed in adolescent rodents with very 
few confounding factors. There is very scarce evidence regarding complex cognitive tasks designed for adolescent 
rodents. For example, intra-/extra-dimensional (ID/ED) set-shifting tasks or a two-choice visual discrimination 
task (2-CVDT) have been used in adolescent rats57, 58. However, in the ID/ED task, adolescent rats were also 
impaired in basic compound discrimination and in such studies food restriction was applied with no regard to 
the normal body weight growth of this developmental period. More recently, an all-day and self-pace testing in 
a similar 5CSRTT have been tested for adolescent mice36. In contrast to our setting, the latter task did not reveal 
any difference in performance of adolescents compared to adults, needed an additional cage attached to the 
5CSRTT apparatus, required continuous single-housing, and its testing schedule differed from the one used in 
humans which is restricted in a consecutive and limited time period. This latter factor is critical when assessing 
sustained attention as the self-pace regime greatly reduce the attentional load. To note, we are not aware of other 
similar studies using distracting cues in adolescent mice. However, we chose extra visual cues (i.e. green flashing 
lights) randomly presented within the same session to more directly compare attentional performance with that 
of non-distractor trials, in order to avoid potential habituation processes found with noises37 and confusion with 
the use of house lights59 as reported in adults. Finally, as also previously discussed47, we were able to demonstrate 
clear differences between the SARAT and distractor paradigms. Briefly, the combination of tasks used in the 
current work show that the cue lights were not simply treated as target stimulus lights, as only non-predictive 
cues decreased the accuracy and that this was directly proportional to the degree of unpredictability (e.g. 3 vs 
5 vs distracting cues). The fact that accuracy and the speed of making a correct response were both directly 
and proportionately modulated depending on the number of valid pre-cues presented also suggested that the 
mice used the cues to orient attention in anticipation of a target, and that there was a difference in this process 
between predictive and non-predictive cues. Moreover, our data demonstrate that faster reaction time for correct 
responses in cued trials were not a reflection of trials with responses initiated by the cue and executed after the 
target light came on. Indeed, the speed of correct responses was proportional on the number of cues presented 
(Cued 1 > Cued 3 > Cued 0 and 5 trials), and distracting cues did not trigger faster reaction responses compared 
to Cued 0 trials. Overall, all the characteristics of our modified automatic task makes it well suitable to dissect 
different attentional control processes in adolescent rodents also for large genetic or pharmacological screenings. 
This could be relevant in the context of testing early intervention/pharmacological strategies while also under-
standing their mechanisms. Indeed, early intervention on cognitive deficits could potentially be more effective 
in mitigating or reversing pathological trajectories and ameliorate the quality of life of individuals at risk for 
psychiatric disorders60.

With three different variations, we were able to selectively measure in adolescent mice subtypes of attentional 
control such as impulsivity, focused or broad attentiveness, processing speed and distractibility. In the “impul-
sivity” paradigm, adolescent female mice, but not males, increased the premature responses impulsivity index 
when the ITIs were changed from 5 to 7 seconds. Previous literature using delay-discounting tests found that 
both male and female adolescent rats exhibited greater levels of impulsive-like behaviors compared to adults61. 
However, other evidence accounted for a substantial impact of hormones in producing sex-dependent differences 
in impulsive actions in rodents62. Moreover, it has been demonstrated that in delay-discounting tasks under mild 
food restriction, adult female mice are more impulsive than males63. Premature responses are thought to reflect 
a failure of inhibitory response control that occurs when preparatory response mechanisms are disrupted64, 65. 
Thus, the 5-to-7 ITI shift in adolescent mice might be applied to assess sex-dependent vulnerability to this kind 
of impulsive control. Notably, our protocol offers another option to study impulsive control in mice. In particular, 
in contrast with the 5–7 ITI shift, the pre-cued trials of the SARAT protocol triggered a consistent increase in 
premature responding in both male and female mice. This kind of motor impulsivity is qualitatively different from 
the one triggered by the increase in ITI. Indeed, the pre-cue visual stimuli put forth a pre-potent response, which 
the mice must withhold from making in order to receive a food reward and then make a correct response. Thus, 
this measure of motoric impulsivity is potentially analogous to “false alarm” errors made in corresponding human 
tasks. Both these manipulations might constitute a valuable tool to assess impulsive behaviors in adolescent mice.

In the SARAT paradigm, adolescent mice showed a decreased accuracy in the trials where all the red cue lights 
were turned on (Cued 5), while faster speed of processing for target cues were evident in trials with more precise 
pre-cues (Cued 1). This pattern of performance was very similar to that of human healthy subjects tested in the 
original SARAT, where faster reaction times are evident in trials with more precise pre-cues, while cognitive 
performance is disrupted in trials where the pre-cues provide invalid information about the target39, 41. Thus, this 
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SARAT paradigm might be useful to distinguish deficits in selective attention from deficits in broad monitoring 
in adolescent mice with good translational validity concerning human studies. In particular, this could be relevant 
for schizophrenia, as patients demonstrate more selective attentional deficits when broad focus of attention is 
required, rather than when attention must be focused narrowly41. To date, no study specifically assessed such kind 
of abilities in adolescent mice, making this an additional tool in preclinical investigations designed to specifically 
manipulate spatial selective attention.

In the Distractor test, we observed a selective disruption of attentional accuracy and increased time out 
responses in the distractor trials, where non-predictive flashing lights were turned on. Adolescence is considered 
to be a time during which many aspects of behavior including planning, multitasking and the ability to resist 
distractions, are profoundly shaped66. For instance, teenagers have more difficulties to concentrate and are easily 
distracted43. The maturation in the resistance to distractors has been associated with a decreased activation in 
the superior frontal sulcus between childhood and adulthood67, possibly linked with developmental changes in 
grey matter architecture and long-range connections68. In particular, it seems like cortical brain regions are not 

Figure 7. (a–c) Performance displayed by DAT+/+ and DAT+/− adolescent littermates in the modified 
5CSRTT in key parameters which showed a genotype effect. (a) Percentage of accuracy (correct responses/
(correct + incorrect responses)*100) during the training phase of the test. (b) Percentage of perseverative 
responses (perseverative responses/(correct + incorrect + premature + perseverative + time-out 
responses)*100) during the basic phase of the test with only trial type 0 without any extra cue. (c) Percentage 
of premature responses (premature responses/(correct + incorrect + premature + perseverative + time-
out responses)*100) during the 5–7 ITI challenge paradigm. DAT+/+ Ns = 12, DAT+/− Ns = 12. 
*p < 0.05 and **p < 0.005 versus performance of DAT+/+ at the same trial type. (d–f) Performance 
displayed by COMT+/+ and COMT+/− adolescent littermates in the modified 5CSRTT in key 
parameters which showed a genotype effect. (d) Percentage of premature responses (premature responses/
(correct + incorrect + premature + perseverative + time-out responses)*100) during the basic phase of the 
test with only trial type 0 without any extra cue. (e) percentage of correct responses (correct responses/total 
number of trials*100) and (f) accuracy (correct responses/(correct + incorrect responses)*100) during the 
Distractor paradigm. Ns: COMT+/+ = 7 and COMT+/− = 8. *p < 0.05, **p < 0.005 and ***p < 0.0005 versus 
performance of COMT+/+ at the same trial type.
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fully developed in humans up to the late twenties or even the early thirties, which is much later than previously 
thought43. Thus, in adolescent mice as well as in humans, it would be important to unravel the mechanisms of 
cognitive vulnerability to distractors, and our modified 5CSRTT might constitute a valid tool in this respect.

A comparison between adolescents’ and adults’ performance in an equivalent task might highlight interesting 
developmental peculiarities. Overall, the performance of adolescent mice here described was similar to that of 
adult mice tested in an identical 5CSRTT47, with few important exceptions. In particular, the sex-dependent 
differences in adults showing better performances in females compared to males47 were not evident in adoles-
cent mice. This might reflect long-lasting effects of the sexual hormonal changes that start to appear during 
puberty69–71, and that are thought to play a critical role in the adult maturation of the cortex and complex cogni-
tive behaviors70, 72. In line with this and again in contrast with responses in adults34, 38, we did not find any effect 
in C57BL6 male mice in premature responses when the ITIs were changed from 5 to 7 seconds. Furthermore, 
adolescent COMT+/− males showed decreased levels of premature responses (Fig. 7), while adult COMT+/− 
have been reported to have increased levels of premature responses34, even if a direct comparison with the same 
5CSRTT version is still missing. However, these effects parallel recent findings unraveling a divergent dopa-
minergic maturation of the PFC from adolescence to adulthood between males and females70. Moreover, these 
findings raise the intriguing possibility that the COMT-dependent impact on stress vulnerability in terms of 
cognitive responses (e.g. impulsivity as in ref. 34) might develop in male subjects only after adolescence. This adds 
to previous evidence reporting that COMT-by-sex interacting effects are noticeable only between puberty and 
menopause70, 73, 74 and with data reporting a different maturation of the dopaminergic system in males compared 
to females70, 75–77. Notably, the SARAT paradigm with only one predictive cue produced attentional advantages in 
adolescent mice that were not evident in adults. Indeed, the increase in correct responses and the decreased omis-
sions seen in adolescents (Fig. 6) were not apparent in adults47, indicating an higher attentiveness to extra-cues 
in adolescents. Other developmental differences in the 5CSRTT performance were then evident in the distractor 
paradigm, as distractor trials triggered larger deleterious effects in adolescents than in adults. Indeed, additional 
parameters (i.e. premature, perseverative and time out responses) were altered in adolescent mice other than just 
accuracy and correct choices as in adults47, and accuracy level was diminished to ≈40% in adolescents in con-
trast with ≈70% in adults. This might be related to human findings reporting higher vulnerability to distraction 
in adolescent subjects compared to adults45. Finally, in line with human findings70, 78, the better performance 
of COMT+/− in the distractor trials suggests that this manipulation might be a more sensible tool in order to 
highlight the cognitive advantages of COMT genetic reduction in males that were difficult to assess with classical 
5CSRTT34. Future studies might want to address trial-by-trial analyses in order to address whether adolescents 
might emotionally respond differently from adults following correct or incorrect responses.

In conclusion, our results demonstrate that even within the brief duration of rodent adolescence, it is possible 
to assess different attentional control facets by a modified 5CSRTT paradigm. Indeed, the adopted manipulations 
allowed to assess different subtypes of attentional control including impulsivity, focused or broad attentiveness, 
processing speed and distractibility. These features suggest that this task could be a useful tool with potential 
translational validity concerning human studies, applicable to genetic and pharmacological studies in mouse 
models relevant to cognitive abnormalities and psychiatric disorders.

Materials and Methods
Mice. All procedures were approved by the Italian Ministry of Health (permit n. 230/2009-B) and local Animal 
Use Committee and were conducted in accordance with the Guide for the Care and Use of Laboratory Animals of 
the NIH and the European Community Council Directives. The time period defined as “adolescence” is individu-
ally variable, but it generally corresponds to the onset of puberty (from about 9–12 to 15–17 years old in humans; 
from about 28 to 45 days old in rodents1, 52. We used in-house bred mice within the range of 21–45 days old 
C57BL/6J (a total of 19 males and 16 females), or genetically modified (12 DAT+/+, 12 DAT+/−, 7 COMT+/+ 
and 8 COMT+/−) littermates. Every other generation new C57BL/6J breeders bought from Charles River were 
used for the C57BL/6J colony, while the lines of genetically modified mice were backcrossed with C57BL/6J for 
at least 10 generations. The COMT and DAT colonies were the same as described in refs 48 and 70. The breeding 
scheme used to obtain the genetically modified mice involved mating a+/− heterozygous male with C57BL/6J 
females, in order to avoid altered maternal behavior. Experimenters were blind to genotype during testing. Mice 
were weaned at 21 or 26 postnatal day (PND), separated for sex and housed 2–4 per cage. Mice were housed in a 
climate-controlled animal facility (22 ± 2 °C) and maintained on a 12-hour light/dark cycle (light on: 7 am–7 pm). 
All behavioral tests were conducted during the dark phase of the cycle.

Apparatus
12 operant chambers (Med Associates, St. Albans, VT, USA), housed in sound-attenuating boxes each contain-
ing a fan for ventilation and constant background noise were used (schematics in Fig. 1a). Two strings of LED 
lights (one providing warm light and one providing cool light) were installed onto the ceiling of each of the 
sound-attenuating boxes controlled by a timer so that the 12-hour light/dark cycle was regulated (9 Lux when 
on). Each operant chamber contains, on 1 wall, 5 nose-poke holes (1 cm in diameter) that were each outfitted with 
a recessed stimulus light. Two additional LED pre-cue lights (red and green) were installed above each of the 5 
nose-poke holes. An infrared beam transecting the aperture of each hole detected nose-pokes. Placed on the wall 
opposite to the 5-hole array, was a food magazine with an infrared beam and a head entry detector, where a pellet 
dispenser (ENV-203-14P) delivered food reinforcement in the form of a reward pellet (14 mg 5TUL Purified 
rodent tablet, TestDiet). Such reward pellets are designed to be a complete diet for the animals. A water dispenser 
into each operant chamber ensured full access to water throughout the training/test sessions. A house-light was 
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located 7 cm above the food magazine. The operant chambers were connected to a Smart Control Panel and 
interfaced to a Windows computer equipped with a MED-PC IV software (Med Associates, St. Albans, VT, USA).

Experimental design. Habituation. We tested different habituation protocols in order to check whether 
the weaning timing or food regimen could influence the task performance. In particular, the weaning was done 
or at 21 or 26PND. From PND 21 to PND 23 mice were daily exposed to 1-min handling session, given ten 14-mg 
pellets of the 5TUL diet and weighted. Training was started or at 24 or 27 PND. When in the testing cage, mice 
received food in the form of pellets (5TUL Purified rodent tablet, Test Diet). Water was always ad libitum. With 
the “day-time food ad libitum” regime, mice received their normal food ad libitum when in the regular holding 
cage. In contrast, with the “day-time food restriction” regime, mice were not given access to the food when in their 
holding cage unless losing weight, in which case extra food was provided during the day in order to keep the mice 
at their normal body weight curve of adolescent growth. Such food regimens were kept throughout the entire test.

Training protocol. Throughout training and testing, mice were daily placed into the operant chambers in the 
evening between 5 and 5:30 pm and taken out of the chambers the following morning between 10 and 10:30 am to 
be placed back into their regular holding cages (grouped house as weaned). Each night (between 7 pm and 7 am), 
mice were presented with three testing sessions semi-randomly and automatically presented (with a variable delay 
between sessions of 2–5 hours). Mice were weighed every day in the morning immediately after being taken out 
of the apparatus. A free reinforcement pellet was delivered at the start of each testing session. When a head entry 
was detected, the first trial began with an inter-trial interval (ITI). Any nose-poke during the ITI was recorded 
as premature response resulting in a time-out period with the house-light turned on. At the end of the time-out, 
the house-light was turned back off and the ITI restarted. Any nose-poke during the time-out reset the time-out 
period. At the end of the ITI, the program randomly selected a stimulus location (1 out of 5 stimulus lights) and 
turned on the corresponding stimulus light. The stimulus light remained on for the stimulus duration (SD) value 
set. The animal had limited hold time (LH) to nose-poke into the lit hole. A nose-poke into the lit hole during 
the LH, was recorded as a correct response, the stimulus light turned off if not turned off earlier and a food pellet 
was delivered in the opposite-wall food magazine. A nose-poke into any of the other apertures was recorded as 
an incorrect response. Errors resulted in the initiation of a 5-sec time out (TO) phase, during which the house 
light switched on and all holes were unresponsive. A lack of response within the LH period, was deemed as omis-
sion and resulted in a time-out and no reward. Premature responses (occurring in the ITI before presentation 
of the trigger light stimulus) also led to a time-out without reward and to a resetting of the trial. A perseverative 
response was scored when mice continued to poke in the same response hole when it no longer stood for a cor-
rect choice. Time from the onset of the light stimulus to the performance of a correct nose-poke response and 
from the correct response to the retrieval of the food reward from the magazine were recorded as correct latency 
and reward latency, respectively. Training consisted of 6 stages. To proceed to each subsequent stage, mice were 
required to reach the criterion for 2 consecutive sessions. Each stage was more challenging than the last, with the 
SD and LH period decreasing while other criteria become more demanding (see below). Sessions ended after 
30 minutes or 100 trials, whichever comes first. Criteria to reach each subsequent stage:

 1. Stage 1 to 2: SD = 20 s; LH = 30 s; ITI = 2 s.
Criteria: ≥20 correct trials; ≥20% correct.

 2. Stage 2 to 3: SD = 10 s; LH = 30 s; ITI = 2 s.
Criteria: ≥30 correct trials; ≥30% correct.

 3. Stage 3 to 4: SD = 8 s; LH = 20 s; ITI = 5 s.
Criteria: ≥40 correct trials; ≥80% accuracy; ≤60% omission.

 4. Stage 4 to 5: SD = 4 s; LH = 10 s; ITI = 5 s.
Criteria: ≥40 correct trials; ≥80% accuracy; ≤60% omission.

 5. Stage 5 to 6: SD = 2 s; LH = 7 s; ITI = 5 s.
Criteria: ≥45 correct trials; ≥80% accuracy; ≤60% omission.

 6. Stage 6: SD = 1 s; LH = 7 s; ITI = 5 s.

Upon reaching Stage 6, mice were subjected to an extra day of testing at Stage 6. After that, mice were tested 
with three different test protocols with in between a day of Stage 6 as explained below and in the timeline (Fig. 1a). 
The following measures were recorded to assess task performance as previously described34, 37.

Accuracy: number of correct responses divided by sum of number of correct and incorrect responses, multi-
plied by 100.

Correct responses: number of correct responses divided by total number of trials, multiplied by 100.
Omissions: number of omissions divided by total number of trials, multiplied by 100.
Premature responses: number of premature responses divided by sum of correct, incorrect, premature, perse-

verative and time-out responses (total number of responses), multiplied by 100.
Perseverative responses: number of perseverative responses divided by total number of responses, multiplied 

by 100.
Time-out responses: number of time-out responses divided by total number of responses, multiplied by 100.
Correct latency: total time from onset of light stimulus to the performance of a correct response divided by 

number of correct responses.
Reward latency: total time from the performance of a correct response to the retrieval of the food reward from 

the food magazine divided by number of correct responses.
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5–7 ITI challenge. During the 3 sessions of the night, randomly, in a 20% of the trials the ITI was increased from 
5 to 7 seconds. This implicated that mice must withhold an additional 2 seconds both before the appearance of the 
stimulus light and before making their correct choice. The SD and LH remain unchanged.

Spatial Attentional Resource Allocation Task (SARAT). Two versions of the SARAT test were performed: SARAT 
v1 and v2 (Fig. 2 for a representative scheme). In SARAT v1 in each of the 3 sessions during the night, three 
different trial types were randomly presented: Cued 0, as stage 6. Cued 1, as stage 6 but with the addition of a red 
cue light appearing over the correct nose-poke hole from 1 s before to 1 s after the normal stage 6 yellow stimulus 
light. Cued 5, as stage 6 but with the addition of a red cue light appearing over each nose poke hole from 1 s before 
to 1 s after the stage 6 yellow stimulus light. Also in the SARAT v2 three different types of trials were randomly 
presented. Cued 1 trial as for SARAT v1. The Cued 3 trial was the same as the standard trial type with the addition 
of 1 red pre-cue light appearing over the correct nose-poke hole and 2 pre-cue red lights appearing over the 2 
nose-poke holes adjacent the correct nose-poke hole from 1 s prior to 1 s after the stimulus light duration. The 
third type of trial was the Cued 5 trial as for SARAT v1. Each trial type was presented an equal number of times in 
a random fashion throughout each session.

Distractor test. In this manipulation, two versions of the Distractor test were performed: distractor v1 and v2 
(Fig. 2 for a representative scheme). In v1 2 different trial types were randomly presented. Cued 1 (80% of the 
time) like for the SARAT test. The Distractor (Dist) trial (20% of the time) was identical to the Cued 1 with the 
addition of three green cue lights flashing from 1 second before to 1 second after the normal stage 6 yellow stim-
ulus light. In Distractor v2, the Cued 0 trial (presented 80% of the time within a session) was the standard trial 
type as in Stage 6. The Distractor trial occurred 20% of the time and was the same as the Cued 0 trial with the 
addition of a flashing green pre-cue light over the nose-poke holes number 1, 3, and 5. In Distractor v2 no predic-
tive pre-cue red lights were used. The green pre-cue light over the nose-poke holes were turned on from 1 s prior 
to 1 s after the stimulus light duration. Any nose-poke that occurred while the red/green pre-cue lights were lit, 
but before the normal stimulus light was presented, was considered a premature response and was not rewarded, 
resulting in a time-out.

Statistical Analysis. Results are expressed as mean ± standard error of the mean (SEM) throughout. One- 
or two-way analyses of variance (ANOVAs) with sex (male or female) or genotype (+/+ or +/−) as between 
subjects factors and trial type as the within-subject repeated measure was used to analyze each single parameter 
measured (body weight, % Correct, % Accuracy, % Omission, % Time out, % Premature, % Perseverative, Correct 
latency and Reward latency). Newman-Keul’s post-hoc test with multiple comparisons corrections was used for 
making comparisons between groups when the overall ANOVA showed statistical significant differences for the 
main factors or interactions. Student’s t-test was used to compare the days needed to reach the criteria between 
males and females, the % Perseverative between DAT+/+ and +/−, the % Premature between COMT+/+ and 
+/−. The accepted value for significance was p < 0.05. All statistical analyses were performed using the Statistica 
version 12 software (Statistica, StatSoft, Inc.).

References
 1. Schneider, M. Adolescence as a vulnerable period to alter rodent behavior. Cell and tissue research 354, 99–106, doi:10.1007/s00441-

013-1581-2 (2013).
 2. Sisk, C. L. & Foster, D. L. The neural basis of puberty and adolescence. Nature neuroscience 7, 1040–1047, doi:10.1038/nn1326 

(2004).
 3. Steinberg, L. & Morris, A. S. Adolescent development. Annual review of psychology 52, 83–110, doi:10.1146/annurev.psych.52.1.83 

(2001).
 4. Yurgelun-Todd, D. Emotional and cognitive changes during adolescence. Current opinion in neurobiology 17, 251–257, doi:10.1016/j.

conb.2007.03.009 (2007).
 5. Anderson, V. Assessing executive functions in children: biological, psychological, and developmental considerationst. Pediatric 

rehabilitation 4, 119–136 (2001).
 6. Rosso, I. M., Young, A. D., Femia, L. A. & Yurgelun-Todd, D. A. Cognitive and emotional components of frontal lobe functioning in 

childhood and adolescence. Annals of the New York Academy of Sciences 1021, 355–362, doi:10.1196/annals.1308.045 (2004).
 7. Gold, J. M. & Thaker, G. K. Current progress in schizophrenia research: cognitive phenotypes of schizophrenia: attention. The 

Journal of nervous and mental disease 190, 638–639 (2002).
 8. Zvyagintsev, M., Parisi, C., Chechko, N., Nikolaev, A. R. & Mathiak, K. Attention and multisensory integration of emotions in 

schizophrenia. Frontiers in human neuroscience 7 (2013).
 9. Deoni, S. C. et al. Mapping infant brain myelination with magnetic resonance imaging. The Journal of neuroscience: the official 

journal of the Society for Neuroscience 31, 784–791, doi:10.1523/JNEUROSCI.2106-10.2011 (2011).
 10. Gordon, E. M. et al. Strength of default mode resting-state connectivity relates to white matter integrity in children. Developmental 

science 14, 738–751, doi:10.1111/j.1467-7687.2010.01020.x (2011).
 11. Davidson, M. C., Amso, D., Anderson, L. C. & Diamond, A. Development of cognitive control and executive functions from 4 to 13 

years: evidence from manipulations of memory, inhibition, and task switching. Neuropsychologia 44, 2037–2078, doi:10.1016/j.
neuropsychologia.2006.02.006 (2006).

 12. Brodeur, D. A. & Enns, J. T. Covert visual orienting across the lifespan. Canadian journal of experimental psychology = Revue 
canadienne de psychologie experimentale 51, 20–35 (1997).

 13. Casey, B. J., Getz, S. & Galvan, A. The adolescent brain. Developmental review: DR 28, 62–77, doi:10.1016/j.dr.2007.08.003 (2008).
 14. Ernst, M., Daniele, T. & Frantz, K. New perspectives on adolescent motivated behavior: attention and conditioning. Developmental 

cognitive neuroscience 1, 377–389, doi:10.1016/j.dcn.2011.07.013 (2011).
 15. Moffitt, T. E. et al. A gradient of childhood self-control predicts health, wealth, and public safety. Proceedings of the National Academy 

of Sciences of the United States of America 108, 2693–2698, doi:10.1073/pnas.1010076108 (2011).
 16. Canfield, R. L., Smith, E. G., Brezsnyak, M. P. & Snow, K. L. Information processing through the first year of life: a longitudinal study 

using the visual expectation paradigm. Monographs of the Society for Research in Child Development 62, 1–145 (1997).
 17. Clohessy, A. B., Posner, M. I. & Rothbart, M. K. Development of the functional visual field. Acta psychologica 106, 51–68 (2001).

http://dx.doi.org/10.1007/s00441-013-1581-2
http://dx.doi.org/10.1007/s00441-013-1581-2
http://dx.doi.org/10.1038/nn1326
http://dx.doi.org/10.1146/annurev.psych.52.1.83
http://dx.doi.org/10.1016/j.conb.2007.03.009
http://dx.doi.org/10.1016/j.conb.2007.03.009
http://dx.doi.org/10.1196/annals.1308.045
http://dx.doi.org/10.1523/JNEUROSCI.2106-10.2011
http://dx.doi.org/10.1111/j.1467-7687.2010.01020.x
http://dx.doi.org/10.1016/j.neuropsychologia.2006.02.006
http://dx.doi.org/10.1016/j.neuropsychologia.2006.02.006
http://dx.doi.org/10.1016/j.dr.2007.08.003
http://dx.doi.org/10.1016/j.dcn.2011.07.013
http://dx.doi.org/10.1073/pnas.1010076108


www.nature.com/scientificreports/

1 5SCIentIFIC RePoRTS | 7: 9936  | DOI:10.1038/s41598-017-10112-8

 18. Thomas, K. M. & Nelson, C. A. Serial reaction time learning in preschool- and school-age children. Journal of experimental child 
psychology 79, 364–387, doi:10.1006/jecp.2000.2613 (2001).

 19. O’Donnell, P. Cortical disinhibition in the neonatal ventral hippocampal lesion model of schizophrenia: new vistas on possible 
therapeutic approaches. Pharmacology & therapeutics 133, 19–25, doi:10.1016/j.pharmthera.2011.07.005 (2012).

 20. Papaleo, F. et al. Dysbindin-1 modulates prefrontal cortical activity and schizophrenia-like behaviors via dopamine/D2 pathways. 
Molecular psychiatry 17, 85–98, doi:10.1038/mp.2010.106 (2012).

 21. Steinberg, L. Cognitive and affective development in adolescence. Trends in cognitive sciences 9, 69–74, doi:10.1016/j.tics.2004.12.005 
(2005).

 22. Andersen, S. L., Thompson, A. T., Rutstein, M., Hostetter, J. C. & Teicher, M. H. Dopamine receptor pruning in prefrontal cortex 
during the periadolescent period in rats. Synapse 37, 167–169, doi:10.1002/1098-2396(200008)37:2<167::AID-SYN11>3.0.CO;2-B 
(2000).

 23. Spear, B. A. Adolescent growth and development. Journal of the American Dietetic Association 102, S23–29 (2002).
 24. Wahlstrom, D., White, T. & Luciana, M. Neurobehavioral evidence for changes in dopamine system activity during adolescence. 

Neuroscience and biobehavioral reviews 34, 631–648, doi:10.1016/j.neubiorev.2009.12.007 (2010).
 25. Spear, L. P. The adolescent brain and age-related behavioral manifestations. Neuroscience and biobehavioral reviews 24, 417–463 

(2000).
 26. Monk, C. S. et al. Adolescent immaturity in attention-related brain engagement to emotional facial expressions. NeuroImage 20, 

420–428 (2003).
 27. Rubia, K. et al. Functional frontalisation with age: mapping neurodevelopmental trajectories with fMRI. Neuroscience and 

biobehavioral reviews 24, 13–19 (2000).
 28. Tamm, L., Menon, V. & Reiss, A. L. Maturation of brain function associated with response inhibition. Journal of the American 

Academy of Child and Adolescent Psychiatry 41, 1231–1238, doi:10.1097/00004583-200210000-00013 (2002).
 29. Ernst, M. et al. Amygdala and nucleus accumbens in responses to receipt and omission of gains in adults and adolescents. 

NeuroImage 25, 1279–1291, doi:10.1016/j.neuroimage.2004.12.038 (2005).
 30. Galvan, A. et al. Earlier development of the accumbens relative to orbitofrontal cortex might underlie risk-taking behavior in 

adolescents. The Journal of neuroscience: the official journal of the Society for Neuroscience 26, 6885–6892, doi:10.1523/
JNEUROSCI.1062-06.2006 (2006).

 31. Paus, T., Keshavan, M. & Giedd, J. N. Why do many psychiatric disorders emerge during adolescence? Nature reviews. Neuroscience 
9, 947–957, doi:10.1038/nrn2513 (2008).

 32. McGaughy, J., Dalley, J. W., Morrison, C. H., Everitt, B. J. & Robbins, T. W. Selective behavioral and neurochemical effects of 
cholinergic lesions produced by intrabasalis infusions of 192 IgG-saporin on attentional performance in a five-choice serial reaction 
time task. The Journal of neuroscience: the official journal of the Society for Neuroscience 22, 1905–1913 (2002).

 33. McGaughy, J., Turchi, J. & Sarter, M. Crossmodal divided attention in rats: effects of chlordiazepoxide and scopolamine. 
Psychopharmacology 115, 213–220 (1994).

 34. Papaleo, F., Erickson, L., Liu, G., Chen, J. & Weinberger, D. R. Effects of sex and COMT genotype on environmentally modulated 
cognitive control in mice. Proceedings of the National Academy of Sciences of the United States of America 109, 20160–20165 (2012).

 35. Scheggia, D., Bebensee, A., Weinberger, D. R. & Papaleo, F. The ultimate intra-/extra-dimensional attentional set-shifting task for 
mice. Biological psychiatry 75, 660–670, doi:10.1016/j.biopsych.2013.05.021 (2014).

 36. Remmelink, E., Chau, U., Smit, A. B., Verhage, M. & Loos, M. A one-week 5-choice serial reaction time task to measure impulsivity 
and attention in adult and adolescent mice. Scientific reports 7, 42519, doi:10.1038/srep42519 (2017).

 37. Bari, A., Dalley, J. W. & Robbins, T. W. The application of the 5-choice serial reaction time task for the assessment of visual attentional 
processes and impulse control in rats. Nat Protoc 3, 759–767 (2008).

 38. Dalley, J. W. et al. Nucleus accumbens D2/3 receptors predict trait impulsivity and cocaine reinforcement. Science 315, 1267–1270 
(2007).

 39. Hahn, B., Ross, T. J. & Stein, E. A. Neuroanatomical dissociation between bottom-up and top-down processes of visuospatial 
selective attention. NeuroImage 32, 842–853 (2006).

 40. Simon, T. J. et al. Atypical cortical connectivity and visuospatial cognitive impairments are related in children with chromosome 
22q11.2 deletion syndrome. Behavioral and brain functions: BBF 4, 25, doi:10.1186/1744-9081-4-25 (2008).

 41. Hahn, B. et al. Visuospatial attention in schizophrenia: deficits in broad monitoring. Journal of abnormal psychology 121, 119–128 
(2012).

 42. Macaluso, E. & Doricchi, F. Attention and predictions: control of spatial attention beyond the endogenous-exogenous dichotomy. 
Frontiers in human neuroscience 7, 685, doi:10.3389/fnhum.2013.00685 (2013).

 43. Dumontheil, I., Hassan, B., Gilbert, S. J. & Blakemore, S. J. Development of the selection and manipulation of self-generated 
thoughts in adolescence. The Journal of neuroscience: the official journal of the Society for Neuroscience 30, 7664–7671, doi:10.1523/
JNEUROSCI.1375-10.2010 (2010).

 44. Frame, C. L. & Oltmanns, T. F. Serial recall by schizophrenic and affective patients during and after psychotic episodes. Journal of 
abnormal psychology 91, 311–318 (1982).

 45. Harvey, P., Winters, K., Weintraub, S. & Neale, J. M. Distractibility in children vulnerable to psychopathology. Journal of abnormal 
psychology 90, 298–304 (1981).

 46. Slobodin, O., Cassuto, H. & Berger, I. Age-Related Changes in Distractibility: Developmental Trajectory of Sustained Attention in 
ADHD. Journal of attention disorders, doi:10.1177/1087054715575066 (2015).

 47. Huang, H. et al. A schizophrenia relevant 5-Choice Serial Reaction Time Task for mice assessing broad monitoring, distractibility 
and impulsivity. Psychopharmacology 234, 2047–2062, doi:10.1007/s00213-017-4611-z (2017).

 48. Mereu, M. et al. Dopamine transporter (DAT) genetic hypofunction in mice produces alterations consistent with ADHD but not 
schizophrenia or bipolar disorder. Neuropharmacology 121, 179–194, doi:10.1016/j.neuropharm.2017.04.037 (2017).

 49. Scheggia, D., Sannino, S., Scattoni, M. L. & Papaleo, F. COMT as a drug target for cognitive functions and dysfunctions. CNS & 
neurological disorders drug targets 11, 209–221 (2012).

 50. de Bruin, N. M., Fransen, F., Duytschaever, H., Grantham, C. & Megens, A. A. Attentional performance of (C57BL/6Jx129Sv)F2 
mice in the five-choice serial reaction time task. Physiology & behavior 89, 692–703 (2006).

 51. Patel, S., Stolerman, I. P., Asherson, P. & Sluyter, F. Attentional performance of C57BL/6 and DBA/2 mice in the 5-choice serial 
reaction time task. Behavioural brain research 170, 197–203 (2006).

 52. Adriani, W. & Laviola, G. Elevated levels of impulsivity and reduced place conditioning with d-amphetamine: two behavioral 
features of adolescence in mice. Behavioral neuroscience 117, 695–703 (2003).

 53. Robbins, T. W. The 5-choice serial reaction time task: behavioural pharmacology and functional neurochemistry. 
Psychopharmacology 163, 362–380, doi:10.1007/s00213-002-1154-7 (2002).

 54. Davis, J. et al. A review of vulnerability and risks for schizophrenia: Beyond the two hit hypothesis. Neuroscience and biobehavioral 
reviews 65, 185–194, doi:10.1016/j.neubiorev.2016.03.017 (2016).

 55. Desbonnet, L. et al. Gut microbiota depletion from early adolescence in mice: Implications for brain and behaviour. Brain, behavior, 
and immunity 48, 165–173, doi:10.1016/j.bbi.2015.04.004 (2015).

 56. Zimmermann, M. B. The role of iodine in human growth and development. Seminars in cell & developmental biology 22, 645–652, 
doi:10.1016/j.semcdb.2011.07.009 (2011).

http://dx.doi.org/10.1006/jecp.2000.2613
http://dx.doi.org/10.1016/j.pharmthera.2011.07.005
http://dx.doi.org/10.1038/mp.2010.106
http://dx.doi.org/10.1016/j.tics.2004.12.005
http://dx.doi.org/10.1016/j.neubiorev.2009.12.007
http://dx.doi.org/10.1097/00004583-200210000-00013
http://dx.doi.org/10.1016/j.neuroimage.2004.12.038
http://dx.doi.org/10.1523/JNEUROSCI.1062-06.2006
http://dx.doi.org/10.1523/JNEUROSCI.1062-06.2006
http://dx.doi.org/10.1038/nrn2513
http://dx.doi.org/10.1016/j.biopsych.2013.05.021
http://dx.doi.org/10.1038/srep42519
http://dx.doi.org/10.1186/1744-9081-4-25
http://dx.doi.org/10.3389/fnhum.2013.00685
http://dx.doi.org/10.1523/JNEUROSCI.1375-10.2010
http://dx.doi.org/10.1523/JNEUROSCI.1375-10.2010
http://dx.doi.org/10.1177/1087054715575066
http://dx.doi.org/10.1007/s00213-017-4611-z
http://dx.doi.org/10.1016/j.neuropharm.2017.04.037
http://dx.doi.org/10.1007/s00213-002-1154-7
http://dx.doi.org/10.1016/j.neubiorev.2016.03.017
http://dx.doi.org/10.1016/j.bbi.2015.04.004
http://dx.doi.org/10.1016/j.semcdb.2011.07.009


www.nature.com/scientificreports/

1 6SCIentIFIC RePoRTS | 7: 9936  | DOI:10.1038/s41598-017-10112-8

 57. Bizot, J. C. et al. D-amphetamine improves attention performance in adolescent Wistar, but not in SHR rats, in a two-choice visual 
discrimination task. Psychopharmacology 232, 3269–3286, doi:10.1007/s00213-015-3974-2 (2015).

 58. Newman, L. A. & McGaughy, J. Adolescent rats show cognitive rigidity in a test of attentional set shifting. Developmental 
psychobiology 53, 391–401, doi:10.1002/dev.20537 (2011).

 59. Amitai, N. & Markou, A. Comparative effects of different test day challenges on performance in the 5-choice serial reaction time 
task. Behavioral neuroscience 125, 764–774 (2011).

 60. Millan, M. J. et al. Altering the course of schizophrenia: progress and perspectives. Nature reviews. Drug discovery 15, 485–515, 
doi:10.1038/nrd.2016.28 (2016).

 61. Doremus-Fitzwater, T. L., Barreto, M. & Spear, L. P. Age-related differences in impulsivity among adolescent and adult Sprague-
Dawley rats. Behavioral neuroscience 126, 735–741, doi:10.1037/a0029697 (2012).

 62. Bayless, D. W., Darling, J. S., Stout, W. J. & Daniel, J. M. Sex differences in attentional processes in adult rats as measured by 
performance on the 5-choice serial reaction time task. Behavioural brain research 235, 48–54, doi:10.1016/j.bbr.2012.07.028 (2012).

 63. Koot, S., van den Bos, R., Adriani, W. & Laviola, G. Gender differences in delay-discounting under mild food restriction. Behavioural 
brain research 200, 134–143 (2009).

 64. Carli, M., Robbins, T. W., Evenden, J. L. & Everitt, B. J. Effects of lesions to ascending noradrenergic neurones on performance of a 
5-choice serial reaction task in rats; implications for theories of dorsal noradrenergic bundle function based on selective attention 
and arousal. Behavioural brain research 9, 361–380 (1983).

 65. Chudasama, Y. & Robbins, T. W. Dissociable contributions of the orbitofrontal and infralimbic cortex to pavlovian autoshaping and 
discrimination reversal learning: further evidence for the functional heterogeneity of the rodent frontal cortex. The Journal of 
neuroscience: the official journal of the Society for Neuroscience 23, 8771–8780 (2003).

 66. Blakemore, S. J. & Choudhury, S. Development of the adolescent brain: implications for executive function and social cognition. 
Journal of child psychology and psychiatry, and allied disciplines 47, 296–312, doi:10.1111/j.1469-7610.2006.01611.x (2006).

 67. Olesen, P. J., Macoveanu, J., Tegner, J. & Klingberg, T. Brain activity related to working memory and distraction in children and 
adults. Cerebral cortex 17, 1047–1054, doi:10.1093/cercor/bhl014 (2007).

 68. Luna, B., Padmanabhan, A. & O’Hearn, K. What has fMRI told us about the development of cognitive control through adolescence? 
Brain and cognition 72, 101–113, doi:10.1016/j.bandc.2009.08.005 (2010).

 69. Harris, G. C. & Levine, J. E. Pubertal acceleration of pulsatile gonadotropin-releasing hormone release in male rats as revealed by 
microdialysis. Endocrinology 144, 163–171, doi:10.1210/en.2002-220767 (2003).

 70. Sannino, S. et al. Adolescence is the starting point of sex-dichotomous COMT genetic effects. Translational psychiatry 7, e1141, 
doi:10.1038/tp.2017.109 (2017).

 71. Sisk, C. L., Richardson, H. N., Chappell, P. E. & Levine, J. E. In vivo gonadotropin-releasing hormone secretion in female rats during 
peripubertal development and on proestrus. Endocrinology 142, 2929–2936, doi:10.1210/endo.142.7.8239 (2001).

 72. Arain, M. et al. Maturation of the adolescent brain. Neuropsychiatric disease and treatment 9, 449–461, doi:10.2147/NDT.S39776 
(2013).

 73. Jacobs, E. & D’Esposito, M. Estrogen shapes dopamine-dependent cognitive processes: implications for women’s health. The Journal 
of neuroscience: the official journal of the Society for Neuroscience 31, 5286–5293, doi:10.1523/JNEUROSCI.6394-10.2011 (2011).

 74. Papaleo, F., Sannino, S., Piras, F. & Spalletta, G. Sex-dichotomous effects of functional COMT genetic variations on cognitive 
functions disappear after menopause in both health and schizophrenia. European neuropsychopharmacology: the journal of the 
European College of Neuropsychopharmacology 25, 2349–2363, doi:10.1016/j.euroneuro.2015.10.005 (2015).

 75. Becker, J. B. Gender differences in dopaminergic function in striatum and nucleus accumbens. Pharmacology, biochemistry, and 
behavior 64, 803–812 (1999).

 76. Kritzer, M. F. & Creutz, L. M. Region and sex differences in constituent dopamine neurons and immunoreactivity for intracellular 
estrogen and androgen receptors in mesocortical projections in rats. The Journal of neuroscience: the official journal of the Society for 
Neuroscience 28, 9525–9535, doi:10.1523/JNEUROSCI.2637-08.2008 (2008).

 77. Staiti, A. M. et al. A microdialysis study of the medial prefrontal cortex of adolescent and adult rats. Neuropharmacology 61, 
544–549, doi:10.1016/j.neuropharm.2011.04.005 (2011).

 78. Barnett, J. H. et al. Gender-specific effects of the catechol-O-methyltransferase Val108/158Met polymorphism on cognitive function 
in children. The American journal of psychiatry 164, 142–149, doi:10.1176/ajp.2007.164.1.142 (2007).

Acknowledgements
We thank Dr. M. Morini, C. Chiabrera, M. Rizza, G. Pruzzo, A. Parodi, R. Navone, and T. Luchetta for their 
excellent technical assistance and A. Bonavia for English editing. We thank Drs M. Karayiorgou and J.A. Gogos 
for generously donating the original COMT knockout breeders, and Drs R. Gainetdinov and M. Caron for 
donating the original DAT knockout breeders. This research was supported by the Istituto Italiano di Tecnologia 
and the 2015 NARSAD Independent Investigator Grant.

Author Contributions
Conceptualization: F.P.; Methodology and Investigation: M.C., G.C., M.M. and F.P.; Resource: F.P.; Writing: M.C. 
and F.P.; Visualization and Analysis: M.C., G.C, M.M. and F.P.; Supervision: F.P.

Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1007/s00213-015-3974-2
http://dx.doi.org/10.1002/dev.20537
http://dx.doi.org/10.1038/nrd.2016.28
http://dx.doi.org/10.1037/a0029697
http://dx.doi.org/10.1016/j.bbr.2012.07.028
http://dx.doi.org/10.1111/j.1469-7610.2006.01611.x
http://dx.doi.org/10.1093/cercor/bhl014
http://dx.doi.org/10.1016/j.bandc.2009.08.005
http://dx.doi.org/10.1210/en.2002-220767
http://dx.doi.org/10.1038/tp.2017.109
http://dx.doi.org/10.1210/endo.142.7.8239
http://dx.doi.org/10.2147/NDT.S39776
http://dx.doi.org/10.1523/JNEUROSCI.6394-10.2011
http://dx.doi.org/10.1016/j.euroneuro.2015.10.005
http://dx.doi.org/10.1523/JNEUROSCI.2637-08.2008
http://dx.doi.org/10.1016/j.neuropharm.2011.04.005
http://dx.doi.org/10.1176/ajp.2007.164.1.142
http://creativecommons.org/licenses/by/4.0/

	Attentional Control in Adolescent Mice Assessed with a Modified Five Choice Serial Reaction Time Task

	Results

	Adolescent mice readily acquired the modified 5CSRTT. 
	The 5–7 second inter-trial interval (ITI) shift is not effective in triggering premature responses in male C57BL/6J adolesc ...
	Adolescent mice showed faster reaction time with a valid pre-cue, but difficulties distributing attention broadly. 
	Distracting cues selectively disrupted attentional accuracy in adolescent mice. 
	The SARAT and Distractor are distinct paradigms assessing selective attentional control processes. 
	Attentional control performance in adolescent DAT and COMT genetically hypo-functioning mice. 

	Discussion

	Materials and Methods

	Mice. 

	Apparatus

	Experimental design. 
	Habituation. 
	Training protocol. 
	5–7 ITI challenge. 
	Spatial Attentional Resource Allocation Task (SARAT). 
	Distractor test. 

	Statistical Analysis. 

	Acknowledgements

	Figure 1 (a) The modified 5CSRTT apparatus: (1) modified 5 nose-poke holes wall, each outfitted with a recessed LED stimulus light and 2 additional LED cue lights (red and green) above each of the 5 nose-poke holes.
	Figure 2 Schematic diagrams of the trials type that were presented to the mice during the three different test manipulation paradigms: Impulsivity SARAT v1 and v2 and Distractor v1 and v2.
	Figure 3 Performance displayed by C57Bl/6J male and female adolescent mice during the Impulsivity screening at different Inter-trial Interval delays (i.
	Figure 4 Performance displayed by C57Bl/6J male and female adolescent mice during the SARAT test version 1.
	Figure 5 Performance displayed by C57Bl/6J male and female adolescent mice during the Distractor test version 1.
	Figure 6 Comparison of the performance in key parameters displayed by C57Bl/6J male and female adolescent mice between the SARAT version 2 and the Distractor version 2 paradigms.
	Figure 7 (a–c) Performance displayed by DAT+/+ and DAT+/− adolescent littermates in the modified 5CSRTT in key parameters which showed a genotype effect.




