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Abstract

Interval timing is crucial for decision-making and motor control and is impaired in many 

neuropsychiatric disorders. Previous studies examined timing in various strains or genetically-

altered mice, but not in parallel in male and female mice in the same experimental setting. We 

investigated timing and attention to time in male and female C57Bl/6J mice, when presented with 

gaps in the timed stimulus, novel auditory distracters presented during the un-interrupted timed 

stimulus, and gap+distracter combinations. No sex differences were found in regard to timing 

accuracy and precision. However, presentation of the gap+distracter combination over-reset timing 

in males but had a much smaller effect in females. The over-reset strategy was reported previously 

with emotional distracters (e.g., previously paired with footshock) but not with neutral distracters. 

These results reveal sex differences in attentional gating/switching or working memory for time.
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Interval timing, or timing in the seconds-to-minutes range, is essential for rate estimation, 

planning and decision-making [1]. Deficits in interval timing are reported in many human 

central nervous system disorders, particularly in those associated with alterations in the 

dopaminergic system, as Parkinson’s Disease [2], Huntington’s Disease [3], Attention 

Deficit Hyperactivity Disorder [4], or schizophrenia [5]. While most interval timing studies 

in animals use rats as subjects, less is known about interval timing in mice. Mouse studies 

have been carried out in diverse strains or in genetically-engineered mice, using diverse 

timing paradigms, either only in males or only in females. This raises questions in 

interpretation, since differences in performance are reported in different strains, genders, and 

paradigms: fear conditioning [6], spatial memory, and social behavior [7]. We recently 

demonstrated that male C57Bl/6 mice -- the strain most used for behavioral studies -- shows 

accurate and scalar timing [8], and can be further used for genetic studies of timing [9]. Yet, 
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to date, sex differences in attention to, and memory for time have not been investigated in a 

systematic manner in mice.

The peak-interval (PI) procedure is widely used to evaluate interval timing [10]. Changes in 

memory capacity and attention gating can be tested in the PI procedure by presenting 

unexpected events and observing changes in the timing of responses in trials with events 

relative to trials without events. For example, presentation of (dark) gaps in the timed visual 

signal delays rats’ responses with approximately the duration of the gap, suggesting that rats 

use a “stop” mode: they devote attentional resources to, and retain in working memory, the 

pre-gap interval, and resume timing after the gap where they left off before the gap [11]. 

However, presentation of novel neutral distracters during the uninterrupted to-be-timed 

stimulus considerably delays responding, suggesting rats fail to devote attentional resources 

to timing, do not retain the pre-gap interval in working memory, and restart timing after the 

distracter, using a “reset” mode [reviewed in 12]. Moreover, emotional distracters (e.g., 

previously paired with footshock) delay timing much longer than a reset [13, 14], suggesting 

that rats fail to switch attentional resources back to timing long after the end of the distracter, 

in an “over-reset” mode. To date, no “over-reset” has been reported following neutral 

distracters.

This study addresses two questions: To date no study investigated interval timing, attention 

to, and memory for time in male and female C57Bl/6J mice in the same experimental 

setting. Second, to date no study has evaluated the effect of gaps (interruptions in the timed 

stimulus), novel distracters (presented during the un-interrupted timed stimulus), and gap

+distracter combinations. Six month-old male (n=9) and female (n=8) C57Bl/6J mice 

(Jackson Labs, Bar Harbor ME) were housed in groups of three or four in a temperature-

controlled room under a 12-hr light-dark cycle. Mice were tested during the light period of 

the cycle. Mice were maintained at 85% of their ad libitum weight by restricting their access 

to food (Diet 5001, PMI Nutrition International, Brentwood MO). Water was given ad 
libitum in the home cages. Manipulations were performed in compliance with ethical 

standards for the treatment of animals, and approved by Utah State University IACUC 

Committee.

Training in the peak-interval (PI) procedure was conducted in two sets of operant chambers 

housed in a sound attenuating cubicles (Med Associates, St. Albans VT) [9]. Each chamber 

was equipped with two levers (only the left lever was used) and a foodcup between the 

levers on the front wall, and a house light and a 78-dB white noise generator/speaker on the 

opposing wall. Precision food pellets 20mg (BioServ, Frenchtown NJ) were delivered in the 

food cup according to the paradigm. Experiments were run in the silent box (no fan). The 

intensity of the white noise was measured with a sound-level meter (Realistic Radio Shack, 

Model 33–2050) from the center of the silent box.

Mice received 12 fixed-interval (FI) 20s sessions, followed by 16 PI sessions. Afterwards, 

mice received 4 test sessions which included FI, PI, gap, distracter, and gap+ distracter trials. 

Gap trials were similar to PI trials, except that 10s after the onset of the to-be-timed house 

light, the house light was turned off for 5s, and then turned back on for the remainder of the 

trial. Distracter trials were similar to PI trials, except that 10s after the onset of the to-be-
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timed house light, a novel 78-db white-noise stimulus was presented for 5s (during the un-

interrupted house light). Gap+distracter trials were similar to gap trials, except that the 5-s 

noise was presented during the 5-s gap in visual signal.

The average normalized response curves in the four trial types are shown in Fig. 1. Mice 

seem to have acquired the timing task as their responses peaked close to the 20-s criterion 

time in PI trials (“run” mode). Presentation of gaps and/or distracters delayed timing with 

varying intervals: A “stop” mode would result in a 5-s delay relative to the 20-s criterion, 

such that mice would peak at about 25s; a “reset” mode would result in restarting timing the 

20-s criterion after the interrupting event, such that mice would peak about 35s. Fig. 1 

indicates that presentation of gaps or distracters minimally delays timing in both male and 

female mice, consistent with a “stop” mode. Most interestingly, presentation of gap

+distracter events delays timing considerably in female mice (between “stop” and “reset”) 

and “over-resets” timing in males. To evaluate these suggestions, timing accuracy and 

precision were estimated by averaging the individual response curves (in 2.5s bins) over the 

4 test sessions, and fitting the individual curves in the window 15s to 55s by a Gaussian 

function (R2 = 0.89 ± 0.01) (Buhusi and Meck, 2000). Timing accuracy (peak time) and 

precision (width of response function) were submitted to mixed ANOVAs with between-

subjects variable Sex (M, F) and within-subjects variables Gap (no gap, gap) and Distracter 

(no distracter, distracter). All statistical analyses were conducted with an alpha-level of 0.05.

As shown in Fig. 2, no sex differences in response peak time were found in PI trials 

(F(1,15)=0.08, p>0.05). The estimated peak time was 19.6 ± 0.9s in male mice (not reliably 

different from the 20-s criterion time, t(8)=0.47, p>0.05), and 20.1 ± 1.7s in female mice 

(not reliably different from the 20-s criterion time, t(7)=0.07, p>0.05). These results suggest 

that all mice acquired the timing task (with no reliable sex differences in timing accuracy).

Analyses of timing precision (estimated width of the response function) failed to indicate 

any main effects or interactions (all Fs(1,15)<2.84, p>0.05), suggesting that irrespective of 

sex and interrupting event the response function was simply delayed relative to PI trials, with 

no changes in the shape of the response function. Analyses of timing accuracy (estimated 

response peak time), indicated a main effect of Gap (F(1,15)=23.24, p<0.01), and a main 

effect of Distracter (F(1,15)=23.79, p<0.01), suggesting that presentation of either visual 

gaps or noise distracters delays timing. No sex differences in response peak time were found 

in either gap (F(1,15)=0.57, p>0.05) or distracter trials (F(1,15)=1.53, p>0.05). In both male 

and female mice, response timing was reliably delayed relative to PI trials in both gap trials 

(F(1,15)=6.54, p<0.05) and distracter trials (F(1,15)=4.84, p<0.05). In neither males nor 

females the response peak time in gap or distracter trials was reliably different from the 25s 

“stop” mode (all ts(8)<0.98, p>0.05 for males; all ts(7)<1.15, p>0.05 for females).

Analyses of timing accuracy further indicated a Gap x Distracter interaction (F(1,15)=7.68, 

p<0.05), suggesting that presentation of gap+distracter events delays timing more than the 

individual events, and a Distracter x Sex interaction (F(1,15)=7.53, p<0.05), suggesting that 

distracters have differential effects in male and female mice. In females, the response 

function peaked at 30.7 ± 1.6s, reliably larger than the 25s “stop” mode (t(7)=3.49, p<0.01), 

but also reliably smaller than the 35s “reset” mode (t(7)=2.69, p<0.05). However, males 
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peaked at 42.39 ± 2.7s, reliably larger than the 35s “reset” mode (t(8)=2.69, p<0.05). 

Therefore, results suggest that mice flexibly delay their timing when various distracters are 

presented: Mice use a “stop” mode during both gap and distracter trials, while in gap

+distracter trials female mice use a stop/reset mode and male mice over-reset.

These results suggest that timing can be over-reset by neutral, novel gap+distracter events, a 

phenomenon difficult to explain by current timing theories. Interestingly, an over-reset 

strategy has been previously reported only when rodents were presented with emotionally-

charged distracters (e.g., stimuli previously paired with footshock) [13, 14], but not by 

manipulating the intensity of a neutral noise distracter [15]. To date, this is the first study in 

which mice have been tested with various distracters, and the first report of an over-reset 

after an interruption by neutral stimuli.

Current timing models address the effect of distracters using stop and reset “modes”, which 

are more descriptive than mechanistic. Moreover, as long the over-reset mode was reported 

only when the distracter was paired with footshock [13, 14], it was largely ignored by timing 

theorists, as it could be explained by a non-timing phenomenon: freezing after a stimulus 

paired with footshock. For example, a description of the neurobiological mechanisms 

involved in interval timing is currently provided by the Striatal Beat-Frequency (SBF) 

model, which ascribes a role for detecting event durations to medium spiny neurons within 

the dorsal striatum [1, 16], which become entrained to fire in response to oscillating, 

coincident cortical inputs that become active at previously trained event durations [17]. 

However, our recent investigation of the SBF model failed to reveal a neurobiologically-

plausible mechanism that would allow the SBF model to flexibly stop, reset, and over-reset 

in response to distracters [18], suggesting that currently the SBF model cannot flexibly 

address these phenomena in a neurobiologically-plausible manner. Nevertheless, the 

observation that males and females differ in regard to attentional processing during timing is 

compatible with the view that multiple brain regions or neural circuits are involved in the 

control of an internal clock [17].

The best current explanation of the effect of distracters in interval timing is provided by an 

attentional model [15] which proposes that presentation of a distracter event re-allocates 

attentional and memory resources in proportion to the discriminability of the event; in turn, 

the more resources are diverted from timing, the more timing is delayed. For example, the 

gap+distracter event resulted in a larger delay than the gap or distracter alone, supposedly 

because it was easier to discriminate (more salient) than each of the two. However, to date, 

this model explains the effect of distracters only in the stop-reset range. Our results suggest 

that this attentional model [12] should be extended to address the over-reset effect.

Sex-related differences have been reported for numerous behavioral and cognitive tasks, 

both in animals and in humans, suggesting differences in attentional processing and working 

memory. For example, women perform better than men in terms of accuracy and speed in 

visual attention tasks with auditory distracters, possibly reflecting differences in sensory 

gating functions [19], they require fewer resources than men in divided attention tasks [20], 

they outperform men in multitasking paradigms possibly due to an increased capacity to 

rapidly switch between different tasks [21], and show more working memory in delay-
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matching-to-sample tasks involving specific sensory modalities [22]. All these 

interpretations are consistent with our findings that female mice delay less, and male mice 

over-reset, after gap+disctrater events. Female mice may be disrupted less by auditory 

distracters, they may need fewer resources to process the distracter, may be able to more 

rapidly switch from processing the gap+distracter event to the timing task, or may have 

better working memory for time. Future studies should differentiate between these 

mechanisms contributing to sex differences in distractibility during interval timing tasks.

Many psychiatric disorders are characterized by skewed male-to-female ratios, thus 

evaluating sex differences in behavioral paradigms is important and relevant to pathology. 

The sex differences in distractibility and attention to time reported here may be relevant to 

disorders such as ADHD, Schizophrenia, and Autism, disorders characterized by an 

increased prevalence in men [23–25] and impairments in temporal processing and attention 

[26–28]. The source of the male bias is poorly understood [29]. As timing and attention to 

time rely on thalamo-cortical-striatal circuits modulated by dopamine [1], anatomical 

differences in dopaminergic circuits between males and females (due to the organizational 

effect of hormones [30, 31]), or acute effects of hormones on striatal dopamine release [32] 

could explain behavioral differences found in our study.

In turn, our findings call for a re-evaluation of interval timing studies in mouse models of 

disease. For example, while we investigated interval timing in the CHL1 model of 

Schizophrenia only in male C57Bl/6J mice [9], others have investigated interval timing in 

the D2OE mouse model of Schizophrenia only in female mice in a mixed background [33]. 

Contrasting the effects of these manipulations on interval timing can be made only after the 

sex and background variables have been fully accounted for. The present study suggests that 

the C57Bl/6J mice, the mouse strain most used for behavioral investigations does not display 

sex differences in timing accuracy and precision, but shows differences in attention to and 

memory for time, which may be relevant to pathology.
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Highlights

• Timing was evaluated in male and female C57Bl/6J mice in the peak-interval 

procedure

• Timing accuracy and precision did not differ between males and females

• Mice stopped timing after visual gaps or auditory distracters

• After gap+distracter female mice reset timing while male mice over-reset 

timing

• This is first report of an over-reset of timing following neutral distracters in 

rodents
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Fig. 1. Interval timing in the PI procedure with distracters in male and female C57Bl/6J mice
Average response curves (normalized to maximum response rate) in peak, gap, distracter, 

and gap+distracter trials. Vertical broken lines indicate the 20s criterion time, the stop time 

(25s), and the reset time (35s). Diagrams under each panel show the light-noise test 

stimulus. L = light to-be-timed stimulus; N = noise distracter.
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Fig. 2. Estimated timing accuracy and timing delay in male and female C57Bl/6J mice
Average estimated peak time (± SEM) in PI, gap, distracter, and gap+distracter trials. The 

horizontal broken lines indicate the criterion time (20s), the stop time (25s), and the reset 

time (35s). A significant difference was found between male and female mice in gap

+distracter trials only. * = p<0.05.
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