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Abstract

Interruptions (gaps) and unfamiliar events (distracters) during a timed signal delay the timed
response of humans and other animals. To explore this phenomenon, we manipulate the intensity
of auditory distracters (experiment 1), and we dissociate the role of distracter intensity, distracter
similarity with the inter-trial interval, and dissimilarity from the timed auditory signal (experiment
2). When the inter-trial interval and the timed signal were silent, the delay in response after an
auditory distracter increased with its intensity: Rats ignored (ran through) a 40dB distracter,
stopped timing during a 75dB distracter, and reset after a 100dB distracter. However, when timing
was signaled by a 70dB noise, rats reset both for 40dB and 100dB distracters, stopped for both
55dB and 85dB distracters, and run for the 70dB distracter. Data are accounted for by a time-
sharing model assuming two concurrent processes—time accumulation and memory decay
controlled by the discriminability of the interrupting event—whose interplay results in a
continuum of responses, from run to reset.
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Introduction

Time is a universal presence that marks all biological and behavioral processes, and
flexibility in using time and responding to changes in timed events is critical for adaptive
response and survival (Buhusi & Meck, 2005). The ability to time in the seconds-to-minutes
range—interval timing—was has been demonstrated in many species, including birds,
rodents, and humans, and has been shown to inform fundamental processes such as foraging,
rate calculation, and decision making (Gallistel, 1990). To investigate temporal regulation of
behavior one may examine the response to changes in timed events, for example, by using a
modified version of the peak-interval (PI) procedure (Catania, 1970) in which the to-be-
timed interval is sometimes interrupted by gaps (Church, 1978) and/or distracters (Buhusi &
Meck, 2006a, 2006b).

In the PI procedure with gaps and distracters, subjects are presented with a combination of
four types of trials, randomly intermixed and separated by an inter-trial interval (IT1). In the
fixed-interval (FI) trials, a to-be-timed signal (e.g., visual) is turned on and the subjects' first
response after the criterion interval is reinforced and turns the to-be-timed signal off. In PI
trials, the to-be-timed stimulus is presented for a much longer duration than the criterion, but
subjects' responses are not reinforced. Trained subjects typically wait at the beginning of the
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trial, then start responding throughout the trial—a response called rur—and quit responding
towards the end of the trial, such that the average rate of response gradually increases and
peaks at the expected time of reward, then gradually decreases toward the end of the trial.
Gap trials are identical to Pl trials, except that the to-be-timed signal is turned off at a given
pre-gap interval for a given gap duration, after which the signal is turned back on for the
remaining duration of the trial. In gap trials, the range of responses observed in rodents and
birds is very large, depending on the experimental conditions: the response may be delayed
anywhere on a continuum (Buhusi & Meck, 2006b; Buhusi, Paskalis, & Cerutti, 2006;
Swearingen & Buhusi, 2010) between running (no delay, ignoring the gap) (Buhusi, et al.,
2006), and resetting (a large delay indicative of restarting the entire timing process after the
gap) (Aum, Brown, & Hemmes, 2004; Bateson & Kacelnik, 1998; Brodbeck, Hampton, &
Cheng, 1998; Buhusi, et al., 2006; Buhusi, Sasaki, & Meck, 2002; Cabeza de Vaca, Brown,
& Hemmes, 1994; W. A. Roberts, Cheng, & Cohen, 1989) . On the run - reset continuum, a
delay equal to the length of the gap is sometimes referred to as stopping (timing during the
gap) (Buhusi & Meck, 2006b; Church, 1978; Meck, Church, & Olton, 1984; S. Roberts,
1981; S. Roberts & Church, 1978). The same large range of responses were also reported in
distracter trials (Buhusi & Meck, 2006a, 2006b), which are identical to Pl trials, except that
an unfamiliar stimulus (e.g., auditory distracter) is turned on for a given duration during the
uninterrupted timed signal, and then turned off for the remaining duration of the timed
signal.

The fact that distracters delay timing in a manner undistinguishable from gaps despite the
presence of the timed stimulus (Buhusi & Meck, 2006a, 2006b) provides strong support for
a time-sharing hypothesis (Buhusi, 2003; Buhusi & Meck, 2009), which can be applied in
the framework of the Scalar Expectancy Theory (Gibbon, 1977; Gibbon, Church, & Meck,
1984) as follows (Figure 1A): Pulses regularly emitted by a pacemaker accumulate and are
temporarily stored in working memory. During each FI trial, reinforcement is provided for
the first response after the criterion interval, and the number of pulses currently in working
memory is stored in the reference memory. During PI trials, subjects use a ratio rule to
compare currently accumulated time (stored in working memory) and the learned number of
pulses associated with the time of reinforcement (stored in reference memory), so that the
average response rate reaches a peak when the two values are equal, i.e., at the expected
time of reinforcement. According to the fime-sharing hypothesis, during an interrupting
event (gap and/or distracter), working memory for the interval preceding the interrupting
event decays at a rate proportional to the salience of interrupting event due to memory and/
or attentional resources being diverted toward processing the interrupting event (Buhusi,
2003; Buhusi & Meck, 2009). This view is consistent with the resource-sharing hypothesis
from the human interval-timing literature (Fortin, 2003; Lejeune, 1998; Thomas & Weaver,
1975; Zakay, 1989, 2000) and is currently the focus of considerable theoretical interest
(Fortin, 2003; Lejeune, 1998; Zakay, 1989, 2000) (left panel of Figure 1).

The role of salience in time-sharing is supported by studies in pigeons (Buhusi, et al., 2002)
and rats (Buhusi, Perera, & Meck, 2005) showing that despite gap duration and position
being kept fixed, manipulations of the contrast in brightness between the gap and the timed
signal shift the response functions in a great dynamic range. According to the time-sharing
hypothesis, the smaller the distracter discriminability (salience), the fewer resources would
be diverted towards it, and the more working memory resources would be available to
timing, resulting in a minimal effect of the distracter (Figure 1B). In contrast, the higher the
distracter discriminability, the more resources would be diverted to its processing, the fewer
resources would be available to timing, and the faster the accumulated time would decay
during the distracter, resulting in restarting timing after the distracter (Figure 1B). For
example, at 40% gap-signal contrast pigeons are minimally interrupted in their timing (run),
while at 100% contrast they reset their timing after the gap (Buhusi, et al., 2002), suggesting
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that delays vary considerably within a continuum ranging between run and reset, with the
stop rule as only an arbitrary point.

Here we address the role of discriminability (salience) of distracters in time sharing in rats
by manipulating the intensity of auditory distracters (experiment 1), and by dissociating the
role of distracter intensity, similarity with the inter-trial interval, and dissimilarity from the
timed signal (experiment 2). While gap-signal contrast of visual stimuli is critical in pigeons
(Buhusi, et al., 2002), visual intensity has minimal effects in rats (Buhusi, et al., 2002). This
is not surprising, considering that rats are nocturnal animals, less sensitive to variations in
the intensity of visual stimulation. Rats tend to stop for (dark) visual gaps but reset for
(illuminated) reversed visual gaps as short as 1s (Buhusi & Meck, 2000), and after auditory
gaps (Buhusi, et al., 2005). Therefore, in experiment 1 we examined whether in albino rats
memory for time is sensitive to manipulations in the intensity of auditory signals. In
experiment 2, we further examined the role of distracter intensity, but changed the setting to
dissociate the role of intensity, similarity with the inter-trial interval, and dissimilarity from
the timed auditory signal. Results from both experiments suggest that in rats memory for
time can vary in a large dynamic range, from run to reset, with the intensity of auditory
interrupting events. Computer simulations of time sharing within the framework of the
Scalar Expectancy Theory (Gibbon, et al., 1984) addressed the results under the assumption
that during the interrupting event memory for time is given by the balance between
concurrent time accumulation and memory decay at a rate proportional to the
discriminability (salience) of the distracter.

Experiment 1: Role of distracter intensity

The purpose of experiment 1 was to establish the range of auditory stimulation that affects
memory for time in albino rats. The time-sharing hypothesis predicts that the higher the
intensity of the distracter, the more memory for time decays, and the more rats delay their
response.

Materials and methods

Subjects—Twelve naive Sprague-Dawley male rats (4 months old at the beginning of the
experiment) were housed in a temperature-controlled room, under a 12/12-h light-dark
cycle, with water given ad libitum. Rats were maintained at 85% of their ad libitum weight
by restricting access to food (Rodent Diet 5001, PMI Nutrition International, Inc.,
Brentwood, MO). All experimental procedures were conducted in accordance with NIH's
Guide for the Care and Use of Laboratory Animals (1996).

Apparatus—The apparatus consisted of 12 standard rat chambers (MED Associates, St.
Albans, VT) housed in sound attenuating cubicles. Each chamber was equipped with three
response levers (two retractable and one fixed) situated on the front wall of the chamber. All
experimental procedures used only the left lever. According to the schedule, 45-mg
precision food pellets (PMI Nutrition International, Inc., Brentwood, MO) were delivered in
a food cup situated on the front wall, 1 cm above the grid floor, under the center lever, by a
pellet dispenser. The to-be-timed visual stimulus was a house light mounted at the center-top
of the front wall. The auditory distracter was a variable-intensity (40-100dB) white noise
produced by a white-noise programmable generator (MED Associates, St. Albans, VT)
mounted on the opposite wall from the response levers. The intensity of the distracter was
measured with a sound-level meter (Realistic Radio Shack, Model 33-2050) from the center
of the silent box.

Fixed-interval (FI) training—Rats were shaped to lever press, then trained in a Fl
procedure for 7 sessions, as follows: For each daily session all rats received 64 FI trials
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during which the house light was turned on for the to-be-timed interval; the first lever press
30 s after the onset of the visual signal was reinforced by the delivery of a food pellet and
turned off the house light for the duration of a random 90 + 30 s inter-trial interval (1TI). A
40dB noise was presented throughout the session, both during the FI trials and during the
ITI.

Peak-interval (PI) training—For the next 15 session, rats received 32 Fl trials randomly
intermixed with 32 non-reinforced Pl trials in which the visual signal was presented for a
duration three times longer than the FI, before being terminated irrespective of responding
for the random 90 + 30 s ITI. A 40dB noise was presented throughout the session.

Distracter testing—~For the next 15 session, rats received 32 FI trials randomly
intermixed with 27 Pl trials and 5 distracter trials (1 for each distracter intensity). Distracter
trials were identical to Pl trials (i.e., the visual timed stimulus was not interrupted), except
that 20s after the beginning of the trial the white noise was randomly set at one of the five
intensities 40, 55, 70, 85, or 100dB for 5s, then set back on 40dB for the rest of the trial.
Because the duration of the pre-distracter and distracter intervals were not varied during
testing, temporal expectations for these events could develop during the course of testing
(Aum, et al., 2004). To minimize this possibility, only 5 distracter trials were presented per
session. Trials were separated by a 90 + 30 s random ITI. A 40dB noise was presented
throughout the ITI and all trials except as described above for the distracter trials. A diagram
of the experimental setting is presented in Figure 2.

Data collection and analysis—The experimental procedures were controlled through a
MED Associates interface connected to an IBM-PC compatible computer running a MED-
PC software system (MED-Associates, 1999). Lever presses were recorded in real time.
Lever presses recorded during distracter trials were used to estimate the peak time, peak
rate, and precision of timing (width of the response functions) for each rat. The number of
responses (in 5-s bins) was averaged daily over trials, to obtain a mean response rate
function for each rat. Analyses were conducted on the data from an interval twice as large as
the FI (i.e., 60 s), starting at the onset of the to-be-timed signal for the 40dB and 55dB
distracter trials, and at the offset of the distracter for the 70, 85, and 100dB distracter trials.
The mean response rate in the interval of interest was fit using the Marquardt-Levenberg
iterative algorithm (Marquardt, 1963) to find the coefficients (parameters) of a Gaussian
+linear equation that gave the “best fit” (least squares minimization) between the equation
and the data (Buhusi & Meck, 2000):

_1p)?
Rate(t)=ae 27 +c(t — tg)+d

and provided the following parameters of the response curve: the accuracy of timing
(response peak time, £y), precision of timing (width of response function, ), and peak rate of
response (sum of parameters aand @). These parameters were submitted to statistical
analyses. All statistical tests were evaluated at a significance level of 0.05 (two tailed).

The average percent maximum response rate in distracter trials are shown in Figure 3A,
which indicates that the 5-s 40- and 55-dB distracters were ignored by the rats, but that at
higher intensities the response function was shifter rightward in proportion to its intensity.
Moreover, data indicates that the response rate after the distracter decrease with the intensity
of the distracter.
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Figure 3B shows the estimated peak time in distracter trials. The peak time for the 40- and
55-dB distracter trials were not different from the criterion duration, 30s, & <2.11, p>0.05,
the peak time for the 70dB distracter was not different from a stop, 35s, t(11)=.51, p>0.05,
while the peak time for the 85- and 100-dB distracter trials were significantly larger than a
stop, & > 4.69, p<0.001, though smaller than a reset, & > 9.49, p<0.001. These results were
further supported by a repeated measures ANOVA with factor distracter intensity, which
revealed a significant effect of intensity, F(4, 44)=41.04, p<0.001. A post-hoc Sheffe test
indicated that rats responded similarly for the 40-, 55-, and 70dB intensities, ps>0.05, but
that they significantly delayed at the 85- and 100-dB intensities, ps<0.01. These results
suggest that rats were sensitive to variations in the intensity of the auditory distracter, and
delayed their response for higher-intensity distracters.

Experiment 2: Role of distracter discriminability (salience)

Results from experiment 1 may be taken to suggest that rats are sensitive to distracters of
intensities larger than 85dB, but not for intensities lower than 70dB. However, because in
experiment 1 a 40dB noise was presented throughout the session, it is possible that rats
based their response not on the /ntensity levelbut rather on the contrast between the
distracter and the background noise throughout the session, i.e., on its discriminability
(salience) from either the timed signal or the ITI. To address these questions, in experiment
2 the to-be-timed signal included an auditory component, such that we varied the intensity of
the distracter both higher and lower from this base level, keeping the ITI quiet. Should the
delay be due to intensity level, then higher-intensity distracters will delay timing more than
low-intensity ones. However, should the delay be due to similarity of the distracter with the
ITI, then lower-intensity distracters will delay timing more than high-intensity ones. Finally,
should the delay be due to discriminability (dissimilarity) of the distracter from the to-be-
timed signal, then both low- and high-intensity distracters will delay timing more than
medium-intensity ones (U-shaped effect).

Materials and methods

Results

Sixteen naive Sprague-Dawley male rats (4 months old at the beginning of the experiment)
were used as subjects in experiment 2. All details of the experiment are identical to
experiment 1, except for the details shown in Figure 2: The ITI was dark and quiet (40dB
noise throughout). The to-be-timed interval was signaled by both the house light and a 70-
dB white noise. The 5-s distracter was presented 20s after the beginning of the to-be-timed
signal for 5s. The distracter intensity was set randomly at 40, 55, 70, 85, or 100dB.
Therefore, for the 70dB distracter, the trial was identical to a Pl trial, for 2 “louder” trials,
the 85- and 100-dB distracters were louder than the P1 trial, and for 2 “softer” trials the 40-
and 55-dB distracters were softer than the PI trial (see Figure 2). Analyses were conducted
on the data from 6 distracter sessions, in a target interval twice as large as the Fl (i.e., 60 s),
starting at the offset of the distracter, as described for experiment 1.

The average percent maximum response rate in distracter trials is shown in Figure 4, which
also indicates the predictions based on whether the delay is based solely on the /ntensity
level of the distracter, on the similarity of the distracter to the ITI, or the discriminability
(contrast) of the distracter from the timed signal. As shown in Figure 4, while the 70dB
distracter did not delay the response of the rats relative to Pl trials (the Pl and gap response
functions practically overlap), t(15)=1.53, p>0.15, both lower- and higher-intensity
distracters shifted the response function more than a stop, £>4.28, p<0.001, but lower than a
20s reset, £>5.49, p<0.001.
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These results were further supported by a repeated measures ANOVA with factor distracter
intensity, which revealed a significant effect of intensity, F(4, 60)=37.99, p<0.001. A
posthoc Sheffe test indicated that rats responded similarly for the 40-, 55-, and 85-dB
distracters, ps>0.05, but that they responded differently for all other comparisons, ps<0.001.
The leftward asymmetry in the response function may be due to the inability of the rats to
differentiate the 40- and 55-dB intensities. Nevertheless, the response is clearly delayed
under all conditions, suggesting that rats are sensitive to the entire range of intensities tested
(from 40- to 100-dB), and that they delayed their response on the run-reset continuum in
proportion to the discriminability of the distracter from the timed event (contrast), in a
similar manner as found in pigeons (Buhusi, et al., 2006).

Experiment 3: Computer simulations with a time-sharing model

To evaluate the time-sharing hypothesis, we conducted simulations within the framework of
the Scalar Expectancy Theory (Gibbon, et al., 1984), under the assumption that during an
interrupting event (gap and/or distracter) the estimated time in working memory is the
interplay of two concurrent and opposing processes, a process of time accumulation, and a
process of memory decay with a decay proportional to the discriminability of the
interrupting event.

Materials and methods

Results

We assumed that before, during and after the distracter, working memory for time, wm
(currently accumulated time), increases linearly with speed of accumulation set at 5 pulses
per real-time second, as follows:

wimn(t+1)=wm(t)+accumulation (Eq. 1)
Accordingly, the 30s criterion time was simulated as 30s x 5 pulses/s = 150 pulses.

We also assumed that during the distracter, working memory for time wm s given by the
balance between linear time accumulation and memory decay with rate of decay a function
of the strength of interference, as follows:

wm(t+1)=wm(t)+accumulation — wm(t) X decay (Eq.2)

Furthermore, according to the time-sharing hypothesis (Buhusi, 2003; Buhusi & Meck,
2009) we assumed that the decay parameter is proportional to the discriminability of the
interrupting event. We assumed that both increases and decreases in the intensity of the
distracter will increase its discriminability, such that the decay parameter is proportional to
the contrast between the intensity of the distracter and that of the signal, 40dB in experiment
1, and 70dB in experiment 2.

wm(t+1)=wm(t)+accumulation — wm(t) X decay .ouqsidistractersignal)  (Eq. 3)

To test this model, we used data from experiment 1 to estimate the decay rate in Experiment
1, then use it to make predictions to be contrasted against data from experiment 2 (see
Appendix for details).

First, we estimated the (two) parameters that allows the time-sharing model to provide a
good fit (R?=0.99) for data from experiment 1 (see Appendix for details). The left upper
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panel of Figure 5 indicates that working memory for time continues to accumulate during
the 40-, 55-, and 70-dB distracters, but decays during the 85- and 100-dB distracters. The
right upper panel of Figure 5 show the fit between model and data in experiment 1.

Seconds, using the parameters extracted from data from experiment 1, we used time-sharing
model to make predictions results from experiment 2. The left lower panel of Figure 5
indicates that working memory for time continues to accumulate for the 70dB distracter (for
which the decay is minimal, according to data from experiment 1), but decays for all other
distracters, both of lower and higher intensity than the 70dB timed signal. The right lower
panel of Figure 5 indicates that with the parameters estimated from experiment 1, the time-
sharing model provides remarkably good predictions for data in experiment 2, £#2=0.88.
However, while the prediction is symmetrical around the 70dB, the data from experiment 2
is skewed at lower distracter intensities, possibly indicating the rats inability to discriminate
the 40- and 55-dB distracters, since these very soft sounds were easily masked by other
sounds in the experimental setting (e.g., because the sound attenuating boxes are not 100%
sound proof). Taken together, these results suggest that the time-sharing model, Eq.1 and
Eq.2, provide a good fit for data from experiment 1 and 2, suggesting that the delay after a
distracter is proportional to the contrast between the intensity of the distracter and that of the
to-be-timed signal.

Discussion

The results from the three experiments can be interpreted within the framework of an
information-processing model of timing (Gibbon, et al., 1984) (left panel of Figure 1),
Within this framework, four hypotheses have been previously applied to interpret data
obtained in the PI procedure with gaps and distracters: the switch hypothesis (Gibbon, et al.,
1984), the instructional ambiguity hypothesis (Kaiser, Zentall, & Neiman, 2002), the
memory decay hypothesis (Cabeza de Vaca, et al., 1994), and the time-sharing hypothesis
(Buhusi, 2003; Buhusi, et al., 2005). According to the first hypothesis, timing is controlled
by an on-off switch mechanism (Church, 1984; Gibbon, et al., 1984) that connects the
pacemaker with the accumulator. In the presence of the timed signal (e.g., in Pl trials), the
switch is closed, pulses accumulate and rats use the run rule (Church, 1984, p. 574).
However, during a gap the switch is assumed to be open and pulses from the pacemaker fail
to reach the accumulator, so that during a gap the working memory stores the pre-gap
duration. After the gap, the accumulation process resumes where it left off before the gap,
and the moment when accumulated time becomes equal to the criterion is delayed by the
duration of the gap, in accord with the stop rule (Church, 1984, p. 574). Importantly for this
paper, because the timed signal is on throughout the trial, pulses should accumulate, and rats
should run. Because in experiment 1 rats ignored (run through) the low-intensity distracters,
but delayed their responses after the high-intensity distracters, the current experiments
provide only partial support for this hypothesis.

It is noteworthy that the putative properties of the switch were used to explain a range of
phenomena: For example, to address data showing differences in timing stimuli in different
modalities, the switch was assumed to open and close with a latency affected by the nature
of the stimulus (Meck, 1984). Thus, in experiment 1 low-intensity distracters may fail to
open the switch, while high-intensity distracters may open the switch in proportion to their
intensity. However, in experiment 2, low-intensity distracters have similar effects as high-
intensity ones, thus contradicting this interpretation. On the other hand, to address the
occasional resetting as a result of manipulating the operanda (Church, 1980) or reward
delivery (Matell & Meck, 1999), the switch was assumed to also be responsible for
“resetting on command” (Church, 1980), a quality that seems incompatible with the
positioning of the switch before the accumulator in the information-processing model of
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timing (Figure 1A). In contrast, a more coherent assumption was used to address data in the
gap procedure following fimbria-fornix lesions in rats (Meck, et al., 1984). The use of the
stop rule by normal rats was ascribed to the opening of the switch, located before the
accumulator, while the resetting observed in lesioned rats was credited to the failure of
working memory—positioned in the model after the accumulator—to maintain the currently
accumulated time (Meck, et al., 1984, p. 21) (Figure 1A). This latter view is compatible with
the time-sharing hypothesis (Buhusi, 2003; Buhusi, et al., 2005), as shown below.

A quite different account of the present results is given by the /nstructional ambiguity
hypothesis, which assumes that subjects perceive the gap as an ambiguous, ITI-like event
(Kaiser, et al., 2002; Sherburne, Zentall, & Kaiser, 1998; see also Staddon & Cerutti, 2003).
This hypothesis predicts that manipulations which would render the gap to be more similar
to the ITI would result in the use of the reset rule, while manipulations which would render
the gap to be more dissimilar from the ITI would result in the use of the stop rule. Although
the discriminability of the gap from the ITI was shown to affect the results in the gap
procedure (Buhusi & Meck, 2002; Kaiser, et al., 2002), it seems unlikely that this
interpretation can be applied to the present results. In experiment 1, the more intense the
distracter the more rats delayed their response, despite the distracter being more and more
dissimilar from the ITI (Figure 3). Moreover, in experiment 2, should the distracter delay
timing based on its similarity with the ITI, one expects the distracter to delay considerably at
a low intensity (similar to the ITI), and delay minimally at high intensities (dissimilar from
the ITI). Instead, both low and high distracters delayed timing more than medium-low and
medium-high distracters (Figure 4). These results are clearly incompatible with the
ambiguity hypothesis. Together with data from previous studies that investigated the role of
the perceived salience/intensity of events on timing (Buhusi & Meck, 2006a; Buhusi, et al.,
2006; Buhusi, et al., 2005), the present results suggest that distracter-1T1 similarity—
although possibly relevant for gaps—is not a critical factor in the Pl procedure with
distracters.

The large dynamic range—from run to reset—found in the present experiments is also
incompatible with the memory decay hypothesis which assumes that auring gaps working
memory undergoes (exponential) decay with a fixed rate (Cabeza de Vaca, et al., 1994).
This hypothesis predicts that the delay after an intruder depends solely on the temporal
parameters of the procedure. In contrast, in the present experiments the temporal parameters
of procedures were not manipulated, yet rats delayed their responses in various degrees
based on the intensity of distracters. Moreover, in the present experiments the to-be-timed
signal was not interrupted during the distracter, yet rats delayed their responses. Therefore,
this hypothesis is unable to explain the effect of distracters in these and other distracter
experiments (Buhusi & Meck, 2006a, 2006b).

Within this framework, the time-sharing hypothesis (Buhusi, 2003; Buhusi & Meck, 2009;
Buhusi, et al., 2005) builds and extends upon the memory decay hypothesis (Cabeza de
Vaca, et al., 1994) by assuming that (a) memory decay due to intruding events is a process
concurrent with timing, i.e., is not limited to gaps in the timed signal, but occurs throughout
the trial, and (b) the rate of decay is dependent on salience-related features, rather than being
fixed. This hypothesis seems to offer the most comprehensive explanation for the present
data, particularly given the current proposal explored in experiment 3, that time
accumulation and memory decay (maintenance) are concurrent processes affecting working
memory, such that during the distracter there is simultaneous time accumulation and
memory decay with a rate proportional to distracter-signal contrast. In the case of non-
salient distracters (e.g., at small distracter-signal contrasts, e.g., 40, 55 and 70dB in
experiment 1) accumulation overcomes memory decay and the response function shifts
minimally (Figure 3). On the other hand, if time accumulation equals memory decay the
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function is delayed as if timing is stopped during the distracter (e.g., 85dB distracter in
experiment 1, and the 55 and 85dB distracters in experiment 2). Finally, for highly
discriminable distracters, memory decay is larger than accumulation (e.g., the 100dB
distracter in experiment 1, and both 40 and 100dB distracters in experiment 2) then the
response function is delayed considerably, requiring a restart of the entire timing process
after the distracter (Figure 3). Most importantly, this model predicts a continuum of
responses between run and reset, where the stop is only an arbitrary value in between (see
Figure 1B).

Irrespective of the theoretical underpinnings, the present data suggest a continuum of
response possibilities in the P1 procedure with distracters, in contrast to a reduced set of
response rules: run, stop, or reset. According to this time-sharing model the delay in peak
time following the distracter is continuously adjusted by the balance between the timing
component (resulting in time accumulation) and other components (resulting in memory
decay) of the task (Figure 1). This flexible use of timing is further supported by data
showing that rats reset their timing in Pl trials upon presentation of reinforcement (Matell &
Meck, 1999; Thorpe, Petrovic, & Wilkie, 2002), by data showing that pigeons delay their
timing in a large dynamic range when the gap-signal contrast is manipulated (Buhusi, et al.,
2002), by data showing that the behavior of rats in the gap procedure varies with the
presence/absence of the signal (Buhusi & Meck, 2000), and with the perceptual acuity of the
subject (Buhusi, et al., 2005), as well as by the present data. Together, these data support the
notion that memory for time decays during distracters at a rate controlled by the
discriminability (salience) of the distracter, possibly by a mechanism involving re-allocation
of attentional or memory resources (Swearingen & Buhusi, 2010).

Importantly, the time-sharing model based on concurrent time-accumulation and memory-
decay processes, is also amenable to addressing neurophysiological manipulations in the gap
procedure. For example, the accumulation component was shown to be dependent on the
dopaminergic system (Buhusi & Meck, 2010; Meck, 1986, 1996), whose manipulation
results in differential effects during PI trials and gap trials (for a review see Buhusi, 2003;
Buhusi & Meck, 2002, 2009). On the other hand, lesions of the hippocampal system
interfere with working memory for time (Meck, et al., 1984), such that lesioned rats reset
after the gap. The effect of such manipulations can be directly addressed by the proposed
concurrent time-accumulation memory-decay model as shown elsewhere (Buhusi, 2003),
because the putative locus of action of the hippocampal lesion (working memory) is
different from the putative locus of action of dopaminergic drugs (clock speed) (Buhusi &
Cordes, 2011; Oprisan & Buhusi, 2011).

In summary, the current body of evidence suggests that the notion that simple behavioral
rules are employed in the Pl procedure with gaps and distracters needs to be replaced by a
more general notion of a continuous shift in the response function, varying with temporal
and non-temporal parameters of the procedure. The results reported here support an
integrative approach to the data patterns obtained after interruptions of interval timing and
other tasks in rodents, birds, and humans, in contrast to possible species-specific differences
in task-specific strategies (Bateson & Kacelnik, 1998; Brodbeck, et al., 1998; W. A.
Roberts, et al., 1989).
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Simulations for Experiment 1 (upper panel of Figure 5)

Because the decibel (dB) scale is a logarithmic scale, the perceived intensity of a distracter,
Intensity gistracter €2N be estimated from the experimentally measured auditory intensity of the
sound on the dB scale, dB(distracter), as follows:

%] OdB(distracter)/beta

intensity gisracier=0lpha,,

where alphaspgp and beta are fixed parameters (same values for all distracters). Because in
experiment 1 memory decay is proportional to distracter's discriminability from the 40dB
background, the decay parameter becomes

_ bs(db(distracter)—40)/beta
decay=alpha,, <10

where abs is the absolute value of the difference between the distracter and the background,
on the dB scale. Eq.4 shows that alpha,gqg represents the memory decay for a 40dB
distracter:

bs(40-40)/beta
40dB X ] Oa

decay,, .=alpha =alpha

40dB

Substituting in Eq.2, we obtain that for experiment 1, working memory during the distracter
varies as follows:

. x 1 Oabs(db(distracter)él())/beta (Eq. 2/)

wm(t+1)=wm(t)+accumulation — wm(t) X alpha

Parameters alpha gy and betathat allow Eq.1 and Eq.2” to fit the data from experiment 1
were estimated as follows: alpha gms = 0.006 and beta = 38. The model fits data from
experiment 1 with /R2=0.99.

Simulations for Experiment 2 (lower panel of Figure 5)

While memory decay in experiment 1 is assumed proportional to the discriminability of the
distracter relative to the 40dB background (Eq.2"), in experiment 2 memory decay is
assumed proportional to the discriminability of the distracter relative to the 70dB timed
signal. Therefore, to simulate data from experiment 2, we first estimated the memory decay
for a 70dB sound, decay 7y = alpha gqs, based on data from experiment 1:

(7040)/beta
" x10

alpha,  =alpha,,

70dB

With alpha g = 0.006 and beta= 38, one obtains alphazpyg = 0.037, such that Eq.2”
becomes:
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wm(t+1)=wm(t)+accumulation — wm() X alpha,, % 1 (ebstdb(distracter)70)/beta g 5rry

To test this model, we contrasted the results based on Eq.2” against data from experiment 2,
and obtained an estimated goodness of fit 22=0.88.
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Figure 1. A model of time-sharing controlled by the discriminability (salience) of events

A: The time-sharing model assumes limited attentional or working memaory resources: time
processing (left) and other processes (right) share the access to these resources. In particular,
working memory for time is updated by two concurrent processes: time accumulation and
active decay due to sharing of resources. The rate of memory decay is assumed to depend on
the discriminability (salience) of the interrupting event. B: The interplay between time
accumulation and working memory decay may result in a continuum of responses based on
the discriminability of the distracter, from no delay (run response), to an apparent stop of
timing (balanced time accumulation and memaory decay), or a restart of timing after the
distracter (reset response) (adapted from Buhusi & Meck, 2006a).
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Figure 2. Experimental design

In experiment 1 rats were trained to time a 30s visual signal, and were tested with 5 types of
auditory distracters, 40, 55, 70, 85, and 100dB (one example of 70dB distracter is shown). In
experiment 2 rats were trained to time a 30s compound visual-auditory signal, including a
70dB noise, and were tested with 5 types of auditory distracters, of which some were
identical to, while some had higher (85 and 100dB) or lower (40 and 55dB) intensity than,
the 70dB signal (one example of an 100dB up-trial, and one example of a 40dB down-trial
are shown).
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Figure 3. Distractersdelay timing in proportion to their intensity

A: Average percent maximum response rate in trials with 40, 55, 70, 85, and 100dB auditory
distracters during a visual to-be-timed signal. B: Low intensity distracters (40 and 55dB)
minimally affect the response, medium-intensity distracters (70 and 85dB) shift the response
with about the duration of the distracter (5s), while high-intensity distracters (100dB) shift
the response significantly.
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Figure4. Distracters delay timing in proportion to their discriminability (contrast, salience)
from theto-be-timed signal

Should the effect of distracters be based on their intensity, their effect would increase with
their intensity. In contrast, should their effect be based on their similarity to the ITI, their
effect would decrease with their intensity. Finally, should their effect be based on their
discriminability (contrast) from the timed signal, their effect would take a U-shaped curve,
with both low- and high-intensity distracters having more effect than mid-level ones. The
average percent maximum response rate in trials with 40, 55, 70, 85, and 100dB auditory
distracters supports the latter interpretation.
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Figure 5. Thetime-sharing model fist the data from both experiments

Data in the present experiments were fitted by a time-sharing model assuming concurrent
time accumulation and memory decay proportional to the distracter-signal contrast.
Simulations assume a rate of accumulation =5 pulses per second. Upper panels: Data from
experiment 1 were used to determine the rate of memory decay, specified by parameters
alpha p45=0.006 and beta=38, for which the model best fits the data. Lower panels: Once
set, these parameters were used to determine parameter alphazp;5=0.037, and contrast
predictions of the model against data from experiment 2. L eft panels. Memory for time is
given by the interplay between time accumulation and memory decay. Right panels. The
model provides good fits to the data from both experiments.
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