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Summary

The automatic initiation of actions can be highly functional. But occasionally these actions cannot
be withheld and are released at inappropriate times, impulsively. Striatal activity has been shown to
participate in the timing of action sequence initiation and it has been linked to impulsivity. Using a self-
initiated task, we trained adult rats to withhold a rewarded action sequence until a waiting time interval
has elapsed. By analyzing neuronal activity we show that the striatal response preceding the initiation of
the learned sequence is strongly modulated by the time subjects wait before eliciting the sequence.
Interestingly, the modulation is steeper in adolescent rats, which show a strong prevalence of impulsive

responses compared to adults. We hypothesize this anticipatory striatal activity reflects the animals'
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subjective reward expectation, based on the elapsed waiting time, while its steeper waiting modulation in
adolescence reflects age-related differences in temporal discounting, internal urgency states or explore-

exploit balance.

Keywords: Dorsal Striatum, Rat, Reward, Action sequence, Waiting time, Impulsivity, Adolescence,

Reinforcement learning.

Introduction

The striatum is involved in the acquisition and execution of action sequences (Costa, 2011;
Graybiel, 1998; Hikosaka et al., 1999). It has also been linked to temporal information processing
(Bakhurin et al., 2017; Emmons et al., 2017; Gouvéa et al., 2015; Matell et al., 2003; Mello et al., 2015)
and to the use of temporal information for the action initiation timing in decision making (Thura and
Cisek, 2017; Yau et al., 2020). Well-learned action sequences may have to be initiated at precise times to
obtain the desired outcome, however, they may be difficult to withhold when triggering cues are present,
and difficult to stop once they have been initiated (Dalley and Robbins, 2017; Gillan et al., 2016a;
Graybiel, 2008; Knowlton and Patterson, 2016; Robbins and Costa, 2017). Moreover, in neuropsychiatric
conditions involving malfunctioning of cortico-basal ganglia circuits, like attention deficit hyperactivity
disorder, Tourette syndrome, obsessive compulsive disorder and drug addiction (Dalley and Robbins,
2017; Gillan et al., 2016a; Singer, 2016) action sequences might be started at inappropriate contexts and
timings. However, how the striatum contributes to action sequence initiation timing remains poorly

understood.

Interestingly, impulsivity has been identified as a vulnerability factor for compulsive drug seeking

habits (Belin and Everitt, 2008). Recent studies link impulsivity to automaticity in behavior (Ersche et al.,
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2019; Gillan et al., 2016b; Hogarth et al., 2012) and to a preponderance of habitual over goal-directed
behavioral control (Everitt et al., 2008; Voon et al., 2015). An influential theory postulates a dual control
system for behavior, where dorsolateral striatal (DLS) circuits support habitual stimulus-response control
whereas dorsomedial striatal (DMS) circuits mediate cognitive-based deliberative control (Balleine and
Dickinson, 1998; Daw et al., 2005; Graybiel, 2008; Yin and Knowlton, 2006). During action sequence
learning, neuronal activity in the DLS rapidly evolves to mark the initiation and termination of the
acquired sequence (Jin and Costa, 2010; Jog, 1999), possibly contributing to its release as a behavioral
unit or chunk (Graybiel, 2008). By contrast, the DMS encodes reward expectancy, reward prediction
errors and trial outcomes even after extensive training (Kim et al., 2009; Kubota et al., 2009; Rueda-
Orozco and Robbe, 2015; Samejima et al., 2005; Thorn et al., 2010; Vandaele et al., 2019), likely
contributing to the regulation of explore-exploit (Barnes et al., 2005), cost-benefit (Floresco et al., 2008;
Schultz, 2015) and speed-accuracy (Thura and Cisek, 2017) tradeoffs during decision making. A bias
towards exploration and risk taking (Addicott et al., 2017), low tolerance to delayed rewards (Dalley and
Robbins, 2017; Monterosso and Ainslie, 1999; Wittmann and Paulus, 2008) and elevated internal urgency
states (Carland et al., 2019), may all contribute to impulsivity traits. However, how neuronal activity in the
dorsal striatum encodes action sequence initiation timing, and whether this encoding informs about

enhanced premature responding in conditions of high impulsivity, remains to be comprehended.

Here we studied striatal activity during a self-paced task where rats have to withhold a rewarded
action sequence until a waiting interval has elapsed (Zold and Hussain Shuler, 2015). Prematurely initiated
sequences were penalized by re-initiating the waiting interval; however, the animals showed premature
responding even after extensive training and often failed to interrupt sequence execution despite sensory
evidence of its untimely initiation. Thus, the task allowed comparing striatal activity during behaviorally
indistinguishable prematurely and timely executed learned action sequences. We found that a peak of

striatal activity preceding trial initiation was modulated by time waited before responding. Moreover, this
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modulation grew at a faster rate in adolescent rats, likely reflecting a steepest reward expectancy increase

during waiting that paralleled their more impulsive behavior compared to adult rats.

Results

Rats learn to make timely action sequences to obtain a water reward

Water-deprived rats were trained to obtain water from a lick tube located within a nose-poke by
emitting a sequence of eight licks following a visual cue (Figure 1a and b; task modified from Zold and
Hussain Shuler,2015). Trials were self-initiated by the animal by entering into the nose-poke. In those
trials initiated 2.5 s after the end of the previous trial (timely trials), a 100 ms duration visual cue (two
symmetrical green LEDs located at the nose-poke sides) reported that there was a 0.5 probability of
receiving a water reward. Prematurely initiated trials were penalized by re-initiating the waiting interval.
Spike discharges and local field potentials (LFP) were recorded from the dorsal striatum using custom
made tetrodes (Vandecasteele et al., 2012) (representative localization Figure 1c, for detailed localization

see Supplementary Figure 10).

Adult rats learned to make timely nose-poke entries followed by an 8-lick sequence (Figure 1d), as
evidenced by a twofold higher reward rate late in training (after three consecutive sessions with >70%
correct trials) than early in training (Figure le, p<0.0001, Wilcoxon matched pairs test). Performance
became faster with training (Figure 1f-h): trial duration (p=0.0005), latency to the first lick (p=0.0032) and
time to complete the 8-lick sequence (p=0.0008), diminished with training for both rewarded and
unrewarded timely trials (significant effect of learning stage, non-significant interaction, two-way RM-

ANOVAS).

Premature nose-poke entries delayed the opportunity to get the reward as evidenced by a negative

correlation between the relative number of premature trials and reward rate across sessions (Figure 2a).
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Premature trials diminished with training from >30% of all trials at the beginning of training to ~15% at
the end of training. However, premature trials followed by an 8-lick sequence rose from 40% to 70% of all
premature trials with training, paralleling the relative increase of 8-lick sequences observed in timely trials
(Figure 2b, p<0.0001 for learning stage and trial timing, no interaction, two-way RM-ANOVA). These
data suggested that behavior during premature trials was modified by learning. Further supporting this
presumption, time to complete the 8-lick sequence (p=0.0014), latency to the first lick of the sequence
(p=0.002) and variation coefficient of the inter-lick intervals (an index of regularity of such intervals;
p=0.021), diminished with training both for timely and premature trials (Figure 2c-e; significant effect of
learning stage, no effect of trial type, no interaction, two-way RM-ANOVA). Remarkably, even though
premature trials had a negative effect on reward rate (Figure 2a), there was a significant positive
correlation between the percentage of premature trials followed by an 8-lick sequence and reward rate

(Figure 2f).

To characterize the timing of trial initiations in adult rats, plots showing the frequency distribution
of all trial initiation times were built (Figure 2g-h). The probability of a trial including an 8-lick sequence
sharply increased at the end of the 2.5 s waiting interval, peaked immediately after its finalization, and
then diminished gradually. Similar results were observed in a separate group of rats trained with a longer
waiting interval (Supplementary Figure 1la-h). Finally, rats trained with the long waiting interval (5 s)
quickly learned to adjust trial initiations to a shorter waiting interval (2.5 s) (Figure 2i), suggesting that
premature trials with 8-lick sequences served to adapt behavior to changes in the waiting time

requirements of the task that otherwise would have passed unnoticed to the rats.

An additional group of adult rats was trained with a modified version of the task that required
initiating trials not before 2.5 s and no later than 5 s after exiting the port in the previous trial. These
animals showed similar behavior with a more marked decrease of trial initiations after the peak rate

observed at 2.5 s was passed (see below; Supplementary Figure 2).
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Altogether, the data show that adult rats optimized reward rate by waiting the least possible time
between trials. Noteworthy, premature execution of the learned behavioral response was (relatively) more
common late in training than early in training, suggesting that with training behavior became less sensitive

to the absence of the reward predictive visual cue.

Task-sensitive striatal activity concentrates at the boundaries of the learned behavioral response

To determine if striatal activity marks the boundaries of the learned action sequence in our task (Jin
and Costa, 2010; Jog, 1999), DMS activity recorded from adult rats was analyzed by aligning the activity
to port entry and port exit (Figure 3a-c). Visual inspection of neuronal raster plots and peri-event time
histograms (PETH) showed strong modulations of DMS activity preceding port entry and/or at the time of
port exit, during timely trials (Figure 3a-b). Overall, ~50% of the recorded units (n=867) showed higher
activity (>1 SD over baseline) preceding port entry (“anticipatory activity”; 19%, Figure 3d), at the time
of port exit (18%, Figure 3e) or both before port entry and at port exit (12%, Figure 3f). On average, these
neurons showed lower than baseline firing rates during the execution of the learned action sequence
(Figure 3d-f). There were also neurons (n=105, 12% of all recorded neurons) showing higher activity
when the animal was inside the port than during the waiting period or at the initiation and finalization of
the action sequence (Figure 3g). Finally, 82 neurons classified as non-task responsive were tonically active
during the waiting period regardless of the waited time (Supplementary Figure 3a). All main types of task-

related activity emerged early during training (Supplementary Figure 3b).

Thus, although DMS activity was continuously modulated during the present task, modulations at
the boundaries of the behavioral response accounted for about 50% of all task related activity and more

than 30% of the recorded neurons showed a peak of activity anticipating trial initiation.
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Waiting time modulates anticipatory activity

Striatal activity anticipating a learned behavioral response could specifically mark the initiation of
a previously rewarded action sequences (Jin and Costa, 2010; Jog, 1999; Martiros et al., 2018) or relate to
additional factors, like reward anticipation and the vigor and value of the upcoming action (Lauwereyns et
al., 2002; Samejima et al., 2005; Wang et al., 2013). Moreover, it has been proposed that changes in
striatal activity preceding the initiation of a prepotent action may predict premature responding (Buckholtz
et al., 2010; Donnelly et al., 2014; Wu et al., 2018). Because in the present task an automatized action
sequence is often prematurely released, we asked if the observed anticipatory activity specifically predicts
the release of the learned action sequence, and if, additionally or alternatively, it encodes its timing. When
all port entry responsive neurons were considered (i.e., port entry only plus port entry/port exit neurons),
the average firing rate modulation anticipating trial initiation was higher for timely than for premature
trials irrespective of the upcoming action including the 8-lick sequence or not (Figure 4a-b; p<0.0001,
significant main effect of trial initiation timing, no effect of action sequence structure, no interaction, two
way RM-ANOVA). On average, this activity began 1 s before and peaked 0.5 s before the animal crossed
the infrared beam located at port entry, both in premature and timely trials (Figure 4a). Further data
analysis showed that this modulation of striatal activity by trial initiation timing was independent of
electrode location within the DMS and involved both port entry only and port entry/port exit neurons
(Supplementary Figure 4a-b). Since this anticipatory activity closely preceded approaching movements
towards the nose-poke, we analyzed accelerometer recordings of head movements performed during the
task. The accelerometer recordings did not differ between premature and timely trials (Figure 4c).
Furthermore, the 8-lick sequences emitted during premature and timely trials lasted the same and had the
same latency and inter-lick interval regularity (Figure 2c-e), suggesting similar action vigor during
premature and timely 8-lick trials. Thus, in this task, the firing rate modulation preceding trial initiation

discriminates between premature and timely trials and does not predict the speed, regularity, structure,
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value or vigor of the subsequently released action sequence.

To further investigate this anticipatory activity, we plotted its amplitude at increasing waiting times
observing that it increased with a steep slope as time waited surpassed the learned waiting interval and
then plateaued (Figure 4d-e). Similar results were obtained in rats trained with a longer waiting interval
(Supplementary Figure 5). Contrastingly, no modulation of this same neuronal activity by time waited in
the following trial (Figure 4f), or of port exit related activity by the preceding waiting time (Figure 4g),
was observed. The steep slope of the curve at the criterion waiting interval suggested that the neuronal
activity does not linearly report elapsed time but rather changes in reward anticipation as waiting
progressed. To explore this possibility further, we analyzed striatal activity of rats trained with a modified
version of the task requiring initiating trials not before 2.5 s and no later than 5 s after exiting the port in
the previous trial. Waiting less than 2.5 s (premature trials) or more than 5 s (late trials) was penalized by
resetting the waiting interval (Figure 4h). We reasoned that if this activity provides a wait time-based
reward anticipation signal for the upcoming action, it should decrease (instead of plateauing) after 5 s of
waiting in the modified version of the task. As in the standard version of the task, the animals learned to
wait the less possible time between trials, and also noticed the effect of the cutoff time on reward
probability, as evidenced by a reduced number of late trials with training (Figure 4i, p<0.0001 versus
timely trials, Tukey post hoc test after significant one-way RM-ANOVA; Supplementary Figure 2). The
firing rate modulation preceding trial initiation increased with a steep slope at 2.5 s, confirming results
obtained with the basic version of the task, but instead of plateauing, it decreased after surpassing the 5 s
cutoff time, yielding a significant interaction in a two way ANOVA comparing the effects of waiting time
on anticipatory activity (Figure 4j and 4k, significant effect of training, p=0.033, trials, p<0.0001, and

interaction, two-way RM-ANOVA).

In summary, the marked modulation of striatal activity preceding trial initiation probably reflects

subjective changes in reward anticipation as waiting progressed.
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Trial initiation timing modulates striatal activity at predicted outcome time

Striatal activity can be modulated by reward-predictive sensory cues (Schultz, 2015). In the present
task, a small population of neurons whose activity was modulated at the time of the visual cue (n= 27, 3%
of all recorded neurons) showed lower activity during premature trials, when the visual cue was not
presented (p<0.05 versus timely trials, Tukey post hoc test after significant one-way RM ANOVA)
(Supplementary Figure 6). This modulation by trial initiation timing was similar to that observed in port
entry neurons and may represent the same kind of wait time-based reward anticipation activity that
extends until when sensory feedback discloses if reward could be obtained or not. In contrast, neurons
showing increased activity during licking did not show any modulation by trial initiation timing (Figure 5a
and 5b). Detection of activations occurring during narrow time windows centered over individual licks
yielded largely overlapping populations of positively modulated neurons with broad activity peaks
encompassing many inter-lick intervals (Figure 5b). This modulation lasted longer during rewarded trials
(where licking also persisted for longer) than during timely unrewarded and premature trials, but was of
similar amplitude at the time when reward was expected irrespective of reward delivery or omission

(Figure 5b, activity centered at the eight lick), suggesting that these neurons were modulated by licking.

Striatal activity is also modulated by trial outcome and distinguishes between rewarded and non-
rewarded trials in probabilistic tasks (Atallah et al., 2014; Histed et al., 2009; Nonomura et al., 2018; Shin
et al., 2018; Yamada et al., 2011). In the present task, premature 8-lick trials seem to be necessary to
maintain an internal representation of the criterion waiting interval. To determine if the negative outcome
associated to premature 8-lick trials is reported by striatal neurons, we looked for outcome-related activity
modulations at the time of the eight lick during timely rewarded, timely unrewarded and premature trials
with complete sequences (Figure 5c-g). Overall, ~15% of the neurons recorded in adult rats (125 out of

867) showed responses at the time of the 8-lick that differed between these trial types. Five percent of all
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recorded neurons (n= 45) showed a higher activity modulation when reward was obtained than in the no-
reward conditions (Figure 5c, f top — reward responsive neurons, p<0.0001, Tukey test after significant
one-way RM ANOVA), before lick rates began to diverge by trial type (Figure 5h). Moreover, 5% of the
striatal neurons showed activations at the time of the no-reward outcome in timely unrewarded trials and
were unresponsive to reward delivery (Figure 5d). Interestingly, these neurons also showed a marked
activation at the time of the 8-lick during premature 8-lick trials (Figure 5d, f middle — no-reward
responsive neurons, p<0.0001 versus rewarded trials, Tukey test after significant one-way RM ANOVA).
Strikingly, there were 33 neurons (4% of all recorded neurons) that showed a two-fold higher activation at
the time of the eight lick in premature trials than in timely unrewarded trials (Figure 5e, f bottom;
p<0.0001, Tukey test after significant one-way RM ANOVA). This difference cannot be explained by
differences in lick rates because licking decreased at similar rates after the 8-lick in both types of non-
rewarded trials (Figure 5h). Further data analysis showed that, indeed, the three populations of outcome
responsive neurons discriminated timely unrewarded from premature 8-lick trials; however, those showing
a higher activation during premature trials discriminated better between these two no-reward conditions
(Figure 5g). Overall, the data supports that activity at the time of expected trial outcome reflects

differences in reward prediction between premature and timely trials.

Activity at port exit reports whether the animal has performed the learned action sequence or not

Although striatal activity predominated at the boundaries of the learned behavioral response, the
activity preceding response initiation was not invariably connected to the execution of the learned action
sequence. However, when all port exit neurons were considered (i.e., port exit only plus port entry/port
exit neurons), a higher activity was observed for 8-lick trials than for trials with an incomplete licking
sequence, independently of whether the trials were timely initiated or not (Figure 6a-b; p<0.001 for lick

sequence structure, no effect of trial timing, no interaction, two way RM ANOVA). Discrimination of

10


https://doi.org/10.1101/2021.11.01.466347

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

11

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.01.466347; this version posted November 3, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

incomplete lick sequence trials was more marked in the port exit only neurons and was independent of
striatal recording site (Supplementary Figure 4c-d). Moreover, there was no between trials difference in
the accelerometer data at the time animals exited the port (Figure 6c). Thus, port exit related activity

seems to tell if the learned response was emitted or not regardless of its timing and outcome.

Adolescent rats make more premature trials

Rats implanted with tetrodes 30-35 days after birth learned the 2.5 s waiting interval task as shown
by a higher percentage or correct trials (Figure 7a), a higher reward rate (Figure 7b, *p<0.0001, Wilcoxon
matched pairs test), and a faster performance with training (Supplementary Figure 7). Moreover, trial
duration, latency to first lick and 8-lick sequence duration did not differ between adolescent and adult rats
(Supplementary Figure 7a-c), nor between premature 8-lick and timely 8-lick trials in adolescent rats
(Supplementary Figure 7e-g). Finally, the proportion of premature 8-lick sequence trials increased with
training in adolescent rats (Figure 7c; p<0.0001, significant effects of learning stage and trial timing, no
interaction, two-way RM ANOVA), in parallel with reward rate (Figure 7d), and the frequency distribution
of trial initiation times showed that adolescent rats learned the waiting interval (Figure 7e). In summary,
adolescent rats also released the learned action sequence prematurely despite extensive training, and
indeed, they did it more frequently than adult rats (Figure 7f and 7g). The number of premature trials per
reward obtained was twofold higher in adolescent than adult rats even after training (Figure 7f; p=0.004,
significant effects of age group, training, and interaction, two-way RM ANOVA), and this was due to a
preferential retention of the premature 8-lick trials through training (Figure 7g; p=0.0024, significant
effect of age group, no effect of training, no interaction, two-way repeated measures ANOVA). Finally, a
comparison of the cumulative frequency distributions of 8-lick trial initiation times at late stages of
training showed that the relative excess of premature 8-lick trials observed in adolescent rats parallels an

excess of late (yet rewarded at p=0.5) trials in adult rats (Figure 7h), suggesting that adult rats are more

11
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tolerant to reward delay. Altogether, adolescent rats achieved the same reward rate as adult rats but at the

expense of a higher cost as evidenced by the excess of premature responses per reward obtained.

Steepest reward anticipation signal preceding trial initiation in adolescent rats

Overall, task-related striatal activity was qualitatively similar in adolescent and adult rats
(Supplementary Figure 8). Of the registered units in adolescents (n=552), the proportion of neurons
showing port entry, port exit and lick-related activity was similar to that found in adult rats (Figure 7i;
p=0.83, chi square test). Also like in adult rats, the activations preceding port entry were higher for timely
than for premature trials regardless of whether the 8-lick sequence was completed or not (Supplementary
Figure 9). Outcome-related activations discriminating reward delivery from reward omission, and
selective activations at expected reward time during premature 8-lick trials, not attributable to differences

in lick rate, were also present (Supplementary Figure 9).

We therefore looked for quantitative differences in task-related activities that could account for the
more impulsive behavior of adolescent rats. Data from three adolescent and five adult rats (133 and 103
DMS neurons with anticipatory activity, respectively) trained in the 2.5 s waiting interval task were used
for the following analysis. Curves displaying the amplitude modulation of activity preceding trial
initiations at increasing waiting times, probably reflecting reward anticipation, showed a steepest increase
in adolescent rats as the criterion waiting interval was surpassed (Figure 7j). When all port entry
modulated neurons were considered, statistical comparisons based on a general linear model showed a
significantly higher activity modulation by waiting time in adolescent rats (significant effect of age,
p<0.001, and waiting time, <0.001, no interaction). On the other hand, activations at time of expected
reward (Figure 7k, p<0.0001, effect on trial initiation timing, Restricted Maximum Likelihood test,
REML) and activity at port exit, probably reflecting that the correct action sequence was emitted (Figure

71, p<0.0001, significant interaction between trial initiation timing and sequence structure, three-way

12
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ANOVA), did not differ between adolescent and adult rats.

In sum, the data show that the waiting modulation of reward anticipation grows at a faster rate in

adolescent rats.

Discussion

In the present task, water-deprived rats learn to withhold a prepotent response to a water port to
avoid a negative contingency, the re-initiation of the waiting interval, which delays the opportunity to get
the next reward. The task resembles differential reinforcement of low rates of responding protocols (DRL)
that are used to assess response inhibition and timing factors associated with impulsivity (Monterosso and
Ainslie, 1999; Neill, 1976). Factors that increase premature responding in humans, such as
psychostimulant drugs (Evenden, 1998), psychostimulant withdrawal (Peterson et al., 2003), D2-type
receptor agonists (Engeln et al., 2016) , maternal separation and social isolation (Lovic et al., 2011), sleep
restriction (Kamphuis et al., 2017) and adolescence (Andrzejewski et al., 2011) also increase premature
responding in rodents trained with DRL procedures. Furthermore, these procedures have been used in
educational and clinically meaningful contexts to reduce impulsive behavior (Bonner and Borrero, 2018;
Lennox et al., 1987). Unlike classical DRL procedures, the present task requires responding with an action
sequence that becomes highly automatized with training and could not always be stopped despite feedback
telling that it will not be rewarded. Interestingly, although premature responding showed an overall
decrease with training, the premature releases of the learned action sequence were selectively preserved,
suggesting that these responses are necessary to learn the duration of the waiting interval and to adapt to
its changes. As long as the waiting interval remains predictable, investigation of the waiting interval
through premature responding should be minimized to improve reward rate. Importantly, adolescent rats
learn the task but make more premature responses per reward obtained, which makes them more

impulsive than adults.
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Recent studies link premature responding in anticipation of reinforcement to a higher tendency to
automatize behavior and form habits (Everitt et al., 2008; Voon et al., 2015). Striatal activity marking the
boundaries of automatized action chains has been perceived as a signature of "packaged behavioral
sequences" (Graybiel, 2008) that would be difficult to stop after their release regardless of whether their
initiation was more or less goal-directed (Geddes et al., 2018; Robbins and Costa, 2017). While this
“bracketing activity” prevails in the DLS, representation of task events contributing to goal-directed
behavior persists in the DMS even after extensive training (Kubota et al., 2009; Thorn et al., 2010) . These
parallel representations may allow switching between automatic and deliberation-based task-solving
strategies when outcomes change (Balleine and Dickinson, 1998; Daw et al., 2005; Yin and Knowlton,
2006) or interventions impair behavioral control by one of the circuits involved (Gremel and Costa, 2013;
Smith and Graybiel, 2013; Yin et al.,, 2004). The remarkably similar behavior observed in 8-lick
prematurely released and timely unrewarded trials led us to expect that a stronger boundary activity,
and/or a less precise coding of task events, could explain the higher rates of premature responding
observed in adolescent rats. Indeed, a recent study suggested that the stronger the “opening” activity, the
lower the deliberation at the turn-choice site in a T-maze task (Smith and Graybiel, 2013). Here, the
strength of anticipatory activity increased with the time waited before response release and was higher in
the more impulsive adolescent rats. However, it did not predict that the rewarded 8-lick sequence would
be included in the behavioral response. On the other hand, a similar closing activity followed all responses
containing the learned 8-lick sequence regardless of trial outcome and despite the markedly different lick
rates observed between rewarded and unrewarded responses after outcome disclosure. A recent study
showed that hierarchical control during action sequence execution may allow the selective removal of
intermediate sequence elements (Geddes et al., 2018), which could be a mechanism through which licks
could be deleted from behavioral responses preceded by similar wait time-based reward expectations in
the present task. Moreover, since our recordings were obtained from the DMS, we cannot rule out that a

different opening activity specific for the learned sequence emerges in the DLS in our task as previously
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reported for other tasks (Jin and Costa, 2010; Jog, 1999; Martiros et al., 2018; Thorn et al., 2010).
Importantly, while striatal neurons with opening and/or closing activity were poorly modulated during
sequence execution, as shown in other studies (Jin and Costa, 2010; Jog, 1999), the activity of many
striatal neurons seemed to continuously follow the expression of the lick sequence as has also been
reported previously by others (Jin and Costa, 2010; Jin et al., 2014; Rueda-Orozco and Robbe, 2015).
Overall, our data show that the DMS expresses opening/closing activity even after skilled performance is
reached, as reported in a recent study with a different task (Vandaele et al., 2019), and suggest that, at least
in the DMS, this activity is more flexible regarding the properties of the behavioral response it bounds,

and carries information about its pertinent timing.

We speculated that the more impulsive behavior of adolescent rats observed in the present task
could relate to changes in wait time-based reward anticipation signals and/or outcome evaluation signals.
Striatal signals at the time of expected outcome not only discriminated between rewarded and unrewarded
trials as observed by others (Atallah et al., 2014; Nonomura et al., 2018; Shin et al., 2018), but also
premature from timely responses. A specific outcome evaluation signal after premature 8-lick trials may
serve to minimize the exploration of the waiting interval. To compute such outcome signal, the animal has
to retain information regarding the time waited before responding (or regarding visual feedback on proper
trial initiation timing) while monitoring the execution of the lick sequence. Such kind of integration could
be implemented by retaining information of early task events along the sequential activation of striatal
ensembles (Her et al., 2016; Nonomura et al., 2018). However, although the effect of waiting time on task-
related striatal activity extended until the time of the visual cue, it was absent in ensembles with lick-
related activity. Thus, the sustained lick-related signal may serve to estimate outcome timing (Zold and
Hussain Shuler, 2015), but information about trial initiation timing should arrive to outcome-sensitive
ensembles through other mechanisms likely involving inputs from prefrontal and orbitofrontal cortex

areas (Asaad et al., 2017; Hamid et al., 2021; Wassum et al., 2011). Nonetheless, we found no differences
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in outcome evaluation signals that could explain the more impulsive behavior of adolescent rats. On the
other hand, although premature responding has classically been linked to poor behavioral inhibition (Bari
and Robbins, 2013), alternative views equates it to preferring a smaller more immediate reward over a
larger delayed one (Dalley and Robbins, 2017; Monterosso and Ainslie, 1999), and to deficient
accumulation or evaluation of evidence while waiting (Dalley and Robbins, 2017). Interestingly,
influential models propose that time estimates derived from accumulation of pacemaker counts can be
compared to a memorized time interval to decide whether a target time has been reached (Buhusi and
Meck, 2005; Gibbon, 1977; Namboodiri and Hussain Shuler, 2016). Previous studies showed that
sequentially activated striatal ensembles can provide time estimations (Bakhurin et al., 2017; Emmons et
al., 2017; Gouvéa et al., 2015; Matell et al., 2003; Mello et al., 2015; Zhou et al., 2020) and we also found
sequential and tonic ensemble activation during the waiting period (Figure 3b and Supplementary Figure
3a) that could serve to track time while waiting in the present task. By comparing the time accumulated
while waiting against the memorized waiting interval, the animal could anticipate how likely is the
upcoming action to be rewarded. How fast reward expectancy steps up when time waited approaches the
reference time interval would depend on several factors, including temporal discounting effects on reward
value (Monterosso and Ainslie, 1999; Namboodiri and Hussain Shuler, 2016; Wittmann and Paulus,
2008). In this sense, the anticipatory signal we observe could be interpreted as a reading of the temporal
discount function at the time chosen to release the learned action sequence. A recent theory proposes that
animals time their decisions by estimating if they can improve the reward rate experienced in the recent
past; according to it, the longer the time window over which reinforcement history is estimated, the higher
the tolerance to delays of future rewards (i.e., the less steep the temporal discount effect) (Namboodiri et
al., 2014) . Adults should be able to integrate information about past reinforcement history over longer
time windows that adolescents (Namboodiri et al., 2014), which is consistent with the finding that
temporal discount rate decreases throughout childhood and adolescence (Green et al., 1999; Scheres et al.,

2006; Steinberg et al., 2009). Alternative theories propose that waiting impulsivity relates to perceiving
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durations as longer as they are, which would be associated to perceiving a higher cost of time and to
steeper temporal discounting (Wittmann and Paulus, 2008). Moreover, time perception depends on several
cognitive processes that are modified by adolescence including working memory, attention and mood
(Baumann and Odum, 2012; Wittmann and Paulus, 2008). It has been also been proposed that impulsivity
relates to changes in an internal urgency signal that influences the timing of decisions and may be primary
responsible for the build-up of neural activity observed in the striatum and cortex that often precedes
action initiation (Carland et al., 2019). Interestingly, in the present task, adolescent rats achieve a similar
reward rate than adult rats and indeed, they do not show the negative effect of premature trials on reward
rate that is observed in adults (Supplementary Figure 7). Importantly, although they achieve this reward
rate at the expense of a higher energy cost (more premature trials per reward obtained), because most
premature trials remaining after reaching skilled performance correspond to the learned action sequence,
adolescents would likely get more precise information regarding the duration of the waiting interval and
would also refresh more frequently their cognitive map of the task. This view is consistent with the idea
that impulsivity is advantageous when it helps to adapt to uncertain environments and that increased
exploratory behavior in adolescence allows to gain knowledge that would be useful to guide decisions in
adulthood (Addicott et al., 2017; Spear, 2000). In this context, the steepness of the wait time-based reward
anticipation signal could be under the influence of a gain factor that, according to reinforcement learning
models, reflects the degree of preference for the highest value option and regulates explore-exploit trade
off (Addicott et al., 2017). Further studies are needed to disclose which factors influence the wait time-
based reward anticipation signal we observe in the present task and which among them are responsible for

the differences observed between adult and adolescent rats.

In summary, detailed analysis of behavior in a waiting task that promotes premature responding
with an automatized action sequence shows a more impulsive behavior in adolescent rats. Unlike other

tasks previously used to study neural correlates of waiting impulsivity (e.g., the 5-choice serial reaction
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time task), the present task is learned rapidly, which makes it suitable for studying premature responding
during rodent adolescence. Moreover, by requiring self-paced responding with a stereotyped action
sequence, and making uncertain reward obtention during timely trials, the task generates conditions that
“clamp” behavior. This allowed identifying a modulation of anticipatory striatal activity by time waited
before responding, which grows with a steeper slope in adolescent rats, likely reflecting age-related
changes in temporal discounting, internal urgency states or explore-exploit balance. Translational studies
are necessary to understand if similarly designed tasks capture the relationship between impulsivity and

automaticity in behavior that has been related to vulnerability to drug addiction.

Materials and Methods

Subjects

Subjects were adult male Long-Evans rats from our own colony (Adolescents: 4 weeks of age at
the beginning of the experiments, weight ~120 g; Adults: 8-12 weeks of age at the beginning of the
experiments, weight ~390 g), housed on a 12:12 light:dark cycle and experiments were performed during
the light phase, 21° C room temperature. Rats were housed in groups of 3—4 in regular cages with wood
shavings’ bedding and, after surgery, they were singly housed in 45 cm x 35 cm x 22 cm cages with
moderate environmental enrichment (toys, tissue paper strips) and cardboard bedding. Two days before
the beginning of the behavioral training subjects were deprived of water. All throughout the training
schedule subjects had restricted access to water for 20 min each day and a-day rest period each week. This
schedule maintained animals at 90% of their predeprivation weight, with any further weight loss being
counteracted by increased free water access. All procedures complied with the National Institutes of
Health Guide for Care and Use of Laboratory Animals (Publications No. 80-23, revised 1996) and were
approved by the Animal Care and Use Committee of the School of Medicine of the University of Buenos

Aires (CICUAL). Five adult males were part of the ITI 2.5 s experiments, three adult males were part of
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the ITI 5s experiments (Fig. 2i and Fig. S1) and another three adult males were included in the ITI 2.5-5s
experiments (Fig 4h-k, Fig. S2 -all except S2f, see below-). Three adolescent male were part of ITI 2.5 s
experiments (Fig. 7, Fig S7-S9). Additionally two adult subjects were included in the accelerometer
experiment (Fig. 4 and 6) and two others were only trained with the ITI 2.5 s protocol and did not undergo

surgery (Fig. S2f).

Electrodes

Bundles of four microwire electrodes (12pum, tungsten, California fine wire company, USA, 0.2
MQ impedance) were attached to a homemade micromanipulator (Vandecasteele et al., 2012). Before
surgery, the tetrode array was sterilized with 3 % oxygen peroxide solution (AOSept ® PLUS TM). The
array of 8 tetrodes was gradually lowered each day before training to find neuronal activity. At the end of
the recording session the array was also lowered to change the recording site for the next training session
(approximately 80 pm each day). Before being implanted, the upper part of the tetrodes was painted with a
DII solution (SCBT, sc-213424) to facilitate the visualization of the electrodes trace before the histological

analysis.

Surgery

Before surgery, subjects were treated with local anaesthetic (lidocaine) in the scalp. Under deep
anesthesia with isoflurane (3-4% for induction, 1-1.5% for maintenance), rats were placed in the
stereotaxic frame and chronically implanted with an array of tetrodes aimed at the striatum (AP: +0.06 cm,
L: -0.25 cm, DV: -0.35 cm). Body temperature was maintained using a heating pad. Through a small
craniotomy performed in the corresponding area the tetrodes were then lowered to a depth of 3.5 mm. The

micromanipulator was fixed in place with dental cement. Two stainless steel screws (0-80 X 1/8” Philips
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Pan head) were inserted above the cerebellum to be used as ground and reference. Three additional steel
screws were inserted to anchor the whole implant to the skull. The craniotomy was covered with a sterile
50-50 mixture of mineral oil and paraffin. Towards the end of the surgical procedure, animals were treated
with antibiotics (i.m., enrofloxacin 10 mg/kg) and a veterinary ointment (antiseptic, anti-inflammatory and
anesthetic) was applied on the skin in contact with the external side of the implant to prevent microbial
infections. Subjects were kept under careful observation until awakening. The first recording session

followed 7 days of post-surgical recovery.

Behavioral training

Rats were placed in a behavioral operant chamber that contained a 'nose-poke' at which they could
seek the reward by licking through a slot onto a lick tube. Breaking an infrared beam in front of the nose-
poke ended the inter-trial interval (ITT) and 200 ms after, the nose-poke was then illuminated for 100 ms
(visual cue). Following the visual cue, licks were detected by breaking a second infrared beam. Upon
licking the required number of times (8 licks), reward (~20 pl of water) was made available on half of the
trials on a pseudo-random fashion. Water reward was delivered through a tube with a solenoid attached to
it. The behavioral task was controlled using an Arduino Uno board. Trials ended when the animal removed
its head from the nose-poke. Sessions ended when the subject completed 300 trials or when it was reached
a maximum training time of 120 min. Timely trials are those in which the subject entered the nosepoke
after the required minimum waiting time. Premature trials are those in which the entrance beam was
interrupted before having reached the minimum waiting time. Training sessions were classified into early
or late as follows: having the animal reached a minimum of 80 % of timely trials with the complete 8-
licks’ sequence for two consecutive sessions, the following sessions were considered as “late” training
sessions. After evaluating the total number of late training sessions, the same number of “early” sessions

was selected upon the first training session, i.e: having counted 3 late sessions, the first three training
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sessions were considered as “early” and the rest of the sessions between early and late were classified as
“other”. All behavioral data is expressed as mean + SEM (except for reward rate figures, where the
median is indicated, and Waiting time curves). Each dot corresponds to the average value of a session

from a single animal.

Accelerometer experiment

Two rats were trained daily in the nose-poke chamber until they reached a stable good performance
(equivalent to “late” training sessions). Afterwards, a MPU-6050 accelerometer was chronically attached
to their heads following a procedure similar to the electrodes’ implantation. Briefly, four stainless steel
screws were inserted in the skull and the accelerometer was glued inside a cap made of a metallic mesh
and dental acrylic that was anchored to the skull with dental cement. Subjects were left for one week of
recovery before starting again with the behavioral training. Accelerometer data (sampling rate 25 Hz) was
collected during each training session (9 sessions in total), using an Arduino UNO board connected to a

PC via PLX-DAQ software (Parallax Inc.).

Histology

Animals were given a lethal dose of ketamine xilazine and transcardially perfused with cold PBS
containing heparin (500 U/L) followed by 4% PFA in PBS. The brain was quickly removed, postfixed in
PFA at 4°C for 2-12 h, and placed in a 30% sucrose solution in PBS. Frozen coronal sections (50 pm)
were collected with a sliding microtome, and histological verification of the electrode endpoints and
recording tracks was done in microscopy fluorescent pictures and later, sections were safranin-stained to

confirm the visualization of the tracks.

Electrode positioning was considered “medial” when the tracks were found between 0 and 0.28 cm
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relative to bregma and “lateral” from 0.28 cm onwards, considering bregma as starting point from center

to right (Fig. S10).

QUANTIFICATION AND STATISTICAL ANALYSIS

Neural recording and data analysis

Brain activity and behavioral data were collected during the training sessions using commercially
available hardware and software (sampling rate 32.5 kHz, Cheetah, Neuralynx). Neurophysiological and
behavioral data were explored using NeuroScope (http://neuroscope.sourceforge.net; Hazan et al., 2006).
Spike sorting was performed automatically, using KlustaKwik http://klustawik.sourceforge.net, followed
by a manual adjustment of the clusters (using “Klusters” software package; http://klusters.sourceforge.net,
Hazan et al., 2006). After the spike sorting procedure, all data was analyzed with MATLAB software
using custom-built scripts. We registered a total of 867 units in adult rats: from the 2.5 s WT experiments
there were 158 with no response and 244 were task responsive, from the 5 s WT experiments there were
45 with no response and 47 were task responsive and from the 2.5-5 s WT experiments there were 79 with
no response and 294 were task responsive. In adolescents we registered a total of 552 units, 233 with no

response and 319 task responsive (2.5 s WT).

Peri-event time histograms (PETH) were created using an 80 ms bin. In order to compare between
animals and cells each PETH was normalized using the mean and standard deviation ( (Xi — Xmean) /
Xsd) calculated from a PETH of each cell centered on port entry +/- 20 s. All data is presented as
normalized firing rate except for the peri-event examples. Only for display purposes, PETH were

smoothed using a 5 points moving window.

In order to analyze the activity of each neuron for the different waiting times (WT), PETH were
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constructed using trials with similar WT. The WT intervals limits were determined to include a similar
number of port entries in each segment. Only 2.5 s and 5 s were fixed. The intervals used were (beginning,
end; in ms): [451,1915; 1916,2499; 2500,3131; 3132,3803; 3804,4999; 5000,6084; 6085,8421;
8422,12621; 12622,22013; 22014,1710755]. Trials with WT shorter than 450 ms were not included in the

analysis.

A neuron was considered to be responsive to the port entry if the mean of the normalized firing
rate (mnFR) was greater by 1SD to the mean. The mnFR was computed between 640 and 80 ms prior to
the port entry. Similarly, a cell was considered to be responsive to the port exit if its mnFR between 240
ms prior and 320 ms after port exit was greater than 1SD. A neuron was considered to be active during
sequence execution (inside port cells) if its mnFR was > 1SD between 400 and 1520 ms after port entry.
Neurons with an increase above 1 SD from port exit to 1 s before port entry, calculated for every waiting
time interval, were labelled as tonically active. Visual cue responding cells were those whose mnFR was >
2SD between 160-400ms post port entry in those trials that had the visual cue. A neuron was included as
active around lick number 3 or 8 if their mnFR was > 1 SD around the event (+/- 250ms). Neurons with
activity related to the reward were selected as follow: 1) their mnFR between 160-560 ms after the 8th lick
should be greater to the activity during licking (-640 to -160 ms prior to 8th lick) by 0.5 SD and 2) their
mnFR during 160-560 ms after the 8th lick was above 2 SD or rewarded timely trials or during
unrewarded timely trials. We divided these neurons in three groups: a) with response in trials with reward
(Fig. 5c), b) with response in timely trials with no reward, and activity higher in those trials than in timely
rewarded trials by 1.5 SD (Fig. 5d), c) with response in premature trials not included in b (Fig. 5e).
Relative mean normalized FR was calculated for each neuron considering average FR equal to 1 for the
timely trials between 2,5 and 5 s and timely trials for the modified version of the task (Fig. 4k).
Discrimination index for each selection of neurons was calculated as: absolute value of (mnFR in

Unrewarded trials — mnFR in Premature trials, Figure 6g).
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Behavioral analysis

All data was analyzed with MATLAB software using custom-built scripts. Waiting time
histograms were calculated from the total number of entries (either early or late in training, with or
without the 8-licks sequence) using 100 ms bins, normalized by its maximum so that the peak of the curve
corresponded to a value of 1. Curves were smoothed with a 4 bin span. For the accelerometer recordings
PETH were created using a 40 ms bin. Data collected from both animals was pooled and the normalized
mean and 95 CI were calculated around the entry or exit port event +/- 2.5 s. Licks PETHs were
constructed centered on port entry using a 10 ms bin and normalized to the mean and standard deviation of

each session. All data is presented as normalized number of licks +/- SEM.

Statistical analysis

Statistical analysis of behavioral data was performed with Prism 8, Graphpad Software. All figures
were made colorblind safe using palettes from ColorBrewer 2.0 (http://colorbrewer2.org). All early vs. late
comparisons were done with repeated measures two-way ANOVA, except for reward rate in which
Wilcoxon matched pairs test was used. To compare neuronal activity between Rewarded, Unrewarded and
Premature groups, repeated measures one-way ANOVA was used. To compare licking activity between
Rewarded, Unrewarded and Premature trials Mixed-effects model (Restricted Maximum Likelihood test,
REML) was used. The performance of adults trained with a 5 s criterion time was analyzed at the late
stage of training using Mann Whitney Test. Localization of the neurons and their activity at the entry or
exit was analyzed using Three-way ANOVA. Linear regression was used to analyze premature trials and
the reward rate. A general linear model was used to compare neuronal activity from adult and adolescent

rats. Model: Neuronal response ~ intercept + waiting time x age (as factor), using a Gaussian distribution.
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Figure 1. Rats become skilled in the task. (a) Training cage with the nose-poke. Animals’ entries and
exits from the nose-poke are detected with two infra-red beams. A visual cue of 100 ms is given with a
pair of green LEDs placed inside the nose-poke to indicate a timely entry. (b) Schematic representation of
the different types of trials. Timely trials require a minimum waiting time of 2.5 s and Premature trials are
those in which the minimum waiting time is not met. After that, trials are classified by whether animals
performed an 8-lick sequence or not. (c) Top: Representative diagram of the electrodes’ positioning, aimed
at the dorsal striatum. Bottom: Histological section (AP=0.24 cm from bregma) with the traces of the
electrodes painted with DII. (d) Percentage of the different trial types per session,timely trials with an 8-
lick sequence (Tx8L) or not (T<8L) and premature trials with an 8-lick sequence (Px8L) or not (P<8L).
(e) Reward rates for early and late training stages. Trial duration (f), latency to the first lick during correct
trials (g) and time to complete the 8-lick sequence (h) for the two types of correct trials (rewarded and

unrewarded), at each training stage.

Figure 2. Training does not suppress premature initiations of the learned behavioral response. a)
Correlation between prematurely initiated trials and reward rate (Y = -0.023*X + 1.921, slope
significantly different from zero p=0.0176, R square 0.09031.). Proportion of trials (b), time to complete
the 8-lick sequence (c), latency to first lick (d) variation coefficient (e) of the 8-lick sequence inter-lick
intervals for prematurely and timely initiated trials, at early and late learning stages. f) Correlation
between percentage of prematurely initiated trials followed by an 8-lick sequence and reward rate (Y=
0.024*X — 0.0408, slope significantly different from zero, p<0.0001, R square 0.5016.). g-i) Normalized
frequency distributions of the trial initiation times (waiting time), separated for trials with (gray) and
without (dotted line) 8-lick sequences, and for early (g) and late (h) training stages. Insets: percentage of
the trials with (gray) and without (dotted line) 8-lick sequences for each bin, zoomed around the criterion

time. i) Rats were trained with a 5 s criterion time period (blue) and afterwards were switched to a 2.5 s
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criterion time for the following two sessions (48 h after the last 5s-WT session, light blue). Dotted lines:

criterion time; bin size: 100 ms; reference for normalization: bin with highest value = 1).

Figure 3. Striatal activity marks transitions between behavioral states of the task. a) Representative
raster plots and PETH of striatal units showing firing rate modulations related to port entry and/or port
exit. b) Individual PETHs of all the recorded striatal neurons during correct trials, aligned to port entry
(left) or port exit (right), with corresponding average PETH (below). Color code for the normalized
activity is shown on the right. ¢) Proportion of neurons showing task-related firing rate modulations. d-g)
Individual and average PETH and average firing rates aligned to port entry (left panels) and to port exit
(right panels) for d) striatal neurons showing only port entry related activity, e) striatal neurons showing
only port exit related activity, f) striatal neurons showing activity modulations at both port entry and port
exit and g) striatal neurons showing higher activity while animals are inside the port. In d to g, it is
represented the mean (solid lines) and SE (shaded area). Colored bars over the x axis show the interval

used to detect firing rate modulations (red: entry, orange: exit, purple: active during the task).

Figure 4. Prematurely initiated trials are preceded by low anticipatory activity. (a) Average PETH of
entry-related neurons, during premature and timely trials, for trials with or without an 8-lick sequence
(diagram on top shows the types of trials analyzed). (b) Average striatal activity corresponding to the
PETH shown in a. (c) Accelerometer recordings of head movements around port entry for premature and
timely trials. It is represented the mean (solid lines) and 95 CI (shaded area). Data was obtained from a
total of 9 training sessions of two animals. (d) Average PETH of striatal neurons showing entry-related
activity around port entry sorted by waiting time duration. Color code for the intervals shown on the right.
(e) Mean normalized firing rate for each of the waiting time segments, 2.5 s criterion time is shown with a

blue hatched-line. (f) Average PETH of the same striatal neurons segmented according to next trial waiting
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time. (g) Average PETH of striatal neurons showing activation at port exit segmented as in (d). (h)
Schematic representation of the different types of trials in a modified version of the task. Timely trials:
waiting time 2.5 — 5 s, Premature: waiting time <2.5 s, Late: waiting time >5 s. (i) Proportion of trials
followed by 8-lick sequences for each type of trial. (j) Average PETH of striatal neurons showing activity
preceding port entry according to the waiting time duration. Color code for the intervals shown on the
right. (k) Relative mean normalized firing rate for each of the waiting time groups for both variants of the

task.

Figure 5. Reward responsive neurons discriminate prematurely from timely initiated trials. (a)
Schematic representation of the different types of trials analyzed. (b) Average PETH of striatal units
showing firing rate modulations related to the licking activity (1st, 3rd and 8th lick). It is represented the
mean (solid lines) and SE. (c-e) individual and average PETHs of striatal units, aligned to 8th lick (time 0
s), showing positive firing rate modulations during reward delivery (c), reward omission (d) and
premature trials (e). (f) Mean normalized firing rate for the different trial conditions, from top to bottom:
reward delivery, reward omission and premature trials. (g) Discrimination index for each of the groups of
neurons shown in (c-e). (h) PETH showing lick rates during the three trial conditions, centered at the 8th
lick, with its corresponding average at the bottom. Color code for the normalized activity is shown on the

right.

Figure 6. Striatal activity at the exit reports the performance of the action sequence. (a) Average
PETH of neurons responding to port exit, during premature and timely trials, for trials with an 8-lick
sequence and trials where less than 8 licks were emitted (diagram on top shows the types of trials
analyzed). (b) Average striatal activity corresponding to the PETH shown in a. (c) PETH of head

acceleration around port exit in premature and timely trials. It is represented the mean (solid lines) and 95
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CI (shaded area).

Figure 7. Adolescent rats become skilled in the task and show a higher modulatory response. (a)
Percentage of the different trial types per session. (b) Reward rates for each training stage. (c) Proportion
of trials followed by 8-lick sequences at early and late learning stages. (d) Correlation between percentage
of prematurely initiated trials followed by an 8-lick sequence and reward rate (Y=0.026*X +0.112, Slope
significantly different from zero, p<0.0001, R square 0.7133.). (e) Normalized frequency distributions of
the trial initiation times (waiting time), separated for trials with (dark gray) and without (light gray dotted
line) 8-lick sequences, in the late of training. Inset: percentage of the trials with and without 8-lick
sequences for each bin, zoomed around the criterion time. (f) Ratio between premature trials made and
obtained rewards for adolescents and adults. (g) Premature trials with 8-lick sequence made per obtained
rewards for adolescents and adults. (h) Accumulated normalized trials vs. Waiting time for adolescents
(mean: red, individual session: light red) and adults (mean: black, individual session: gray). (i) Percentage
of neurons showing task-related firing rate modulations. (j) Mean normalized FR vs. waiting time for both
ages. 2.5 s criterion time is shown with a blue hatched-line. (k) Discrimination index calculated at the time
of reward delivery. (I) Mean normalized FR at the time of exit for trials with or without 8-lick sequence

for both ages. j-1: hatched lines correspond to adolescents and full lines to adults.

Supplementary Figure 1. Rats trained with a longer ITI also emit premature learned responses. (a)
Reward rates for each training stage of rats trained with a 5s ITI requirement Wilcoxon matched-pairs
signed rank test ** p=0.0078. (b) Proportion of trials followed by 8-lick sequences at early and late
learning stages, Two-way RM ANOVA, Type of trial *** p<0.0001, Interaction Training stage x Type of
trial * p=0.0535. (c) Time to complete the 8-lick sequence, Mann Whitney Test p=0.4894. (d) Latency to

first lick for prematurely and timely initiated trials, at early and late learning stages, Mann Whitney Test
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p=0.8633. (e) Variation coefficient of the 8-lick sequence inter-lick intervals for prematurely and timely
initiated trials, at early and late learning stages, Mann Whitney Test NS p=0.8633. (f) Correlation between
prematurely initiated trials and reward rate, Linear regression Y=-0.02755*X +2.776, Slope significantly
different from zero: p=0.0020, R-square=0.3343. (g) Correlation between percentage of prematurely
initiated trials followed by an 8-lick sequence and reward rate, Linear regression Y=0.01321*X +0.54609,
Slope significantly different from =zero: p=0.0192, R-square=0.2080. (h) Normalized frequency
distributions of the trial initiation times (waiting time), separated for trials with (gray) and without (dotted
line) 8-lick sequences, in the late of training. Inset: percentage of the trials with (gray) and without (dotted

line) 8-lick sequences for each bin, zoomed around the criterion time.

Supplementary Figure 2. Rats also learn a task with lower and upper limits in the WT. Rats were
trained to enter the nosepoke within a minimum WT of 2.5 s and a maximum WT of 5. (a) Reward rates
for the 2.5-5 s WT task, *** p<0.0001 Wilcoxon Signed rank test. (b) Trial duration for correct trials,
Paired t test ***p<0.0001. (c) Latency to first lick for prematurely, timely and late initiated trials, One-
way RM ANOVA NS, p=0.6053. (d) Time to complete the 8-lick sequence for the different types of trials,
One-way RM ANOVA NS, p=0.5593. (e) Variation coefficient of the 8-lick sequence inter-lick intervals
for the different types of trials, One-way RM ANOVA NS, p=0.6407. (f) Normalized frequency
distributions of the trial initiation times (waiting time), separated for trials with 8-lick sequences in the
third (dark blue) and the seventh (light blue) sessions of training with a 2.5 s WT. Inset: area below the
curve calculated between 2.5 s and 5 s for sessions 3 and 4 vs. sessions 6 and 7, Mann- Whitney test, NS,
p=0.8857. (g) Normalized frequency distributions of the trial initiation times (waiting time), separated for
trials with 8-lick sequences in the third (lilac) and the seventh (purple) sessions of training with a 2.5-5 s
WT. Inset: area below the curve calculated between 2.5 s and 5 s for sessions 3 and 4 vs. sessions 6 and 7,

Mann- Whitney test * p=0.0238.
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Supplementary Figure 3. Characteristics of the neurons registered in the 2.5 s WT task. (a) Average
firing rate of striatal neurons showing tonic activity during the waiting period, aligned to port entry or port
exit, for different waiting times. Color code for the normalized (in units of standard deviation) activity is
shown on the left. (b) Proportion of different responses in both training stages from animals trained with a

2.5 s criterion time.

Supplementary Figure 4. Striatal activity at the boundaries of the trials. (a) Anticipatory activity of
entry responsive neurons and neuronal localization. Average striatal activity shown in the right panel.
Three-way ANOVA, Localization p=0.0005, Training stage *** p<0.0001, Licks’ sequence p=0.0851,
Interaction Localization x Training stage *** p<0.0001, Interaction Localization x Licks’ sequence
p=0.1999, Interaction Training stage x Licks’ sequence p=0.2842, Interaction Training stage x Licks’
sequence x Localization *** p=0.0006. (b) Anticipatory activity of entry-exit responsive neurons and
neuronal localization. Average striatal activity shown in the right panel. Three-way ANOVA, Localization
p=0.1824, Training stage *** p<0.0001 , Licks’ sequence p=0.1751, Interaction Localization x Training
stage *** p<(0.0001, Interaction Localization x Licks’ sequence p=0.0501, Interaction Training stage x
Licks’ sequence p=0.5239, Interaction Training stage x Licks’ sequence x Localization p=0.0178. (c)
Activity at port exit of exit responsive neurons and neuronal localization. Average striatal activity shown
in the right panel. Three-way ANOVA, Localization p=0.9256, Training stage *** p=0.0007, Licks’
sequence *** p<0.0001, Interaction Localization x Training stage p=0.0511, Interaction Localization x
Licks’ sequence p=0.5469, Interaction Training stage x Licks’ sequence *** p<0.0001, Interaction
Training stage x Licks’ sequence x Localization ** p=0.0022. (d) Activity at port exit of entry-exit
responsive neurons and neuronal localization. Average striatal activity shown in the right panel. Three-

way ANOVA, Localization p=0.6139, Training stage p=0.1512, Licks’ sequence *** p=0.0005, Interaction
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Localization x Training stage p=0.9700, Interaction Localization x Licks’ sequence p=0.6973, Interaction
Training stage x Licks’ sequence p=0.5116, Interaction Training stage x Licks’ sequence x Localization

p=0.6400.

Supplementary Figure 5. Anticipatory activity in the 5s WT task. (a) Average firing rates of striatal
neurons (of rats trained with a 5 s criterion time) showing activity preceding the initiation of the trials
according to the waiting time duration. Color code for the intervals shown on the right. (b) Mean of the
normalized firing rate for each of the waiting time groups, calculated between -640 and -80 ms before the

entrance vs. waiting time, criterion time is shown with a blue hatched-line.

Supplementary Figure 6. Neuronal activity at the moment of the visual cue. Population PETH and
Average firing rates of striatal units showing positive firing rate modulations related with the visual cue.
Color code for the mnFR is shown on the right. Below, bar graphs showing statistical comparisons
between trial conditions. One-way RM ANOVA *** p<(0.0001, Tukey’s multiple comparisons test ***

p=0.0002 Premature vs. the other groups.

Supplementary Figure 7. Adolescent rats make more premature trials. (a) Trial duration for correct
trials at each training stage, Two-way RM ANOVA, Training stage *** p=0.0002, Type of trial **
p=0.0072. (b) Latency to the first lick during correct trials, Two-way RM ANOVA, Training stage ***
p=0.0007. (c) Time to complete the 8-lick sequence, Two-way RM ANOVA, Training stage *** p<0.0001.
(d) Correlation between prematurely initiated trials and reward rate, Linear regression Y=-0.002263 *X
+1.504, Slope significantly different from zero: p=0.8492, R-square= 0.0077. (e) Time to complete the 8-

lick sequence, Two-way RM ANOVA, Training stage *** p=0.0005. (f) Latency to first lick for
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prematurely and timely initiated trials, at early and late learning stages, Two-way RM ANOVA, Training
stage ** p=0.0045. (g) Variation coefficient of the 8-lick sequence inter-lick intervals for prematurely and
timely initiated trials, at early and late learning stages, Two-way RM ANOVA, Training stage **p=0.0034,

Interaction Training stage x Type of trial p=0.0013.

Supplementary Figure 8. Striatal activity also marks transitions between behavioral states of the
task in adolescent animals. (a) Representative raster plots and PETH of striatal units showing firing rate
modulations related to port entry and/or port exit. (b) Proportion of neurons showing task related firing
rate modulations. (c-f) Population PETH and average firing rates aligned to port entry (top panels) and to
port exit (bottom panels) for (c) striatal neurons showing only port entry related activity, (d) striatal
neurons showing only port exit related activity, (e) striatal neurons showing activity modulations at both
port entry and port exit and (f) striatal neurons showing higher activity during licking behavior. In (c) to
(f), it is represented the mean (solid lines) and SE (shaded area). Colored bars over the x axis show the
interval used to detect firing rate modulations (red: entry, orange: exit, purple: active during the task).

Color code for the mnFR is shown on the right (a).

Supplementary Figure 9. Anticipatory, reward responsive and exit activity in striatal neurons of
adolescent rats. (a) Average firing rate of entry-related neurons responding at port entry, during timely
and premature trials, for trials with an 8-lick sequence and trials where less than 8 licks were emitted
(diagram on top shows the types of trials analyzed). It is represented the mean (solid lines) and SE (shaded
area). Colored bars over the x axis show the interval used to detect firing rate modulations (-640 to -80
ms). (b) Average striatal activity corresponding to the PETH shown in a. (c) Population PETH and
Average firing rates of striatal units showing positive firing rate modulations during reward delivery,

reward omission and premature trials. Below, bar graphs showing statistical comparisons between trial
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conditions. (d) PETH showing lick rates during the three trial conditions, centered at the 8th lick, with its
corresponding average and statistical analysis at the bottom. (e) Discrimination index for each of the
groups of neurons shown in b-d, Mixed-effects model (REML) * p=0.0164. (f) PETH showing lick rates
during the three trial conditions, centered at the 8th lick, with its corresponding average at the bottom.
Color code for the normalized activity is shown on the right. (g) Average firing rate of neurons responding
to port exit, during premature and timely trials, for trials with an 8-lick sequence and trials where less than
8 licks were emitted. (h) Average striatal activity corresponding to the PETH shown in g, Two-way RM

ANOVA, Licks’ sequence *** p<0.0001.

Supplementary Figure 10. Localization of recording tetrodes. Schematic representation of the
electrodes’ placement for each of the animals, based on the electrode tips visible in the histological
analysis, adapted from Paxinos’ Atlas (Paxinos and Watson, 2007). Animals with incorrect electrode
placement (gray squares) were excluded from the electrophysiological analysis but not from the

behavioral analysis.
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Figure S10
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