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in temporal control are differentially sensitive
to amount of training
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This study demonstrates that overtraining in temporal discrimination modifies temporal stimulus control in a bisection task

and produces habitual responding, as evidenced through insensitivity to food devaluation. Rats were trained or overtrained

in a 2- versus 8-sec temporal discrimination task, with each duration associated with a lever (left or right) and food (grain or

sucrose). Overtraining produced a leftward shift in the bisection point. Devaluation treatment induced a differential loss of

responding depending on stimulus duration (short versus long) and the level of training (training versus overtraining). The

relationships between timing behavior and habitual behavior are discussed.

[Supplemental material is available for this article.]

Interval timing is a research area that investigates the mechanisms
permitting the organism to perceive time, and extract durations or
intervals between stimuli or events. The ability to discriminate
time intervals has beenwidely demonstrated through the temporal
bisection procedure (Church and Deluty 1977) in which rats
learned to discriminate between two reinforced durations (2- ver-
sus 8-sec), followed by temporal bisection sessions with five added
geometrically spaced intermediate nonreinforced durations. Rats
bisected pairs of durations at their geometric mean (GM), which
means that the point of subjective equality (PSE) (the duration cor-
responding to p[long] = 0.50) fell at the GM of each set of anchor
durations. In contrast to the ratio similarity rule (Gibbon 1981)
postulating that the location of the PSE is determined by the values
of the short and long anchor durations, some recent studies sug-
gested that the location of the PSE might rather depend on a com-
parison of the short anchor with any longer duration. That is, only
one of the anchor stimuli acquired control over the behavior with a
prolonged exposure to the discrimination (Platt and Davis 1983;
Machado and Keen 2003; Callu et al. 2009; Brown et al. 2011;
Araiba and Brown 2017).

One possible explanation for the gain of control by one dis-
criminative stimulus with prolonged exposure to training and/or
testing is the development of a habit. Habit formation refers to
the process by which a goal-driven performance (action-outcome
association) developed during training becomes a habit-based per-
formance solely controlled by antecedent stimuli (stimulus-
response association) that progressively gain exclusive domination
over behavior with extensive training (e.g., Adams and Dickinson
1981; Dickinson 1985). Recent neurological studies indicated that
both timing behavior and habit formation share the same neural
networks (for review, see Doyère and El Massioui 2016). The pre-
sent study examined the potential development of habit-based
timing performance using a classic devaluation procedure of the
instrumental outcome by a specific satiety treatment in a temporal

discrimination task. After moderate amounts of training, reward
devaluation is expected to reduce responding on trials with the
stimulus associated with that reward, but not on trials with the
nondevalued reward, in accord with the devaluation literature
(e.g., Dickinson 1985; Faure et al. 2005). After overtraining, howev-
er, the instrumental response becomes habitual, driven by the
stimulus rather than by the reward properties of the outcome,
and thus is less sensitive to reward devaluation.

During training and overtraining (see experimental design,
Fig. 1A) of a temporal discrimination (2 versus 8 sec), correct re-
sponding to the short and long durations were associated with dif-
ferent actions (pressing the left or right levers) and different
rewards (grain versus sucrose pellets) (Fig. 1B). The temporal dis-
crimination training procedure was adapted from Callu et al.
(2009). In brief, rats learned the discrimination in three phases.
First (100% Forced choice), a tone stimuluswas presented for either
2 or 8 sec and its termination coincided with the presentation of
one lever, associated with the correct response and delivery of
the reward for a response (40 trials for each duration per session).
Second (50% Forced/50% Free choice), 40 trials were identical to
the 100% Forced choice phase, and for the other 40 Free-choice tri-
als, the 2- or 8-sec tone stimulus termination coincided with the
presentation of both levers. Only a correct lever press produced
the associated food. In the third phase (0% Forced/100% Free
choice), all 80 trials were free-choice. All animals received discrim-
ination training until accuracy reached 85% correct responding
for two consecutive sessions. Animals of the overtraining group
received 600 additional trials for each stimulus/action/reward pair-
ing after they met the mastery criterion. The average number of
training sessions across the three training phases was similar
for the training and the overtraining groups (10.77 and 10.26, re-
spectively, t(43) = 0.71, P=0.48). Similarly, the mean accuracy of
discrimination performance for the training and the overtraining
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groups on the last two sessions where they met the criterion was
similar (94.29% and 95.43%, respectively; t(43) = 1.774, P=0.083).
The accuracy of discrimination performance during the overtrain-
ing phase was stable, averaging 98.18% across 15 sessions.

Twenty-four hours after mastering the discrimination or after
overtraining, the extent to which temporal discrimination was af-
fected by extended training was assessed with bisection test ses-
sions. Rats were tested in a psychophysical choice (bisection)
procedure in two daily sessions with five intermediate durations
(2.5, 3.2, 4, 5, and 6.3 sec) on nonreinforced trials (12 trials
each duration), in addition to the two training anchor durations
(2 and 8 sec, 60 trials each) with reinforcement available. The
bisection procedure is extensively described in Callu et al. (2009)
and Es-seddiqi et al. (2016), and its detailed analysis is explained
in Supplemental Material. A 2 (group) × 7 (duration) ANOVA of
p(long) yielded a main effect of group, F(1,43) = 16.57, P< 0.001,
h2
p = 0.278, a main effect of duration, F(2.135,91.786) = 1149.85,

P<0.001, h2
p = 0.964, and a group×duration interaction,

F(2.135,91.786) =10.15, P<0.001, h2
p = 0.191

(Fig. 2). At both anchor durations, there
were no differences between groups in
p(long), whereas a maximum group
mean difference was observed at the
4 sec intermediate duration, t(43) = 4.340,
P<0.001, Cohen’s d=1.294. The differ-
ence in the bisection function between
the two groups was reflected by a smaller
PSE for the overtraining group than for
the training group (group mean PSE for
training: 3.63 (SEM=±0.05), and for over-
training: 3.31 (SEM=±0.06); t(43) =−4.11,
P<0.001, Cohen’s d=−1.227). There was
no significant difference in gamma (in-
dex of precision, inversely related to
the slope) between the groups (train-
ing: 0.21 (SEM=±0.01) and overtraining:
0.18 (SEM=±0.02; t(43) = 1.61, P=0.11).
Thus, the bisection curve was shifted to
the left after overtraining with no signifi-
cant change in the slope of the function,
which suggests that overtraining produc-
es a change in bias toward long duration
judgments while leaving temporal preci-
sion stable.

After bisection testing, each group
was divided into two subgroups, the non-
devaluation and the devaluation groups
(Fig. 1A). Two devaluation sessions were
given, separated by two retraining
sessions of discrimination “100% Free
choice.” Devaluation sessions consisted
of three phases (see Faure et al. 2005 for
full details): (1) the prefeeding during
which rats had access to 50 g of either
grain or sucrose pellets for 1 h in a rectan-
gle box. Rats from the nondevaluation
group were subjected to the same proce-
dure without food; (2) a devaluation test
session in extinction, similar to the last
discrimination training sessions, with 20
trials for each duration; (3) a satiety test
during which rats were presented 50 pel-
lets of grain and sucrose in two separate
dishes for 5 min in a shoebox cage. A 2

A

B

Figure 1. (A) General design of the experiment. The number under each group is the initial number
of trained or overtrained animals; the number in parentheses is the final number of animals included
in statistics, as three rats were eliminated because of experimental disturbances; (OT) overtraining.
(B) Description of the experimental groups (within each training and overtraining group). For the dis-
crimination, duration-lever-food assignments (duration: short versus long, position of the lever: left
versus right and reward: grain versus sucrose pellets) were counterbalanced between rats, yielding
four discrimination groups. During devaluation tests, two sessions were run to counterbalance food/
anchor devaluation (for example, devaluating the food associated with the short anchor in the first
test and the food associated with the long anchor in the second test), thus creating eight subgroups.
The performance on the lever associated with the duration whose outcome was devalued was then com-
pared with the performance on the lever associated with the other duration whose outcome was not
devalued within the same session.

Figure 2. Number of “long” responses divided by the sum of the “long”
responses and the “short” responses for each stimulus across the two ses-
sions of testing (group mean p(long)) as a function of duration (log scale)
for the training (n=22) and overtraining (n=23) groups. Error bars repre-
sent ±SEM.
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(group) × 2 (food) mixed ANOVA analysis of the amount of food in
grams consumed by each group during prefeeding for sucrose and
grain food pellets (Devaluation 1 and 2) shows no effect of group,
F(1,24) = 2.84, P=0.105, a main effect of food-type (35.9 g grain ver-
sus 30.6 g sucrose), F(1,24) = 20.75, P<0.001, h2

p = 0.464, and no
group× food-type interaction, F<1. During the satiety test, there
was less consumption of the devalued food (44.94 pellets remain-
ing) compared to the nondevalued food (8.92 pellets remaining),
with no effect of group, F<1, a main effect of food devaluation,
F(1,24) = 274.7, P<0.001, h2

p = 0.920, and no group× food devalua-
tion interaction, F<1, thus showing selectivity of the devaluation
procedure similarly for both groups.

During the devaluation test in extinction, response tendency
was calculated based on the first 18 trials (nine for each duration),
corresponding to the minimum number of trials for which short
and long duration presentations were balanced before a loss of re-
sponding due to extinction. The specific effect of devaluation was
analyzed in the devalued animals by comparing responding to the
duration associated with the devalued food (i.e., devalued dura-
tion) to responding to the other, nondevalued, anchor duration,
and analyzing them in three categories, i.e., correct, incorrect or
no response, in separate 2 (devaluation) × 2 (anchor duration)
within-subject ANOVAs.

For the training group, the proportion of “no response,”
which may reflect a general decrease in motivation, as reported
in previous studies (Ward and Odum 2006, 2007; Galtress and
Kirkpatrick 2009, 2010; McClure et al. 2009), was not differen-
tially affected by duration (no main effect of devaluation, F(1,14) =
1.67, P=0.22, no main effect of anchor duration, F(1,14) = 1.76,
P=0.21, and no devaluation×anchor duration interaction, F(1,14) =
2.38, P=0.15, see Fig. 3 left lower panel). In contrast, correct
responses were differentially modulated, with no main effect
of devaluation, F(1,14) = 1.93, P=0.19, or anchor duration, F<1,
but with a devaluation× anchor duration interaction, F(1,14) =
18.01, P<0.001, h2

p = 0.563. When the analysis was restricted to
each anchor duration (Fig. 3, left upper panel), there was a signifi-
cant decrease in the proportion of correct responses for the deval-
ued duration trial as compared to the nondevalued duration trial
when the food associated with the long anchor was devalued,
Paired t(14) =−3.33, P=0.005, Cohen’s d=−0.859, whereas no sig-
nificant difference was obtained when the food associated with
the short anchor was devalued, Paired t(14) = 1.57, P= 0.14. The
analysis of incorrect responses essentially mirrored the one for cor-
rect responses (Fig. 3, left middle panel) with no main effect of
devaluation, F<1, a main effect of anchor duration, F(1,14) = 8.53,
P=0.011, h2

p = 0.379, and a devaluation× anchor duration

Figure 3. The mean proportion of correct (upper histograms), incorrect (middle histograms) responses and the proportion of “no response” (lower his-
tograms) out of total number of trials for each duration (n=9) during the devaluation extinction session as a function of the devalued anchor duration
(x-axis) for the associated devalued (black) and nondevalued (white) duration trials (bars) for the training group (left panels), and the overtraining
group (right panels). Devaluation of the outcome (sucrose or grain) associated with a given duration (i.e., short in a Dev-SHORT session, and long in a
Dev-LONG session) was expected to affect lever pressing associated with that devalued stimulus (black bars, i.e., short (S) after Dev-SHORT, and long
(L) after Dev-LONG), in comparison to the lever pressing associated with the nondevalued duration within the same session for the same rats (white
bars, i.e., long (L) after Dev-SHORT, and short (S) after Dev-LONG). Only devaluation of the outcome associated to the long stimulus had an impact in
the training group, an effect that was reduced in the overtraining group. Error bars represent ±SEM. #, significant devaluation × anchor duration interac-
tion, P<0.05; *, significant difference between % response to devalued and nondevalued stimuli, P<0.05.
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interaction, F(1,14) = 11.08, P=0.005, h2
p = 0.442. Again, therewas a

significant difference in the proportion of incorrect responses
between the devalued and the nondevalued duration trials when
the long anchor duration was devalued, t(14) = 2.62, P=0.02,
Cohen’s d=0.678; that is, devaluation produced an increase in er-
rors.When the food associated with the short anchor durationwas
devalued, there was a trend toward a difference, t(14) =−2.04, P=
0.06, albeit in the opposite direction (i.e., a decrease in errors after
devaluation).

For the overtraining group, a 2 (devaluation) × 2 (anchor dura-
tion) ANOVA on the proportion of correct responses as a function
of the devalued anchor duration for the devalued and the nonde-
valued durations (Fig. 3, right upper panel) yielded no main effect
of devaluation, F<1, nomain effect of anchor duration, F<1, and a
devaluation× anchor duration interaction, F(1,10) = 6.25, P=0.031,
h2
p = 0.385. When restricted to each anchor duration, the analyses

did not yield a significant difference, t(10) = 1.80, P=0.101 and t(10)
< 1 for short and long anchor devaluation, respectively. Analysis of
incorrect responses yielded nomain effect of devaluation, F<1, no
main effect of anchor duration, F<1, and a devaluation× anchor
duration interaction, F(1,10) = 8.50, P=0.015, h2

p = 0.460 (Fig. 3,
right middle panel). Again, when restricted to each anchor dura-
tion, the analyses did not yield a significant difference, t(10) =
−1.71, P=0.118 and t(10) = 1.70, P=0.12 for short and long anchor
devaluation, respectively. Finally, analysis of no responses yielded
no main effect of devaluation, F<1, or anchor duration, F<1, and
no devaluation× anchor duration interaction, F<1.

In all, overtraining induced two main effects depending on
the test used. First, overtraining the 2 sec versus 8 sec discrimina-
tion task produced a leftward shift in the bisection point. It reflect-
ed a decreased point of subjective equality (PSE) compared to the
training group, with no modification of the temporal sensitivity
(gamma). Brown et al. (2011) already noted a smaller PSE with
bisection repetition but also observed an increased temporal sensi-
tivity with repeated testing. It is possible that the repeated expo-
sure to intermediate durations in bisection tests in Brown et al.
(four to six bisection sessions were run each month, from 4 to 8
mo) was responsible for the change in gamma. Alternatively, the
training procedure may have already led to modified temporal pre-
cision, precluding any further change with overtraining. The pre-
sent study demonstrates that repeated exposure to anchors alone
is sufficient to produce a change in bias toward long duration judg-
ment while potentially leaving temporal precision stable. Second,
devaluation of the instrumental reward by a specific satiety treat-
ment produced a differential loss of accurate responding depend-
ing on stimulus duration (short versus long) and the level of
training (training versus overtraining).

The devaluation procedure that followed the bisection tests
could provide information about the processes involved during
overtraining of the discrimination task. After training as well as
overtraining, performance to the short anchor durationwas not al-
tered by the selective reward devaluation, indicating insensitivity
to the current value of the reward, and thus the possible formation
of a habit during the training phase. In contrast, after training, the
long anchor duration showed sensitivity to reward devaluation ev-
idenced by decreased instrumental performance thus suggesting
goal-directed behavior. This sensitivity to devaluation decreased
after overtraining, indicating that habitual responding to the
long anchor duration stimulus was acquired with session repeti-
tion. Interestingly, these effects were accompanied by an increase
in the proportion of incorrect responding, when the long anchor
duration was devalued in the training group.Whether the increase
in incorrect classification, instead of “no responses,”was due to the
two-choice discrimination procedure or was related to the timing
aspect of the task remains to be determined. Nevertheless, this ef-
fect also disappeared after overtraining. This result demonstrates

that time-based behavior can become habitual in a temporal dis-
crimination task, in agreement with the loss of DA sensitivity ob-
served by Cheng et al. (2007) in a peak interval task. The present
results augment those findings by demonstrating habit formation
with overtraining in a devaluation test. That the rate of lever-
pressing to the short anchor duration was unchanged after devalu-
ation of its associated reward constitutes asymmetry, and indicates
that durations of stimuli can be processed differently in a goal-
directed or habitual mode. It represents another example of asym-
metry in independentmanipulation of short and long durations in
temporal discrimination tasks (Akdoğan and Balci 2016). The in-
sensitivity to devaluation of the reward associated with the short
duration could be interpreted as a more rapid development of
habit-based behavior than for the long response. One possible
basis for a more rapid habit formation for the short duration is
that it is more often presented to the rats, as short durations are al-
ways embedded in long durations. Another possibility is that once
rats had learned the discrimination rule (duration/lever position/
reward), they developed a behavioral pattern commencing with
approach to the short lever, which transforms more rapidly into
an S-R habit behavior, i.e., triggered by stimulus onset and inde-
pendent of long stimulus duration. Machado and Keen’s (2003) in-
ference of dominant control by the short anchor duration was
based on the observation that manipulation of the long anchor
duration had little or no effect on the subjects’ times of departure
from the vicinity of the short cue on tests with long-cue durations.
While the present study used rats in a standard chamber instead of
pigeons in a long box, our procedure used one lever and food dis-
penser pair located on one wall, and the other pair located on the
opposite wall of the operant box. As with pigeons, rats might have
positioned themselves in front of the short lever first andmoved to
the other lever as stimulus duration elapsed. The number of train-
ing trials (∼450 trials per duration in ∼11 sessions) could thus have
been enough to produce habit-based instrumental performance for
short duration stimulus. This post-hoc account would require sup-
port showing sensitivity to reward-devaluation at some earlier
point in training than that used for the present training group. It
is conceivable that with overtraining, the motor patterns associat-
ed with approach to both short and long cue locations become ha-
bitual, and relatively independent of rewarding consequences.

In conclusion, these resultsmay validate the hypothesis of de-
velopment of a strategy based on a comparison of the short anchor
duration with any longer duration (short/no-short rule) with ex-
tended training, a basis for habitual behavior.
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