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a b s t r a c t

In operant conditioning, animals associate their own behavior with a reinforcer, and the probability of
the behavioral responses is increased. This form of learning is called reinforcement. In contrast, when the
previously reinforced responses are no longer paired with a reinforcer, these responses are eventually
extinguished. The effectiveness of reinforcement depends primarily on time intervals between re-
inforcers and responses, but it is not fully understood how the intervals affect subsequent extinction. To
address this question, we performed electrical stimulation of the rat medial forebrain bundle (MFB), a
part of the brain reward system, and an operant task in which the MFB was electrically stimulated 0.1 s
(immediate condition) or 1 s (delayed condition) after the rat's nose was poked. During the first half of
the task period (a reinforcement period), nose pokes were associated with MFB stimulation. In contrast,
during the second half (an extinction period), we did not stimulate the MFB irrespective of nose pokes.
We found that rats exhibited increased nose-poke behaviors during the reinforcement period under both
conditions, whereas during the extinction period, nose pokes were more persistent in the delayed
condition than in the immediate condition. The persistent responses in the extinction period were in-
dependent of responses in the reinforcement period. Therefore, reinforcement and extinction are driven
by independent neural mechanisms.
© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Associative learning is a process through which animals obtain
information on links between external events and extract logical
structures of entities as a consequence of repeated pairing of the
events. In general, associative learning is categorized into two
primary forms: classical Pavlovian conditioning and operant con-
ditioning. In operant conditioning, animals learn to link their own
behavior with either a reinforcer or a punisher and modify their
responses; the responses are typically followed by an increase or
decrease in the probability of behavioral responses, which is called
reinforcement or punishment, respectively [1]. In contrast, when
previously reinforced behavioral responses are no longer paired
with a reinforcer, the responses become less frequent and even
armacology Graduate School
o, 7-3-1 Hongo, Bunkyo-ku,

tsumoto).

Inc. This is an open access article u
extinguish, a process that is called extinction [1].
The effectiveness of reinforcement and punishment depends on

several factors: satiation/deprivation, immediacy, contingency, and
size [2,3]. Among these factors, the principle of immediacy states
that the more immediately reinforcement occurs after certain
behavioral responses, the more effective reinforcement is in
modifying such behavior [2e4]. While the effects of immediacy on
reinforcement have been widely documented [5e7], it remains
almost unknownwhether immediacy has an impact on subsequent
extinction.

To address this question, we made use of electrical stimulation
of the medial forebrain bundle (MFB), a neural pathway containing
complex ascending and descending fibers that course through and
partially arise and terminate within various regions of the reward
system, such as the ventral tegmental area, the nucleus accumbens,
and the lateral hypothalamus [8e15]. Comparedwith food orwater,
electrical stimulation of the MFB is considered a reinforcer that
elicits satiation/deprivation-free reinforcement [16e19]. Moreover,
MFB stimulation allows us to preciselymanipulate the time interval
between behavioral responses and corresponding neural
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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activation. We thus implanted stimulating electrodes into the rat
MFB. We then employed an operant nose-poke behavioral test in
which the rat MFB was electrically stimulated 0.1 s or 1 s after the
nose poke (named the immediate condition or delayed condition,
respectively). For each condition, we employed operant condi-
tioning during the first half (0e30 min) of the experiment (i.e.,
reinforcement period), whereas we did not provide any electrical
stimulation to the MFB during the second half (30e60 min) (i.e.,
extinction period) of the experiment. We quantified the nose-poke
counts and locomotor activity to evaluate the effect of immediacy
on reinforcement and extinction.

2. Materials and methods

2.1. Ethical approval

Animal experiments were performed with the approval of the
Animal Experiment Ethics Committee at the University of Tokyo
(approval number: P29-4) and according to the University of Tokyo
guidelines for the care and use of laboratory animals. These
experimental protocols were carried out in accordance with the
Fundamental Guidelines for the Proper Conduct of Animal Experi-
ments and Related Activities in Academic Research Institutions
(Ministry of Education, Culture, Sports, Science and Technology,
Notice No. 71 of 2006), the Standards for Breeding and Housing of
and Pain Alleviation for Experimental Animals (Ministry of the
Environment, Notice No. 88 of 2006) and the Guidelines on the
Method of Animal Disposal (Prime Minister's Office, Notice No. 40
of 1995). All efforts were made to minimize animal suffering.

2.2. Animals

A total of thirty-one male 9-week-old or older SpragueeDawley
rats (Japan SLC, Shizuoka, Japan) were housed individually under
conditions of controlled temperature and humidity (22 ± 1 �C,
55 ± 5%) and were maintained on a 12:12-h light/dark cycle (lights
off from 7:00 to 19:00) with ad libitum access to food and water.
Rats were habituated to an experimenter via daily handling for at
least 2 d before experiments.

2.3. Preparation

To electrically stimulate the MFB, we designed a bundle of bi-
polar stainless-steel insulated wires (i.e., a stimulation electrode,
hereafter; TOG217-049c, Unique Medical, Tokyo, Japan) based on
previous literature [20]. The stimulation electrodewas composed of
two insulated wires stuck together, whose tips were shifted by
500 mm in length. Each tip was bare for 100 mm. The other end of
the electrode was soldered to a 2-pin connector protected with
epoxy glue to prepare a stimulating electrode assembly.

2.4. Surgery

General anesthesia was induced in the rats andmaintained with
2e3% and 1e2% isoflurane gas, with careful inspection of the ani-
mal's condition during the whole surgical procedure. Veterinary
ointment was applied to the rats' eyes to prevent drying. The skin of
the rats was sterilized with povidone iodine and 70% ethanol
whenever an incision was made.

After anesthesia, each rat was mounted onto a stereotaxic
apparatus (SR-6R-HT, Narishige, Tokyo, Japan) according to the
general surgical procedure [21]. The scalp was then removed with a
surgical knife. A circular craniotomy with a diameter of approxi-
mately 0.9 mm was performed using a high-speed dental drill. A
stimulation electrode was stereotaxically implanted unilaterally
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into the MFB (2.0 mm posterior and 2.0 mm lateral to bregma). The
stimulation electrode was carefully inserted into the rat's brain and
lowered approximately 7.8 mm below the cortical surface. After
implantation, the electrodes were secured to the skull using dental
cement. Following surgery, each rat was allowed to recover from
anesthesia and was housed individually in transparent plexiglass
cages with free access to water and food. The animals were habit-
uated to the experimenter again by handling for at least 5 d after
surgery.

While our experimental protocols mandated the humane killing
of animals if they exhibited any signs of pain, prominent lethargy,
or discomfort, we did not observe such symptoms in any of the 31
rats used in this study.

2.5. Apparatus

A Skinner box (OP-3501, O'hara, Tokyo, Japan) with two nose-
poke holes (20 mm in diameter) in a soundproof chamber was
used. The box measured 40 cm inwidth, 30 cm in depth, and 40 cm
in height. Nose pokes were detected by a photoelectric sensor in a
hole and recorded using Arduino; note that only one ‘active’ hole
was connected to the sensor, whereas the other was not.

2.6. Behavioral test

After the animals fully recovered from surgery and had become
familiar with the apparatus, we performed electrophysiological
experiments, including training (on Day 1) and test sessions (on
Day 2). For each session, the stimulating electrode assembly was
attached to a two-core cable. The cable was further connected to an
isolator (A365, World Precision Instruments (WPI), FL, USA) and a
stimulator (A310, WPI). During either session, each rat was allowed
to freely explore the operant chamber for 1 h.

During the training session, each rat was rewarded by MFB
stimulation whenever the rat poked its nose into the active hole.
Rats that poked their noses into the active hole over 150 times
during the training session were used during the subsequent test
session (on the next day). The amplitude of MFB stimulation pulse
currents was optimized during this training session (described
below).

During the test session, rats were allowed to behave in the same
way as during the training session, but they were rewarded during
the first half (30 min) of the session (i.e., reinforcement period),
while they were unrewarded even though they poked their noses
into either hole during the second half (i.e., extinction period). In
the reinforcement period (during the test session), 13 and 18 rats
underwent the ‘immediate’ and ‘delayed’ conditions, respectively.
Under immediate conditions, each rat received electrical stimula-
tion of the MFB immediately (0.1 s) after their nose pokes. On the
other hand, in the delayed condition, rats were electrically rewar-
ded 1 s after nose pokes.

The number of nose pokes was counted by Arduino custom
routines. Animal behavior was monitored using a web camera at
10e30 fps throughout the experiment.

Rectangular symmetrical biphasic electric currents were
generated by a stimulator. Parameters for the electric currents were
as follows: amplitude (for each of the positive and negative phases),
200e300 mA; phase duration (for each phase), 0.2 ms; interphase
interval, 0 s; interpulse interval (time between onsets of a positive
phase and the next), 10 ms (i.e., pulse frequency, 100 Hz); and burst
duration, 500 ms. The parameters except for the amplitude were
determined by our preliminary study. During the training session
(described above), the appropriate amplitude of the electrical
stimulation was set as the value that met the criteria of allowing
rats to poke their noses more than 150 times without a convulsive



Fig. 1. Overview of the experiment.
A, A representative image of a Nissl-stained coronal section. The tip of the track of the stimulation electrode is indicated by black triangles. The track of the electrode tip was found in
the MFB (yellow). B, A diagram of the experimental setup. Once a rat poked its nose into an active hole, direct electrical stimulation was delivered to the rat's MFB as a reward. C,
Experimental paradigms for immediate and delayed conditions. A rat received 0.5 s of electrical stimulation 0.1 s after a nose poke under immediate conditions. Another rat was
rewarded 1 s after the nose poke. Abbreviation: MFB, medial forebrain bundle. . (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)

Fig. 2. Persistent nose-poke behavior during the extinction period.
A, Representative raster plots indicating nose pokes into active and inactive holes in the immediate (top) and delayed (bottom) conditions. Note that the first and second halves of
the experiment are named the reinforcement and extinction periods, respectively. B, Time course of nose-poke counts of rats that underwent the immediate (black) and delayed
(blue) conditions. In particular, during the fourth quarter of the experiment, the nose-poke counts were significantly larger in the delayed condition than in the immediate con-
dition. C, Nose-poke counts during the fourth quarter were not significantly correlated with those during the first quarter (left) or the second quarter (right) for the immediate
condition. D, The same as C, but for the delayed condition. . (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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fit, confirming that the stimulation current did not negatively affect
animal behavior [22]. The amplitude varied among animals, but
once it was optimized for a given animal during the training ses-
sion, it was constant throughout the experiment (including the
training and test sessions). After the appropriate parameters of the
currents were fixed, electrical stimulationwas delivered to the rat's
MFB as a reward 0.1 s or 1 s after a nose poke (into the active hole)
during the reinforcement (not extinction) period of the test session.
For both sessions, the refractory period of the burst was 100 ms;
that is, a rat was never received MFB stimulation until after 100 ms
from the previous stimulation.
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2.7. Histology

After recordings, rats were anesthetized with an overdose of
urethane, transcardially perfused with 0.01 M phosphate-buffered
saline (PBS; pH 7.4) followed by 4% paraformaldehyde (PFA) in
0.01 M PBS, and decapitated. After decapitation, the heads were
stored at 4 �C for 4 h, and the brains were carefully removed. The
brains were soaked in 20% sucrose (in 4% PFA) overnight for post-
fixation and cryoprotection and coronally sectioned at a thickness
of 50 mm using a cryostat (CM3050S, Leica Biosystems, Wetzlar,
Germany). Serial slices were then mounted on glass slides and



Fig. 3. Locomotor activity in subareas of the chamber in both the immediate and delayed conditions.
A, The operant chamber is divided into four quadrants (i.e., NW, NE, SE, and SW). B, A representative pseudocolor map indicating the time for which a rat occupied the corre-
sponding place during the fourth quarter of the experiment under immediate conditions. Hot and cold colors indicate long and short times, respectively. C, The same as B, but for the
delayed condition. D, The total amount of the trajectory taken by rats in each quadrant during the fourth quarter of the experiment under immediate conditions. E, The same as D,
but for the delayed condition. . (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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stained with cresyl violet. Cresyl violet staining was performed
based on a previously described procedure [23,24]. Briefly, the
slices were rinsed in water, ethanol, and xylene; counterstained
with cresyl violet; and coverslipped with a mounting agent
(PARAmount-D, FALMA, Tokyo, Japan). The positions of the stimu-
lating electrode tips were confirmed by identifying a track of the
electrode. Data were excluded from the subsequent analysis if the
tip positionwas outside theMFB. Cresyl violet-stained images were
acquired using a phase-contrast microscope (BZ-X710, Keyence,
Osaka, Japan).
2.8. Data analysis

All data analyses were performed using custom-made MATLAB
(MathWorks, MA, USA) and Python routines. The summarized data
are reported as the mean ± the standard error of the mean (SEM).
The null hypothesis was statistically rejected when P < 0.05, unless
otherwise specified. When multiple pairwise comparisons were
required, the original P value was compared with the adjusted
significance level based on Bonferroni correction.

DeepLabCut, a markerless tracking system, was utilized to track
the rats' moment-to-moment positions as previously described
[25,26]. Paths traveled by rats and rats’ locomotion were quantified
based on the x and y coordinates of their heads.
3. Results

We implanted a stimulation electrode into the MFB of rats
(Fig. 1A) and allowed them to freely poke their noses in the operant
chamber (Fig. 1B). We delivered electrical stimulation to the MFB
when the rats poked their noses into the active hole. Some rats
were electrically rewarded immediately (0.1 s) after a nose poke,
whereas the others were rewarded 1 s after their nose pokes
(Fig. 1C).

Under both immediate and delayed conditions, the rats
frequently poked their noses into the active hole during the
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reinforcement period (Fig. 2A). Unexpectedly, the rats seemed to
persistently exhibit nose-poke behavior during the extinction
period under the delayed condition compared with their behavior
in the immediate condition (Fig. 2A and B). In particular, even
15e30 min after MFB stimulation was terminated (i.e., 45e60 min
from the beginning of the experiment), the nose-poke counts were
significantly higher in the delayed condition than in the immediate
condition (P ¼ 9.4 � 10�3, 10,000 surrogates, permutation test;
Fig. 2B inset). The nose-poke counts in the fourth quarter (i.e.,
45e60 min) of the experiment were not significantly correlated
with those in the first or second quarters under either the imme-
diate or delayed condition (Fig. 2C and D), suggesting that the
reinforcement and extinction learnings are independent.

We further quantified each rat's trajectory and occupancy in the
chamber during the fourth quarter and found that rats were likely
to stay in the NWquadrant (i.e., the quadrant in the chamber closest
to the active hole) under both immediate and delayed conditions
(Fig. 3AeC). The paths traveled by rats in the NW quadrant were
significantly larger than those in any of the other three quadrants
not only under the immediate condition (P ¼ 5.4 � 10�4, t8 ¼ 5.5,
n¼ 9 rats (for SE vs. NW), P¼ 3.1� 10�4, t8 ¼ 6.0, n¼ 9 rats (for SW
vs. NW), P¼ 1.4� 10�3, t8 ¼ 4.8, n¼ 9 rats (for NE vs. NW), paired t-
test, note that the significance level was adjusted to 8.3 � 10�3;
Fig. 3D) but also under the delayed condition (P ¼ 5.7 � 10�3,
t10 ¼ 3.5, n¼ 11 rats (for SE vs. NW), P¼ 2.5� 10�3, t10 ¼ 4.0, n¼ 11
rats (for SW vs. NW), P ¼ 3.8 � 10�3, t10 ¼ 3.7, n ¼ 11 rats (for NE vs.
NW), paired t-test with Bonferroni correction; that is, the signifi-
cance level for the paths traveled was adjusted to 8.3 � 10�3;
Fig. 3E). The total length of paths in the quadrant NW was not
significantly different between the immediate and delayed condi-
tions (P ¼ 0.56, t18 ¼ 0.60, n ¼ 20 rats, Student's t-test).
4. Discussion

Using electrical stimulation of the MFB, we reinforced the rat's
nose-poke behavior and found that the nose-poke behavior
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persisted even after the rewarding stimulation ceased. The persis-
tent behavior during the extinction sessionwas independent of the
nose pokes during the reinforcement session. Moreover, the rats
hovered around the active nose-poke hole in both the immediate
and delayed conditions, but the locomotion around the active hole
was almost the same between the two conditions.

Consistent with a previous study [5], we found that a 1-s delay
between the rat's nose poke and reward delivery significantly
impeded the acquisition of self-stimulation behavior (Fig. 2B).
However, nose-poke behavior persistently continued even after the
association between the action and delayed rewards was termi-
nated. This persistent nose-poke behavior was not affected by the
previous conditioning (Fig. 2C and D). Moreover, the paths traveled
by rats during the second half of the extinction session were not
significantly different between the immediate and delayed condi-
tions (Fig. 3D and E), suggesting that the delayed rewards did not
impair motor activity. These results indicate that delayed rewards
may prevent animals from extinguishing the association between
their actions and rewards, per se, without negatively affecting
motor activity.

Comparedwith food andwater [27], direct electrical stimulation
of the reward system is suitable to quantitatively evaluate the
persistent effect of rewards on a fine time scale. Classically, food or
water has been used as a reward in the operant conditioning of
animals [28], but this type of conditioning should be terminated
sooner once starvation or thirst is relieved. In other words, the
value of food or water is likely to be gradually degraded, whereas
the direct stimulation of the MFB would continuously provide a
stable reward value. Moreover, food or water takes a longer time to
exert an effect on neural activity as a reward than direct intracranial
stimulation because the time spent in consumption varies between
animals. Electrical stimulation excites neurons directly and imme-
diately and enables us to precisely assess the effects of reinforcer
delays on operant conditioning. As MFB stimulation has an impact
on not only the reward system [29] but also memory- or emotion-
related regions, such as the hippocampus [30], the prefrontal cortex
[29], and the amygdala [30], it is difficult to determine the brain
regions responsible for the sustained effect of delayed reinforce-
ment during extinction. Further photometric methods combined
with direct MFB stimulation could reveal the neural mechanism
underlying the reinforcement phenomenon in this study and
characterize new aspects of operant conditioning.
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