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Abstract Conflicting evidence exists regarding the role of infralimbic cortex (IL) in the
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environmental control of appetitive behavior. Inhibition of IL, irrespective of its intrinsic neural
activity, attenuates not only the ability of environmental cues predictive of reward availability to
promote reward seeking, but also the ability of environmental cues predictive of reward omission
to suppress this behavior. Here we report that such bidirectional behavioral modulation in rats is
mediated by functionally distinct units of neurons (neural ensembles) that are concurrently localized
within the same IL brain area but selectively reactive to different environmental cues. Ensemblespecific neural activity is thought to function as a memory engram representing a learned
association between environment and behavior. Our findings establish the causal evidence for the
concurrent existence of two distinct engrams within a single brain site, each mediating opposing
environmental actions on a learned behavior.
DOI: 10.7554/eLife.21920.001
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Introduction
Different units of neurons or ‘neural ensembles’ (Eichenbaum, 1993) within a single brain area selectively react to different environmental cues, as shown by electrophysiological and calcium imaging
studies (e.g., Schoenbaum et al., 1998; Jog et al., 1999; Frank et al., 2000; Ohki et al., 2005;
Komiyama et al., 2010). Such ensemble-specific brain activity is thought to function as the memory
engram, each representing a unique learned association between environment and behavior
(Cruz et al., 2013; Mayford, 2014; Tonegawa et al., 2015). Based on the correlational evidence
from electrophysiological and calcium imaging studies, it is commonly thought that multiple
engrams concurrently exist within a single brain site at a single stage of learning. Previous studies
have established the causal evidence that a single brain area (Warren et al., 2016) or ensemble
(Redondo et al., 2014) can represent two different engrams at two different stages of learning (e.g.,
before vs. after extinction training). However, the causal evidence supporting the concurrent existence of multiple engrams within a single brain site, each mediating different environmental actions
on a learned behavior (e.g., a go/no-go task), is still lacking.
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Here we present the causal evidence for the concurrent existence of two distinct engrams within
the infralimbic cortex (IL) of rats, each mediating opposing environmental actions on a pre-established operant response. Our findings help reconcile the contradictory reports regarding the role of
IL in the environmental control of appetitive behavior (Gourley and Taylor, 2016). Some reports
(Koya et al., 2009a; Bossert et al., 2011) indicate that non-selective disruption of IL, irrespective of
neural activity, prevents promotion of reward seeking by cues signaling reward availability (e.g.,
reward contexts). However, other reports (Peters et al., 2008; LaLumiere et al., 2012) indicate that
non-selective disruption of IL prevents suppression of reward seeking by cues signaling reward omission (e.g., extinction contexts). Yet other reports (Willcocks and McNally, 2013; Pfarr et al., 2015)
indicate that the non-selective disruption of IL has no significant effect on either promotion or suppression of reward seeking.
These discrepancies could be the results of different IL neurons selectively reacting to different
cues signaling reward availability and omission. We hypothesized that distinct neural ensembles –
concurrently existing within IL but each selectively reactive to a discriminative stimulus predictive of
reward availability (S+) or omission (S-) – differentially control promotion and suppression of reward
seeking. To test this hypothesis, we developed an animal model for bidirectional environmental
modulation of reward seeking, and utilized a neural activity-targeted disruption technique (Daun02
pharmacogenetic inactivation in Fos-lacZ transgenic rats) (Koya et al., 2009b) to inhibit neural
ensembles in IL specifically activated by either S+ or S- cues.

Results and discussion
All rats were trained to recognize three sets of cues predictive of rewards at varying probability:
active lever and light-cue (50%), S+ (100%) and S- (0%). All rats were trained to lever-press for a
sweet solution (containing 3% glucose and 0.125% saccharin) presented together with a light-cue
(Figure 1A), and further trained to recognize distinct auditory cues (white noise and beeping tone)
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Figure 1. Trainings. (1A) Self-administration training to establish operant response for a palatable reward. The rats were subjected to once daily
operant conditioning sessions (60 min, each) to press an ‘active lever’ for the purpose of gaining a sweet solution (3% glucose and 0.125% saccharin
dissolved in water). Each delivery of the sweet solution was paired with a ‘light-cue’. Presses on an ‘inactive lever’ were without a scheduled
consequence. Each rat was required to satisfy preset training criteria, and underwent a total of 35 to 42 sessions. Group means of the total number of
lever presses per session (±SEM) during the first and last 10 sessions are depicted. During this phase, both active lever and light-cue predicted the
availability of sweet solution 100% of the time. N = 90. (1B) Discrimination training to establish two distinct auditory cues (white noise and beeping
tone) as the discriminative stimuli predictive of reward availability (S+) and omission (S-). Each rat was subjected to alternating once daily operant
conditioning sessions (30 min, each) to press the active lever for the purpose of gaining the sweet solution (preceded and accompanied by the S+
auditory cue) or plain water (preceded and accompanied by the S- auditory cue). Each delivery of either sweet solution or water was paired with the
light-cue. During this phase, each experimentally manipulated stimulus was conditioned to predict glucose and saccharin at the following probabilities:
active lever and light-cue (50%), S+ (100%) and S- (0%). Each rat was required to satisfy three preset training criteria, and underwent a total of 92 to 98
sessions (46 to 49 S+ sessions and 46 to 49 s- sessions). Group means of the total numbers of lever presses (±SEM) recorded during the first and last 10
sessions are depicted. N = 90.
DOI: 10.7554/eLife.21920.002
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Figure 2. Tests and Daun02 disruption. (2A) Pre-disruption tests for the bidirectional modulation of reward seeking by S+ or S-. Each rat was subjected
to three once daily cue-test conditions (30 min, each): (1) active lever and light-cue without S+ or S- (No S+/S-), (2) active lever, light-cue and S+, (3)
active lever, light-cue and S-. Under all cue-test conditions, a press on the active lever delivered water and illuminated the light-cue. The sweet solution
was not available. Group means of the total number of active lever-presses under each cue-test condition (+SEM) are depicted. N = 90. *p<0.001 (vs.
No S+/S-). (2B) Daun02 disruption for the activity-targeted inhibition of neural ensembles in IL reactive to S+ or S-. The rats were randomly assigned to
one of four experimental groups defined by the type of disruption cue (S+ or S-) and microinjection (Daun02 or vehicle). The rats were exposed to S+
or S- (90 min), and then received a bilateral microinjection of Daun02 (2.0 mg/0.5 ml/side) or vehicle (0.5 ml/side) into IL. In order to disrupt neurons
specifically activated by S+ or S-, both active lever and light-cue were withheld (‘No active lever/light-cue’). Representative sites of microinjection are
depicted. (2C) Post-disruption tests for the bilateral modulation of reward seeking by S+ or S-. Each rat was subjected to three once daily cue-test
conditions. The experimental schedule effective during the Pre-disruption tests (2A) was applied. Group means of the total number of active leverpresses under each cue-test condition (+SEM) are depicted. N = 21–24, each. *p<0.01–0.001 (vs. No S+/S-).
DOI: 10.7554/eLife.21920.003

as S+ and S- (Figure 1B). Each rat underwent three cue-tests (Figure 2A) for bidirectional environmental modulation of reward seeking: (1) active lever and light-cue without S+ or S- (‘No S+/S-’), (2)
active lever, light-cue and S+, (3) active lever, light-cue and S-. Glucose and saccharin were not available during these tests. One-way analysis of variance (ANOVA) on active lever-pressing revealed a
significant effect of cue-test (F(2,89) = 216.679, p<0.001). The active lever and light-cue sufficiently initiated and maintained lever-pressing (see No S+/S-). In each animal, superimposing S+ significantly
potentiated lever-pressing (p<0.001), while superimposing S- significantly suppressed this behavior
(p<0.001). This bidirectional environmental modulation of reward seeking is presumably mediated
by learning processes known as ‘conditioned excitation or inhibition’ (Rescorla, 1969) or ‘positive or
negative occasion setting’ (Schmajuk et al., 1998).
The rats were then randomly divided into four groups defined by disruption-cue (S+ or S-) and
microinjection (Daun02 or vehicle) for neural activity-targeted inactivation (Figure 2B) using previously established procedures (Koya et al., 2009b; Bossert et al., 2011; Pfarr et al., 2015). Each rat
was first exposed to either S+ or S-, and then received a bilateral microinjection of Daun02 (2.0 mg/
0.5 ml/side) or vehicle (0.5 ml/side) into IL. In Fos-lacZ rats, Daun02 (inactive compound) is catalyzed
into daunorubicin (cytotoxin) by beta-galactosidase (enzyme) only in ‘activated’ cells expressing Fos
(activation marker), thereby triggering apoptosis (see Pfarr et al., 2015). In contrast, Daun02 cannot
be catalyzed into daunorubicin in ‘non-activated’ cells lacking Fos expression (and thus beta-galactosidase), and cellular disruption is prevented. As such, Daun02 selectively inactivates Fos-positive
‘activated’ neurons without disrupting the surrounding Fos-negative ‘non-activated’ neurons. On the
day of Daun02 disruption, both active lever and light-cue were not introduced. Thus, the rats were
withheld from lever-pressing, as to not disrupt neurons activated by either active lever or light-cue.
Each rat then again underwent the three cue-tests for the bidirectional modulation of reward
seeking by S+ or S- (Figure 2C). Three-way ANOVA on active lever-press revealed significant effects
of disruption-cue (F(1,86) = 8.839, p<0.01), cue-test (F(2,172) = 313.899, p<0.001), and significant interactions for disruption-cue and microinjection (F(1,86) = 5.87, p<0.05), disruption-cue and cue-test
(F(2,172) = 9.694, p<0.001), microinjection and cue-test (F(2,172) = 22.936, p<0.001), and disruption-
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cue and microinjection and cue-test (F(2,172) = 6.172, p<0.01). In the two vehicle-treated control
groups (‘S+ & vehicle’ and ‘S- & vehicle’), the bidirectional modulation of lever-pressing by S+ or Swas evident (p<0.01–0.001). In the group that received Daun02 following exposure to S+ (‘S+ &
Daun02’), Daun02 disruption of IL neurons activated by S+ blocked the promotion of lever-pressing
by S+ but spared the suppression of this behavior by S- (p<0.01). In the group that received Daun02
following exposure to S- (‘S- & Daun02’), Daun02 disruption of IL neurons activated by S- blocked
suppression by S- but spared promotion by S+ (p<0.01). For all cases, basal lever-pressing initiated
and maintained by active lever and light-cue was not significantly altered by Daun02 disruption of IL
neurons activated by S+ or S- (see No S+/S-). Thus, Daun02 disruption of IL neurons activated by
either S+ or S- exclusively altered the cue-modulation of reward seeking uniquely linked to the targeted cue in a single animal.
Daun02’s effect on disrupting neural ensemble activity was verified by Fos immunohistochemistry
(Figure 3) using previously established procedures (Koya et al., 2009b; Bossert et al., 2011;
Pfarr et al., 2015). Each of the four groups prepared for the Daun02 disruption was further divided
into three groups defined by the final Fos-induction conditions (‘S+’, ‘S-’ or ‘No S+/S-’). Each rat
was subjected to one of these conditions. However, active lever and light-cue were not introduced
in order to determine IL ensembles specifically reactive to S+ or S-. Three-way ANOVA on Fos-positive nuclei in IL revealed significant effects of microinjection (F(1,78) = 7.695, p<0.01), Fos-induction
(F(2,78) = 31.129, p<0.001), and significant interactions for disruption-cue and Fos-induction
(F(2,78) = 14.803, p<0.001), disruption-cue and microinjection and Fos-induction (F(2,78) = 11.016,
p<0.001). In the two vehicle-treated control groups (‘S+ & vehicle’ and ‘S- & vehicle’), both S+ and
S- significantly increased Fos-positive nuclei in IL (Ps < 0.05–0.01). In the group that received
Daun02 following exposure to S+ (‘S+ & Daun02’), Daun02 disruption of IL neurons activated by S+
prevented the induction of Fos by S+ but spared the induction by S- (p<0.05). In the group that
received Daun02 following exposure to S- (‘S- & Daun02’), Daun02 disruption of IL neurons activated by S- significantly reduced the induction of Fos by S- but spared the induction by S+
(p<0.05). Thus, Daun02 disruption of IL neurons activated by either S+ or S- exclusively altered the
cue-triggered neural activation uniquely linked to the targeted cue in a single animal.
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Figure 3. Neural ensembles in IL reactive to S+ or S- following the activity-targeted disruption by Daun02. Each of the four experimental groups,
prepared and used for the Daun02 disruption (Figure 2B) and Post-disruption tests I (Figure 2C), was further randomly divided into three groups
defined by the type of final Fos induction condition (S+, S- or No S+/S-). The rats were exposed to S+, S- or No S+/S- (control), then deeply
anesthetized and euthanized. Brains were collected, sectioned (40 mm), processed for Fos immunohistochemistry. Fos-positive nuclei from sampling
areas around the IL microinjection sites were quantified double-blindly. The average numbers of Fos-positive nuclei per mm2 were calculated for each
rat, and used for statistical analyses. Yellow arrows represent typical Fos-positive nuclei. Group means of these average numbers (+SEM) are depicted.
N = 7–9, each. *p<0.05–0.01 (vs. No active lever/light-cue).
DOI: 10.7554/eLife.21920.004
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Together with a recent electrophysiological report (Moorman and Aston-Jones, 2015), our findings establish that the same IL brain area is capable of controlling both promotion and suppression
of reward seeking via different neural ensembles, each selectively reactive to S+ or S-. Because
Daun02 disruption of IL neurons activated by either S+ or S- exclusively altered the behavioral
response (Figure 2) as well as neural activation (Figure 3) uniquely linked to the targeted cue, mutually exclusive rather than overlapping neural ensembles in IL likely mediate the bidirectional environmental control of reward seeking. As is the case of recent studies that utilized similar activitydependent procedures (e.g., Redondo et al., 2014; Grosso et al., 2015), the current results demonstrate the functional significance of manipulating brain cells based on their activity in addition to
other characteristics, such as locality and phenotype. We thus raise caution to the use of non-selective techniques that manipulate neural activity irrespective of intrinsic neural activity for determining
the brain behavioral functions. Finally, our findings provide the causal evidence for the concurrent
existence of multiple engrams, each mediating different and even opposing environmental actions
on a behavior, in a single brain area. In light of recent studies implicating differential brain processes
in differential environmental control of a learned response (Ciocchi et al., 2010; Trouche et al.,
2013; Adhikari et al., 2015), ensemble-specific neural phenotype as well as both local and brainwide neurocircuitry involving each unique engram should be elucidated in future studies.

Materials and methods
Subjects
A total of one hundred nineteen male Fos-lacZ transgenic rats (Kasof et al., 1995) on a SpragueDawley background were used (RRID:SCR_014785). Of which, a total of ninety rats were retained for
statistical analyses (see below). This transgenic strain is required for neural activity-targeted disruption of neural ensembles by Daun02 pharmacogenetic inactivation (Koya et al., 2009b). All rats
were bred at The Scripps Research Institute, and genotyped by Laragen, Inc. (Culver City, CA). The
rats were group-housed (two rats per cage) in plastic cages in a temperature- and humidity-controlled room, maintained on a 12 hr/12 hr reverse light/dark cycle (lights on at 20:00 hr). At all times,
the rats were allowed free access to food and water.

Surgery
All Fos-lacZ rats (250–300 g) were surgically implanted with permanent bilateral guide cannulae (22
G; Plastics One, Roanoke, VA, USA) under isoflurane anesthesia for the microinjection of Daun02 or
vehicle (see below) into the infralimibic cortex (IL). The microinjection coordinates were anteroposterior + 3.2 mm, mediolateral ± 0.6 mm, dorsoventral 5.5 mm. Rats were allowed to recover at least
seven days before the start of the behavioral procedures (see below). One rat died during the surgery, and five rats died due to post-operation complications.

Behavioral procedures
We developed an animal model for the bidirectional modulation of reward seeking by discriminative
stimuli predictive of reward availability (S+) and reward omission (S-). General schematics and timeline are depicted in Figure 4. This model consisted of twelve experimental phases and lasted over
six months. The rats were always trained and tested during the dark (active) phase in a dedicated
operant conditioning chamber (‘chamber’) equipped with two retractable levers (one ‘active lever’
and one ‘inactive lever’), a ‘light-cue’ and a drinking well. At all times, insertion of both active and
inactive levers signaled the start of a once daily operant conditioning session conducted under a
fixed ratio 1 schedule of reinforcement. During this session, a press on the active lever resulted in a
single delivery of 0.2 ml of either sweet solution containing 3% glucose and 0.125% saccharin dissolved in water (‘glucose & saccharin’) or plain water (‘water’) into the drinking well. In our pilot
experiments (data not included), this combination of glucose and saccharin produced more robust
operant responding than solutions containing either glucose or saccharin alone. Each delivery of
either sweet solution or water was paired with 5s illumination of the light-cue signaling a 5s time-out
period. During the 5s time-out period, presses on the active lever were recorded but without a
scheduled consequence. At all times, presses on the inactive lever were recorded but without a
scheduled consequence. Throughout the course of this model, the rats were repeatedly subjected
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Figure 4. Experimental time course and schedule.
DOI: 10.7554/eLife.21920.005

to habituation periods (both between-sessions and within-sessions) in order to minimize the neurobehavioral impact of environmental cues (e.g., experimenters and chambers) other than those
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manipulated experimentally (i.e., active lever, light-cue, S+ and S-). Three different cohorts of rats
were subjected to the entire behavioral procedure (i.e., three biological replicates).
Detailed procedures for each experimental phase are described below:

Pre-training habituation (two weeks)
The aim of this phase was to minimize the neurobehavioral impact of environmental cues other than
those manipulated experimentally. All rats were placed in the chamber daily for 180 min without a
scheduled consequence.

Self-administration training (5–6 weeks)
The aim of this phase was to establish appetitive operant responses in each animal. All rats were
trained daily to lever press for the sweet solution in once daily sessions. The rats were placed in the
chamber and habituated for 30 min. Insertion of both active and inactive levers then marked the
start of a 60 min session to self-administer glucose and saccharin. A press on the active lever delivered the sweet solution, and also illuminated the light-cue. Each rat was required to satisfy two preset training criteria: a minimum of five weeks of training (35 sessions), and a minimum of 100 deliveries of the sweet solution for three consecutive sessions. Three rats that did not satisfy these criteria
within six weeks of training were excluded. During this phase, the insertion of the active lever and
the illumination of the light-cue predicted the availability of the sweet solution 100% of the time.

Discrimination training (13–14 weeks)
The aim of this phase was to establish discriminative stimuli predictive of reward availability (S+) and
reward omission (S-) in each animal. All rats were trained daily to recognize two types of auditory
cues (white noise and beeping tone) as S+ and S-. The assignment of white noise and beeping tone
as S+ or S- was counterbalanced between subjects. Each rat was subjected to alternating once daily
sessions to self-administer the sweet solution (preceded and accompanied by the S+ auditory cue)
or water (preceded and accompanied by the S- auditory cue). The rats were placed in the chamber
and habituated for 30 min. One of the auditory cues was then introduced starting 30 min prior to
the insertion of both levers, and maintained throughout a 30 min session to lever press for either the
sweet solution or water. Each rat was required to satisfy three preset training criteria: a minimum of
13 weeks of training (i.e., 46 S+ sessions and 46 S- sessions), a minimum of 50 deliveries of the sweet
solution for three consecutive S+ sessions, and a maximum of five deliveries of water for three consecutive S- sessions. Nine rats that did not satisfy these criteria within 14 weeks of training were
excluded. During this phase, each experimentally manipulated stimulus was conditioned to predict
the sweet solution at varying probability: active lever and light-cue (50%), S+ (100%) and S- (0%).

Post-training habituation (one week)
The aim of this phase was to minimize the neurobehavioral impact of environmental cues other than
those manipulated experimentally. All rats were placed in the chamber daily for 180 min without a
scheduled consequence.

Pre-disruption tests (three days)
The aim of this phase was to establish the baseline measurements of the bidirectional modulation of
reward seeking by S+ and S- in each animal. All rats were tested daily for the bilateral environmental
modulation of reward seeking. Each rat underwent three once daily cue-tests: [1] active lever and
light-cue without S+ or S- (No S+/S- test), [2] active lever, light-cue and S+ (S+ test), [3] active lever,
light-cue and S- (S- test). The order of these conditions was randomly counterbalanced between subjects. For all cue-tests, a press on the active lever delivered water and illuminated the light-cue. The
sweet solution was not available. For the No S+/S- test, each rat was placed in the chamber and
habituated for 60 min. Insertion of both active and inactive levers then marked the start of a 30 min
cue-test. Neither S+ nor S- was introduced. For the S+ test, each rat was placed in the chamber and
habituated for 30 min. The S+ auditory cue was then introduced starting 30 min prior to the insertion
of levers, and maintained throughout a 30 min cue-test. For the S- test, each rat was placed in the
chamber and habituated for 30 min. The S- auditory cue was then introduced starting 30 min prior
to the insertion of levers, and maintained throughout a 30 min cue-test.
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Discrimination re-training (two weeks)
The aim of this phase was to establish discriminative stimuli predictive of reward availability (S+) and
reward omission (S-) in each animal. All rats were re-trained daily for S+ and S- following the experimental schedules effective during the discrimination training.

Pre-disruption habituation (one week)
The aim of this phase was to minimize the neurobehavioral impact of environmental cues other than
those manipulated experimentally. All rats were placed in the chamber daily for 180 min without a
scheduled consequence.

Daun02 disruption (one day)
The aim of this phase was to permanently disrupt IL neurons selectively reactive to S+ or S- in different animals. Neural ensembles in IL reactive to S+ or S- were permanently disrupted (lesion by apoptosis) by Daun02 pharmacogenetic inactivation technique (Koya et al., 2009b; Pfarr et al., 2015).
The rats were randomly assigned to one of four experimental groups defined by disruption-cue (two
levels: S+ or S-) and microinjection (two levels: Daun02 or vehicle). All rats were placed in the chamber and habituated for 30 min. The disruption cue (S+ or S-) was then introduced. The rats remained
in the chamber for additional 90 min in the presence of S+ or S-. This timing (90 min) was to optimally induce b-galactosidase and Fos in neurons activated by either S+ or S- (Koya et al., 2009b). In
order to disrupt the neurons specifically activated by S+ or S-, both levers and light-cue were not
introduced, and thus the rats were withheld from lever pressing. The rats then received a bilateral
microinjection of Daun02 (2.0 mg/0.5 ml/side) or vehicle (0.5 ml/side) into IL, and returned to their
homecages. The Daun02 disruption was based on previously published procedures (e.g.,
Koya et al., 2009b; Bossert et al., 2011; Pfarr et al., 2015). We purchased Daun02
(Farquhar et al., 2002) from Sequoia Research Products (Pangbourne, Berkshire, UK: Cat#
SRP0400g).

Post-disruption habituation (three days)
The aim of this phase was to minimize the neurobehavioral impact of environmental cues other than
those manipulated experimentally. All rats were placed in the chamber daily for 180 min without a
scheduled consequence.

Post-disruption tests I (three days)
The aim of this phase was to determine the behavioral impacts of Daun02 disruption of IL neurons
reactive to S+ or S- on the bidirectional modulation of reward seeking by S+ and S-. The effects of
Daun02 disruption of IL ensembles on the bilateral modulation of reward seeking by S+ and S- were
determined. Each rat was again subjected to the once daily three cue-tests following the experimental schedules effective during the pre-disruption tests.

Post-behavioral test habituation (2–3 days)
The aim of this phase was to minimize the neurobehavioral impact of environmental cues other than
those manipulated experimentally. All rats were placed in the chamber daily for 180 min without a
scheduled consequence.

Post-disruption tests II (one day)
The aim of this phase was to confirm Daun02 disruption of IL neurons specifically reactive to S+ or S-.
The rats were prepared and euthanized for the histological verification of Daun02 disruption of IL
ensembles. Each of the four experimental groups – prepared for Daun02 disruption and post-disruption tests I – was further randomly divided into three groups (N = 7–9, each, retained for statistical
analyses) defined by the type of final Fos-induction condition (three levels: ‘S+’, ‘S-’ or ‘No S+/S-’). All
rats were first placed in the chamber and habituated for 30 min. The rats remained in the chamber for
additional 90 min in the presence of the S+ auditory cue, the S- auditory cue or no additional stimulus
(No S+/S-). In order to determine the IL ensembles specifically reactive to S+ or S-, both levers and
light-cue were not introduced, and the rats were thus withheld from lever pressing. The rats were then
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deeply anesthetized with isoflurane and intracardially perfused with 100 ml of 1 PBS followed by 200
ml of fixative solution (phosphate buffer, containing 4% paraformaldehyde and 14% saturated picric
acid). Brains were collected, postfixed for 24 hr at 4˚C in fixative solution and sectioned (40 mm).

Fos and b-galactosidase immunohistochemistry
The brain sections harvested from all animals were processed for Fos immunohistochemistry and
quantified as described previously (e.g., Koya et al., 2009b; Bossert et al., 2011; Pfarr et al.,
2015). Fos antibody (1:2000 dilution) from Cell Signaling Technology (Cat# 2250S, Danvers, MA,
USA; RRID: AB_2247211) was used. The sections were developed using an ImmPRESS HRP (Peroxidase) Polymer Kit from Vector Laboratories (Cat# MP-7451, Burlingame, CA, USA; RRID:AB_
2631198) and diaminobenzide. b-galactosidase antibody (1:1000 dilution) from Santa Cruz Biotechnology (Cat# sc-65670, Dallas, TX, USA; RRID:AB_831022) was used. Additional brain sections were
processed for X-gal (5-bromo-4-chloro-3-indolyl b-D-galactopyranoside) histochemistry to validate
the presence of b-galactosidase as described previously (e.g., Koya et al., 2009b; Bossert et al.,
2011; Pfarr et al., 2015). We purchased X-gal kit (Cat# XGAL-0100;) from Rockland Immunochemicals Inc. (Pottstown, PA).

Histological procedures
The histological validation of Daun02 disruption was based on previously published procedures (e.
g., Koya et al., 2009b; Bossert et al., 2011; Pfarr et al., 2015). Bright-field images of IL were captured and digitized using EVOS microscope (ThermoFisher, Inc., Waltham, MA, USA). These images
were used for (1) histological verification of the co-localization of Fos and b-galactosidase (i.e., FoslacZ positive), (2) histological verification of the microinjection sites, and (3) histological quantification of Fos-expressing nuclei. Nuclei expressing Fos and/or b-galactosidase were counted using
ImageJ (National Institute of Health, Bethesda, MD, USA; RRID:SCR_003070). The threshold level
was set to detect moderate to darkly stained nuclei but not lightly stained nuclei. We counted nuclei
from sampling areas around the IL injection site from 3–5 coronal sections per rat. Average numbers
of Fos-positive nuclei per mm2 calculated for each rat were used for statistical analyses and data representations. Image capture and quantification were conducted by an observer blind to the experimental conditions. One rat was determined to be Fos–lacZ negative (no co-localization of Fos and bgalactosidase), and excluded. Seven rats were excluded because their microinjection sites were
determined to be outside of IL. Three rats were excluded due to necrosis in tissues surrounding the
microinjection sites.

Data analysis
We did not use a power analysis to predetermine sample sizes. However, our sample sizes are similar
to those reported in previous publications. We used non-parametric statistical methods to reduce
the effect of the small sample size. The behavioral results from the pre-disruption and post-disruption tests I were analyzed separately. For each test, the total numbers of active lever presses
recorded during the 30 min lever-pressing session were used. For the pre-disruption tests, the statistical analyses were conducted using one-way within analysis of variance (ANOVA) with cue-test
(three levels: S+, S- and No S+/S-) as within-group factor. For the post-disruption tests I, the statistical analyses were conducted using two-way between and one-way within ANOVA with disruptioncues (two levels: S+ or S-) and microinjection (two levels: Daun02 or vehicle) as between-group factors and cue-test (three levels: S+, S- and No S+/S-) as within-group factor. For the post-disruption
tests II, the average numbers of Fos-positive nuclei per mm2 were calculated for each animal and
used for statistical analyses. These analyses were conducted using three-way between ANOVA with
the type of disruption-cue (two levels: S+ or S-), microinjection (two levels: Daun02 or vehicle) and
Fos-induction (three levels: S+, S- or No S+/S-) as between-group factors. For all cases, Tukey test
was used for post-hoc group comparisons when appropriate. Effects were considered significant
when p<0.05. We used IBM SPSS Statistics (IBM, Armonk, NY, USA; RRID:SCR_002865) and Sigma
Plot (Systat Software, San Jose, CA, USA; RRID:SCR_003210) for conducting statistical analyses.

Suto et al. eLife 2016;5:e21920. DOI: 10.7554/eLife.21920

9 of 12

Short report

Neuroscience

Acknowledgements
This is publication number 29442 from The Scripps Research Institute. We gratefully thank Dr. Jennifer M Bossert (NIDA/NIH/IRP) for her technical support in immunohistochemistry. This work was supported by the Extramural and Intramural funding from National Institute on Drug Abuse as well as
National Institute of Alcohol Abuse and Alcoholism, National Institute of Health, USA: R21DA033533
(NS), R01DA037294 (NS), R01AA023183 (NS), R01AA021549 (FW) and ZIADA000467 (BTH). AL was
supported by Ruth L Kirschstein Institutional National Research Service Award from National Institute
of Alcohol Abuse and Alcoholism, National Institute of Health, USA: T32AA007456. AL was supported by Ruth L. Kirschstein Institutional National Research Service Award from National Institute
on Alcohol Abuse and Alcoholism, National Institute of Health, USA: T32AA007456.

Additional information
Funding
Funder

Grant reference number

Author

National Institute on Drug
Abuse

R21DA033533

Nobuyoshi Suto

National Institute on Alcohol
Abuse and Alcoholism

R01AA023183

Nobuyoshi Suto

National Institute on Drug
Abuse

R01DA037294

Nobuyoshi Suto

National Institute on Drug
Abuse

ZIADA000467

Bruce T Hope

National Institute on Alcohol
Abuse and Alcoholism

R01AA021549

Friedbert Weiss

The funders had no role in study design, data collection and interpretation, or the decision to
submit the work for publication.

Author contributions
NS, Conception and design, Acquisition of data, Analysis and interpretation of data, Drafting or
revising the article; AL, Acquisition of data, Analysis and interpretation of data, Drafting or revising
the article; GLDN, GEW, DW, TK, Acquisition of data, Drafting or revising the article; EK, Analysis
and interpretation of data, Drafting or revising the article; MRM, FW, Conception and design, Analysis and interpretation of data, Drafting or revising the article; BTH, Conception and design, Analysis
and interpretation of data, Drafting or revising the article, Contributed unpublished essential data or
reagents
Author ORCIDs
Nobuyoshi Suto, http://orcid.org/0000-0002-8994-2592
Amanda Laque, http://orcid.org/0000-0002-3650-0459
Eisuke Koya, http://orcid.org/0000-0002-5039-4875
Bruce T Hope, http://orcid.org/0000-0001-5804-7061
Friedbert Weiss, http://orcid.org/0000-0001-6211-6058
Ethics
Animal experimentation: All experimental procedures were conducted in adherence to the National
Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the
Institutional Animal Care and Use Committee of The Scripps Research Institute. (animal protocol
#12-0032).

Suto et al. eLife 2016;5:e21920. DOI: 10.7554/eLife.21920

10 of 12

Short report

Neuroscience

References
Adhikari A, Lerner TN, Finkelstein J, Pak S, Jennings JH, Davidson TJ, Ferenczi E, Gunaydin LA, Mirzabekov JJ,
Ye L, Kim SY, Lei A, Deisseroth K. 2015. Basomedial amygdala mediates top-down control of anxiety and fear.
Nature 527:179–185. doi: 10.1038/nature15698, PMID: 26536109
Bossert JM, Stern AL, Theberge FR, Cifani C, Koya E, Hope BT, Shaham Y. 2011. Ventral medial prefrontal
cortex neuronal ensembles mediate context-induced relapse to heroin. Nature Neuroscience 14:420–422.
doi: 10.1038/nn.2758, PMID: 21336273
Ciocchi S, Herry C, Grenier F, Wolff SB, Letzkus JJ, Vlachos I, Ehrlich I, Sprengel R, Deisseroth K, Stadler MB,
Müller C, Lüthi A. 2010. Encoding of conditioned fear in central amygdala inhibitory circuits. Nature 468:277–
282. doi: 10.1038/nature09559, PMID: 21068837
Cruz FC, Koya E, Guez-Barber DH, Bossert JM, Lupica CR, Shaham Y, Hope BT. 2013. New technologies for
examining the role of neuronal ensembles in drug addiction and fear. Nature Reviews Neuroscience 14:743–
754. doi: 10.1038/nrn3597, PMID: 24088811
Eichenbaum H. 1993. Thinking about brain cell assemblies. Science 261:993–994. doi: 10.1126/science.8351525,
PMID: 8351525
Farquhar D, Pan BF, Sakurai M, Ghosh A, Mullen CA, Nelson JA. 2002. Suicide gene therapy using E. coli betagalactosidase. Cancer Chemotherapy and Pharmacology 50:65–70. doi: 10.1007/s00280-002-0438-2,
PMID: 12111114
Frank LM, Brown EN, Wilson M. 2000. Trajectory encoding in the hippocampus and entorhinal cortex. Neuron
27:169–178. doi: 10.1016/S0896-6273(00)00018-0, PMID: 10939340
Gourley SL, Taylor JR. 2016. Going and stopping: dichotomies in behavioral control by the prefrontal cortex.
Nature Neuroscience 19:656–664. doi: 10.1038/nn.4275, PMID: 27116390
Grosso A, Cambiaghi M, Renna A, Milano L, Roberto Merlo G, Sacco T, Sacchetti B. 2015. The higher order
auditory cortex is involved in the assignment of affective value to sensory stimuli. Nature Communications 6:
8886. doi: 10.1038/ncomms9886, PMID: 26619940
Jog MS, Kubota Y, Connolly CI, Hillegaart V, Graybiel AM. 1999. Building neural representations of habits.
Science 286:1745–1749. doi: 10.1126/science.286.5445.1745, PMID: 10576743
Kasof GM, Mandelzys A, Maika SD, Hammer RE, Curran T, Morgan JI. 1995. Kainic acid-induced neuronal death
is associated with DNA damage and a unique immediate-early gene response in c-fos-lacZ transgenic rats.
Journal of neuroscience 15:4238–4249. PMID: 7790908
Komiyama T, Sato TR, O’Connor DH, Zhang YX, Huber D, Hooks BM, Gabitto M, Svoboda K. 2010. Learningrelated fine-scale specificity imaged in motor cortex circuits of behaving mice. Nature 464:1182–1186. doi: 10.
1038/nature08897, PMID: 20376005
Koya E, Golden SA, Harvey BK, Guez-Barber DH, Berkow A, Simmons DE, Bossert JM, Nair SG, Uejima JL, Marin
MT, Mitchell TB, Farquhar D, Ghosh SC, Mattson BJ, Hope BT. 2009b. Targeted disruption of cocaine-activated
nucleus accumbens neurons prevents context-specific sensitization. Nature Neuroscience 12:1069–1073.
doi: 10.1038/nn.2364, PMID: 19620976
Koya E, Uejima JL, Wihbey KA, Bossert JM, Hope BT, Shaham Y. 2009a. Role of ventral medial prefrontal cortex
in incubation of cocaine craving. Neuropharmacology 56 (Suppl 1):177–185. doi: 10.1016/j.neuropharm.2008.
04.022, PMID: 18565549
LaLumiere RT, Smith KC, Kalivas PW. 2012. Neural circuit competition in cocaine-seeking: roles of the infralimbic
cortex and nucleus accumbens shell. European Journal of Neuroscience 35:614–622. doi: 10.1111/j.1460-9568.
2012.07991.x, PMID: 22321070
Mayford M. 2014. The search for a hippocampal engram. Philosophical Transactions of the Royal Society B:
Biological Sciences 369:20130161. doi: 10.1098/rstb.2013.0161, PMID: 24298162
Moorman DE, Aston-Jones G. 2015. Prefrontal neurons encode context-based response execution and inhibition
in reward seeking and extinction. PNAS 112:9472–9477. doi: 10.1073/pnas.1507611112, PMID: 26170333
Ohki K, Chung S, Ch’ng YH, Kara P, Reid RC. 2005. Functional imaging with cellular resolution reveals precise
micro-architecture in visual cortex. Nature 433:597–603. doi: 10.1038/nature03274, PMID: 15660108
Peters J, LaLumiere RT, Kalivas PW. 2008. Infralimbic prefrontal cortex is responsible for inhibiting cocaine
seeking in extinguished rats. Journal of Neuroscience 28:6046–6053. doi: 10.1523/JNEUROSCI.1045-08.2008,
PMID: 18524910
Pfarr S, Meinhardt MW, Klee ML, Hansson AC, Vengeliene V, Schönig K, Bartsch D, Hope BT, Spanagel R,
Sommer WH. 2015. Losing control: Excessive Alcohol Seeking after Selective Inactivation of Cue-Responsive
Neurons in the Infralimbic Cortex. Journal of Neuroscience 35:10750–10761. doi: 10.1523/JNEUROSCI.068415.2015, PMID: 26224858
Redondo RL, Kim J, Arons AL, Ramirez S, Liu X, Tonegawa S. 2014. Bidirectional switch of the valence associated
with a hippocampal contextual memory engram. Nature 513:426–430. doi: 10.1038/nature13725,
PMID: 25162525
Rescorla RA. 1969. Pavlovian conditioned inhibition. Psychological Bulletin 72:77–94. doi: 10.1037/h0027760
Schmajuk NA, Lamoureux JA, Holland PC. 1998. Occasion setting: a neural network approach. Psychological
Review 105:3–32. doi: 10.1037/0033-295X.105.1.3, PMID: 9450370
Schoenbaum G, Chiba AA, Gallagher M. 1998. Orbitofrontal cortex and basolateral amygdala encode expected
outcomes during learning. Nature neuroscience 1:155–159. doi: 10.1038/407, PMID: 10195132

Suto et al. eLife 2016;5:e21920. DOI: 10.7554/eLife.21920

11 of 12

Short report

Neuroscience
Tonegawa S, Liu X, Ramirez S, Redondo R. 2015. Memory Engram cells have come of age. Neuron 87:918–931.
doi: 10.1016/j.neuron.2015.08.002, PMID: 26335640
Trouche S, Sasaki JM, Tu T, Reijmers LG. 2013. Fear extinction causes target-specific remodeling of perisomatic
inhibitory synapses. Neuron 80:1054–1065. doi: 10.1016/j.neuron.2013.07.047, PMID: 24183705
Warren BL, Mendoza MP, Cruz FC, Leao RM, Caprioli D, Rubio FJ, Whitaker LR, McPherson KB, Bossert JM,
Shaham Y, Hope BT. 2016. Distinct Fos-Expressing neuronal ensembles in the ventromedial prefrontal cortex
mediate food reward and extinction memories. Journal of Neuroscience 36:6691–6703. doi: 10.1523/
JNEUROSCI.0140-16.2016, PMID: 27335401
Willcocks AL, McNally GP. 2013. The role of medial prefrontal cortex in extinction and reinstatement of alcoholseeking in rats. European Journal of Neuroscience 37:259–268. doi: 10.1111/ejn.12031, PMID: 23106416

Suto et al. eLife 2016;5:e21920. DOI: 10.7554/eLife.21920

12 of 12

