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Abstract

Poorly regulated reward seeking is a central feature of substance use disorder. Recent research 

shows that rewarding drug-related experiences induce synchronous activation of a discrete number 

of neurons in the nucleus accumbens that are causally linked to reward-related contexts. Here we 

comprehensively characterize the specific ensemble of neurons built through experience that are 

linked to seeking behavior. We additionally address the question of whether or not addictive 

drugs usurp the neuronal networks recruited by natural rewards by evaluating cocaine- and 

sucrose-associated ensembles within the same mouse. We used FosCreERT2/+/Ai14 transgenic mice 

to tag cells activated by and potentially encoding cocaine and sucrose seeking. We tagged ~1% of 

neurons in the core subregion of the accumbens (NAcore) activated during cue-induced seeking 

for cocaine or sucrose. The majority of tagged cells in the seeking ensembles were D1-MSNs, 

and specifically activated during seeking, not during extinction or when mice remained in the 

home cage. To compare different reward-specific ensembles within the same mouse, we used 

a dual cocaine and sucrose self-administration protocol allowing reward-specific seeking. Using 

this model, we found ~70% distinction between the cells constituting the cocaine-compared to 

the sucrose-seeking ensemble. Establishing that cocaine recruits an ensemble of NAcore neurons 

largely distinct from neurons recruited into an ensemble coding for sucrose seeking suggest a 

finely tuned specificity of ensembles. The findings allow further exploration of the mechanisms 

that transform reward-based positive reinforcement into maladaptive drug seeking.
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Introduction

Reward-based positive reinforcement is a shared evolutionary survival strategy across 

species [1]. However, in drug addiction reward seeking becomes maladaptive and endangers 

survival [2]. Here, we address a fundamental unanswered question in addiction research: 

whether or not the same network-specific mechanisms underlie seeking of drug and 

biological/natural rewards. While drug and natural rewards such as sucrose clearly involve 

overlapping brain nuclei [3], it remains unknown whether an organism uses the same 

neuronal ensembles to initiate cued drug and sucrose seeking.

An increasingly popular approach to dissect neuronal ensembles is permanently labeling 

(tagging) neurons that are active during a specific behavioral task based on the expression 

of immediate early genes such as Fos or Arc [4, 5]. This approach employs transgenic 

mouse lines and has been used to tag activated neurons during fear conditioning [6], 

sensory recognition [7], and affective experiences [8]. In the addiction field, Hope and 

colleagues developed a β–galactosidase/Daun02 strategy to establish a causal link between 

an ensemble of neurons in the nucleus accumbens (a brain circuitry hub for reward 

processing) selectively activated by drug-associated context and cocaine-induced behavioral 

sensitization [9]. Using the same strategy, this finding was extended to ensembles in the 

prefrontal cortex driving extinction learning in rats previously exposed to drugs of abuse or 

food self-administration [10–13]. More recently, a Tet-Off gene expression system coupled 

with multiple combinations of TRE-dependent viruses was used to tag linked ensembles of 

neurons in the hippocampus and the core subregion of the nucleus accumbens (NAcore) 

that mediate cocaine conditioned place preference (CPP) [14]. Authors showed the necessity 

and sufficiency of these ensembles to store and retrieve of the cocaine CPP memory, and 

in addition established a preferential connection between the neuronal ensembles in both 

regions. Concurrent with this study, another recent publication demonstrated necessity and 

enhanced connectivity amongst neuronal ensembles activated by repeated non-contingent 

cocaine exposure in the corticostriatal pathway [15]. Convergent findings from these and 

other recent studies using different biomarkers reveal that only ~2–5% of cells encode a 

putative cocaine ensemble, including deltaFosB immune-labeling [16], Daun02-inactivation 

of c-Fos expressing neurons [9], and in vivo recordings during reward-taking behavior [17]. 

Accumbens ensembles associated with non-contingent cocaine reward memories primarily 

recruit D1-medium spiny neurons (MSNs) [14], although D2-MSNs and parvalbumin+ 

interneurons were also identified in context-induced cocaine-seeking ensembles [18].

A few studies also used poly-reward procedures to investigate how competing rewards 

impact goal-directed behaviors. In vivo measurements of neuronal firing in NAc reveal 

~20% overlap between neurons responding to self-administration of different types of 

reward such as cocaine, water, regular chow or sucrose [17, 19–22], while a study using 

fluorescence in situ hybridization reports that 50% of activated neurons in the infralimbic 

prefrontal cortex respond to both ethanol and saccharin [23]. Recently, a dual reward 

training procedure exposing Fos-LacZ rats to cocaine and palatable food pellets showed 

these rewards activate functionally different ensembles in the ventromedial prefrontal cortex 

[24].
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Taken together, the data to date suggest a hypothesis that coding cocaine-associated 

behaviors in the nucleus accumbens involves finely tuned ensembles. Here we evaluate not 

only the tuning of ensembles, but the specificity of ensembles by testing two hypotheses. (1) 

Specific ensembles underlie cue-induced cocaine seeking. (2) Specific ensembles underlie 

cue-induced seeking of cocaine and biological rewards. To test the first hypothesis we 

employed a cocaine intravenous self-administration protocol followed by extinction training 

and cue-induced cocaine seeking. FosCreERxAi14 mice (c-Fos-TRAP) were trained on 

this protocol. This transgenic mouse line allows Cre-dependent expression of tdTomato 

(Tom+) in neurons expressing c-Fos only in the presence of 4-hydroxytamoxifen (4-OHT) 

[7], resulting in durable labeling of the neurons in the NAcore specifically activated 

during extinction learning in the self-administration context, and cued cocaine-seeking. 

We also employed c-Fos-TRAP mice in a new model of alternate cocaine and sucrose self­

administration that uniquely allowed us to directly compare the NAcore ensemble associated 

with seeking an addictive drug (cocaine) versus an ensemble of neurons activated by seeking 

a biological reward (sucrose).

Materials and methods

c-Fos-TRAP mice

Male and female c-Fos-TRAP mice were obtained from crossing female Ai14 knock-in mice 

(B6.cCg-Gt(ROSA) 26Sortm14(CAG-tdTomato)Hze/J, stock# 007914) with male Fos-CreERT2 

mice (B6.129(Cg)-Fostm1.1(cre/ERT2)Luo/J, Stock# 021882) [7] (The Jackson Laboratory, 

ME, USA). Fos-CreERT2 Wild Type/Ai14 heterozygous mice were used to validate the 

dual cocaine and sucrose SA. All groups were composed of both male and female c-Fos­

TRAP mice, and all mice were single-housed on a 12:12 reverse light cycle throughout 

the experiments. Sample size resulted from previous mouse self-administration experience 

and 10% attrition rate on mouse intravenous drug self-administration, usually due to failed 

catheter patency. All mice were maintained on mild food restriction (with access to 80% of 

their daily intake) throughout behavioral testing to increase operant conditioning responses. 

All procedures were conducted in accordance with the NIH Guide for the Care and Use of 

Laboratory Animals and the Assessment and Accreditation of Laboratory Animal Care.

Single and dual rewards self-administration, extinction training and cue-induced reward­
specific seeking

At week 12 and older (20–25 g), all mice included in single cocaine or dual cocaine/

sucrose self-administration underwent catheter implantation. All mice were anesthetized 

with isoflurane (induction 3–5% v/v, maintenance 1–2% v/v). An incision in the neck of 

the mouse allowed the insertion of an indwelling jugular catheter 10–12 mm into the vein. 

The catheter was sutured in place, and the entry port head-mounted and secured with dental 

cement. Single sucrose SA did not require additional surgery.

All groups underwent self-administration training on a FR1 (10 days) reinforcement 

schedule (2 h per day) in standard mouse modular test chambers (Med Associates, Fairfax, 

VT) equipped with two nose-pokes (NP). For mice undergoing single cocaine or sucrose 

self-administration, active NP resulted in delivery of a cocaine infusion (0.5 mg/kg/inf, 
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NIDA, USA) or sucrose pellet (15 mg, Bio-Serv, NJ, USA) paired with a light cue inside 

of the NP, with the other NP serving as the inactive operand. Dual cocaine/sucrose self­

administration mice self-administered both rewards on alternate days (1 type of reward/day), 

with groups counterbalanced for first day reward delivery. Within a cocaine session, poking 

of active NP port induced a cocaine infusion (0.5 mg/kg/inf, NIDA, USA) paired with 

a light cue inside of the NP port. Within a sucrose session, the sucrose reward (15 mg 

pellet, Bio-Serv, NJ, USA) and paired inside-port light cue were associated with NP of 

the inactive cocaine port to differentiate of cocaine versus sucrose seeking. Mice failing a 

brevital catheter patency test the last day of self-administration were discarded (8 out of 72 

total mice catheterized for self-administration).

Following successful acquisition of self-administration (a minimum of 10 days of 10 

infusions/pellets or more) mice entered extinction training, during which time a NP had no 

consequences. Cue-induced seeking was evaluated once extinction criterion was achieved, 

i.e., when the average active NPs during the 3 last days of extinction was equal or less 

than <30% of the average of the last 3 days of self-administration, which usually occurred 

after 10–12 days of extinction training. For dual cocaine and sucrose self-administration, the 

extinction criteria was similar to single reward, and was calculated in function of the average 

of the last 3 sessions of cocaine for the cocaine port and the last 3 sucrose sessions for the 

sucrose port.

Reinstated reward seeking was tested for 30 min without reward delivery and in the presence 

of reward-specific cues, i.e., cocaine/sucrose seeking was induced by presenting the light cue 

previously paired with cocaine/sucrose. In some mice we conducted a cue competition test 

that lasted 30 min, during which cocaine and sucrose cues were presented simultaneously 

and contingently in response to respective port entries.

Immununohistochemistry (IHC)

Mice were deeply anesthetized with a 2/1 combination of ketamine (body weight, Vedco, 

Missouri, USA) and xylaxine (Akorn, Illinois, USA), perfused with phosphate-buffered 

saline followed by 3.7% formaldehyde (Fisher Scientific, NH, USA), and brains were 

post-fixed for 24 h. Brains were sliced in ¼ series of 50 μm sections using a cryostat, 

allowing the use of alternate slices for multiple IHC experiments. Free-floating sections 

were rinsed in PBS-Triton (0.25%) and incubated in normal goat serum and primary 

antibodies (Anti-phospho-cFos, Cell Signaling Technology, #5348, 1:1000, MA, USA; Anti­

NeuN, #MAB377, 1:1000, Millipore Sigma, MA, USA) overnight at 4 °C. After multiple 

PBS-Triton rinses, sections were incubated in Alexa-Fluor conjugated secondary antibodies 

(Life Technologies, 1:1000).

Ensemble acquisition and quantification

To allow tdTomato expression and tagging of different ensembles, mice were divided into 

3 groups: cued-reinstatement (RST), extinction (EXT) test or home cage (HC), (Fig. 1a). 

Immediately following their respective behavioral test sessions, mice were injected with 

>70% Z isomer 4-OH-tamoxifen (4-OHT, 50 mg/kg, i.p.) [7] (Millipore Sigma, MA, USA). 

Mice in the control group with no 4-OHT received an i.p. vehicle injection instead. All mice 
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were injected with saline daily for at least 5 days prior to 4-OHT injection, to habituate 

the mice and decrease injection-induced c-Fos expression. In this protocol, cells labeled by 

4-OHT with tdTomato (Tom+) were active during the initial cued-seeking or extinguished 

behavior, while c-Fos immunoreactivity labeled cells that were active during the second 

seeking test.

We used super-resolution confocal imaging (DMi8 microscope, Leica, Germany) paired 

with the LAS X hyugens hyvolution deconvolution software to visualize the specific 

ensembles and their colocalization with c-Fos; our marker for neuronal activation. To 

minimize observer bias while quantifying the number of Tom+, c-Fos+ and NeuN+ cells, 

the anterior commissure was first set into the field of view empirically by an investigator 

blind to treatment groups. We next automatized the acquisition tiling of the 3 × 3 (512 × 512 

pixels) array of images at 63× magnification in red for tdTomato (552 nm), green for c-Fos 

(488 nm) and far red for NeuN (638 nm). The stitching was also automatized, creating a 0.5 

mm 2 9-tile mosaic of a portion of the NAcore, with a composite 1536 × 1536 pixel field 

(Fig. 1b). Once 3 × 3 tilled arrays were collected and stitched they were manually checked 

for accuracy and fidelity. Next, semi-automated cell counts were performed for each channel 

(tdTomato, c-Fos and NeuN) using IMARIS software (Bitplane, MA). During this process 

Tom+, c-Fos+ or NeuN+ cells were initially marked in an automated fashion based on of a 

particular nuclei or cell body seed size using the spots function (7 μm for c-Fos and NeuN 

and 10 μm for tdTomato) and the intensity of the signal in that channel (voxel intensity). 

All automated counts for each channel were then checked manually, by an investigator that 

was blind to treatment groups. We acquired up to 4 mosaics per animal. Quantification is 

expressed as number of mosaics/animal.

RNAscope® in situ hybridization

We used the RNAscope® multiplex fluorescent v2 assay (Advanced Cell Diagnostics, CA) 

to visualize and amplify target RNA: tdTomato (Probe-tdTomato-C1, Cat #317041), D1­

MSN (Probe-Mm-Drd1a-C2, Cat #406491), D2-MSN (Probe-Mm-Drd2-C3, Cat #406501). 

We followed the detailed protocol provided in the kit, briefly mice brains were fresh frozen 

in −30 °C isopentane and cut in 16 μm sections at the cryostat. The sliced tissue underwent 

fixation, dehydratation, and hydrogen peroxide steps as instructed, but the protease step 

was skipped since it caused excessive tissue damage. After incubating the tissue with 

the corresponding probes for 2 h at 40 °C, and performing multiple washing steps, the 

signal was amplified, incubated with fluorophores (#NEL744E001KT TSA Plus Cyanine 3, 

#NEL741E001KT TSA Plus Fluorescein, #NEL745E001KT TSA Plus Cyanine 5, Perkin 

Elmer, MA, USA) and each channel was developed with its corresponding HRP signal. 

Tissue was counterstained with DAPI and results were visualized using the Leica confocal 

microscope system described above.

Data analysis and statistics

Complete statistical analysis is reported in Supplementary Tables ST1–ST4. Acquisition 

and quantification were performed by investigators blinded to treatment groups. When two 

groups were compared, the data were statistically analyzed using a two-tailed paired or 

unpaired Student’s t test. Differences in cell specificity between seeking ensembles and cells 
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activated during extinction were determined using Chi2. To compare multiple measurements 

in the same experiment, the data were analyzed using 1- or 2-way ANOVAs. Dunnett’s 

or Sidak’s post hoc test were applied for multiple comparisons when applicable and p < 

0.05 was considered statistically significant. All statistics were performed per animal, and 

values reported as mean ± SEM. Aside from the mice failing the brevital catheter patency 

test (8 out of 72), no samples or data were excluded from statistical analysis. Quantification 

of the overlap between tdTomato (Tom+) and c-Fos (c-Fos+) was calculated in function 

of the Tom+ cells as (Tom+c-Fos+) × 100/Tom+, and additionally normalized to chance 

[(Tom+/NeuN+) × (c-Fos+/NeuN+)] × 100 [6, 25]. Statistical tests were conducted using 

the Prism (Graphpad, La Jolla, CA) software package and all numerical data were analyzed 

using a D’Agostino-Pearson normality test followed by a Kruskal–Wallis or Mann–Whitney 

test when one or more groups were found to be not normally distributed.

Results

Cocaine seeking recruited specific ensembles

c-Fos-TRAP mice underwent 10 days of single cocaine self-administration (0.5 mg/kg/

infusion) followed by 10–12 days of extinction training (Fig. 1a). To tag the cocaine seeking 

ensembles or cells activated during extinction, mice were injected with 4-OHT after a first 

cued-reinstatement (RST#1) or after an extinction session (EXT) (Fig. 1a). Following 3–7 

days of additional extinction, all mice were reinstated (RST#2), perfused, and IHC was 

performed to visualize c-Fos and NeuN expression (Fig. 1b). In this protocol, cells labeled 

by 4-OHT with tdTomato (Tom+) were active during the initial cued-seeking or extinguished 

behavior, while c-Fos immunoreactivity labeled cells that were active during the second 

seeking test. There were no differences between male and female mice regarding active NP 

discrimination during acquisition of self-administration (Fig. 1c), but male mice showed 

accelerated extinction learning for the inactive NP (Fig. 1c). Likewise, cocaine intake (Fig. 

1d) and cue-induced seeking (Fig. 1e, Supplementary Fig. S1A) were statistically equivalent 

between sexes; although there was a trend for males to self-administer less cocaine (Fig. 1d, 

p = 0.073). There was no significant ordering effect between reinstatements in the groups 

that were tested twice (Supplementary Fig. S1b).

Tomato expression was absent in a group that was injected with vehicle instead of 4-OHT 

(Fig. 1f), confirming that the tagging of c-Fos expressing cells was 4-OHT dependent. 

Injection with 4-OHT in mice remaining in the home cage (HC) showed a percentage of 

Tom+ cells statistically equivalent to the No 4-OHT group (− 4-OHT) (Fig. 1f), in support 

with previous results showing low c-Fos expression in a familiar environment [26, 27]. 

Mice injected with 4-OHT after cued-reinstatement (RST) displayed 0.7% of Tom+ neurons 

(Fig. 1f). This group of neurons, defined as the seeking ensemble, was significantly larger 

than the groups receiving vehicle (− 4-OHT), remaining in the home cage (HC) or mice 

that were tagged after an extinction session. The cells activated during extinction, although 

not significantly different than the control groups but showing a noticeable trend, reached 

0.5% of Tom+ neurons, (Fig. 1f). Behavioral responses of the mice used to quantify Tom+ 

tagging are shown in Supplementary Fig. S1c. Immunoreactivity against c-Fos, measured 

directly after a 30 min cued-reinstatement session, was similar for all groups (Fig. 1g). 
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Cocaine seeking behavior for the second test is shown in Supplementary Fig. S1d. c-Fos 

signal did not increase when measured 90 min after the beginning of the session, a time 

point traditionally used in the literature [28, 29] (Supplementary Fig. S1e). Tom+ and 

c-Fos+ cells were expressed as a function of the number of cells expressing the neuronal 

marker NeuN, which was statistically constant between treatment groups (Supplementary 

Fig. S1f). Reactivation of the cocaine-seeking ensemble, measured as the neurons in 

which Tom and c-Fos expression overlapped and expressed as cell counts/0.5mm2 of 

NAcore (Fig. 1h) and percentage of Tom+ cells (Supplementary Fig. S1g), reached 45% 

in the group undergoing two cue-induced reinstatement tests, a larger percentage than all 

other groups, including the overlap between the seeking ensemble and the cells activated 

during extinction, that reached 20% (Fig. 1h, Supplementary Fig. S1g). This remained true 

when the percentage of overlap of Tom and c-Fos expression was normalized by chance 

(Supplementary Fig. S1h). Interestingly, the extent of the Tom+/c-Fos+ overlap (as cell 

counts or percentage of Tom+ cells, Fig. 1i, Supplementary Fig. S1i), positively correlated 

with cocaine-seeking behavior. The percentage of Tom+ cells was also correlated with 

cocaine-seeking behavior (Supplementary Fig. S1j). No correlation was observed between 

c-Fos immunoreactive cells and cocaine-seeking behavior measured during the second cued­

reinstatement (Supplementary Fig. S1k).

The cocaine-seeking ensemble recruited mostly D1-MSNs

Many convergent studies indicate that activity in D1-MSNs is recruited to initiate and 

sustain reward-seeking behaviors [30]. Using RNAscope® in situ hybridization (Fig. 1j), we 

determined in a subset of mice that 66.7 ± 4.8% of cells recruited in the cocaine-seeking 

ensemble were D1-MSNs (Fig. 1k). A minority (10.9 ± 2.9%) were D2-MSNs and the 

remaining 22.4 ± 4.3% were not labeled for either D1 or D2 mRNA. The lack of significant 

difference with the home cage group prevented us from clearly characterize the cells 

activated during extinction (Fig. 1f) as the extinction ensemble. However, within the trend 

of an increase number of activated cells during extinction testing, D2-MSNs constituted the 

biggest proportion of cells (50.4 ± 9.4%), while D1-MSNs only represented a small minority 

of cells (16.2 ± 6.4%) (Fig. 1k). A third of the cells activated during extinction testing did 

not express the D1 or D2 receptor (33.4 ± 8.1%).

Sucrose-seeking and extinction recruited different ensembles

c-Fos-TRAP mice underwent single sucrose self-administration and extinction training using 

a protocol identical to single cocaine self-administration (Fig. 2a). Male mice emitted 

more NPs for sucrose pellets than female mice during self-administration acquisition and 

extinction (Fig. 2b). There was also a significant effect on inactive NP throughout the 

sessions, but no differences between male and female (Fig. 2b). Despite the sex difference in 

self-administration and extinction training on active NPs, there were no differences between 

male and female mice regarding cue-induced seeking, measured as active nose poking (Fig. 

2d), and only a trend in sex differences in sucrose intake (Fig. 2c; p = 0.090). There 

was however a significant difference between sexes for inactive NP during reinstatement 

(Supplementary Fig. S2a). There was no significant ordering effect between reinstatements 

in the groups that were tested twice (Supplementary Fig. S1b).
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The sucrose-seeking ensemble, measured as percentage of Tom+ cells in the RST+4–0HT 

group, was significantly larger than all the other groups, including the vehicle group (no 

4-OHT), mice receiving 4-OHT after remaining in the home cage (HC) or after an extinction 

session (EXT) (Fig. 2e). Behavioral responses of the mice used to quantify Tom+ tagging 

are shown in Supplementary Fig. S2c. Immunoreactivity for c-Fos remained unchanged 

between all groups (Fig. 2f). Sucrose seeking behavior for the second test is shown in 

Supplementary Fig. S2d. Tom+ and c-Fos+ cells were expressed in function of the number 

of cells expressing the neuronal marker NeuN, that was statistically equivalent between 

groups (Supplementary Fig. S2e). The number of cells co-expressing Tom and c-Fos in 

the group of mice undergoing two cue-induced reinstatements was significantly higher than 

the control HC group (Fig. 2g). The overlap of Tom and c-Fos reached 30% in the group 

undergoing two reinstatements, while no reactivation of the sucrose-seeking ensemble was 

observed in the −4-OHT and HC groups (Supplementary Fig. S2f). The extinction group 

showed a trend towards a higher Tom and c-Fos overlap, but this was not significantly 

different than the control groups (Fig. 2g, Supplementary Fig. S2f). When normalized by 

chance, only the overlap of the group undergoing two reinstatements was significantly 

higher than chance (Supplementary Fig. S2g). Although there was no significant correlation 

between Tom and c-Fos overlap and sucrose seeking (Fig. 2h, Supplementary Fig. S2h), 

the percentage of Tom+ cells was positively correlated to sucrose seeking during test #1 

(Supplementary Fig. S2i). No correlation was observed between c-Fos immunoreactive 

cells and sucrose seeking behavior measured during the second cued-reinstatement (RST#2) 

(Supplementary Fig. S2f).

The sucrose-seeking ensemble recruited mostly D1-MSNs

Similar to the cocaine-seeking ensemble (Fig. 1k), the sucrose-seeking ensemble was mostly 

composed of D1-MSNs (54.08 ± 6.35%), with a smaller proportion of D2-MSNs (27.21 ± 

9.38%) and of cells expressing neither (18.71 ± 8.11%) (Fig. 2i). When presented as single 

rewards, the composition of cocaine- and sucrose-seeking ensembles were thus statistically 

identical (Chi-square test, Chi2 = 4.91, p = 0.086).

Cue-induced reward-specific seeking after dual cocaine and sucrose self-administration

To compare the sucrose to cocaine seeking ensembles within a mouse, we developed a dual 

reward protocol where mice underwent cocaine and sucrose self-administration on alternate 

days, followed by extinction training (Fig. 3a). c-Fos-TRAP mice and WT littermates 

exhibited significant discrimination between active and inactive NP by cocaine session 2 

(Fig. 3b). Mice nose poked more in the cocaine port throughout sucrose sessions, as seen 

by the saw-tooth appearance of the inactive NP (Fig. 3b), and when comparing nose poke 

discrimination during stable self-administration, i.e., cocaine and sucrose sessions 6–10 (Fig. 

3c). The increased preference for the cocaine port during a sucrose SA session is also 

revealed in a time course analysis of the 6th sucrose and cocaine session where there was a 

significant interaction between the ports and time in the cocaine session (Supplementary Fig. 

S3a) but not in the sucrose session (Supplementary Fig. S3b). Poking was comparable for 

both ports during extinction training (Fig. 3d). Cocaine and sucrose intake were comparable 

throughout SA when male and female mice were pooled (Fig. 3e). However, comparing 

between sexes revealed that while cocaine intake was similar (Fig. 3f), female mice obtained 
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more sucrose pellets than males (Fig. 3g). Importantly, when mice were presented with 

the cocaine-associated cue, they nose poked significantly more in the port previously 

associated with cocaine compared to extinction and to the sucrose port (Fig. 3h). Potentiated 

sucrose seeking was similarly observed when the cue previously associated with sucrose 

was presented (Fig. 3i). Both males and females maintained a significant preference for 

the cocaine port when presented with the cocaine-paired cue (Supplementary Fig. S3c). 

The sucrose-paired cue induced a significant increase in nose poking for the sucrose port, 

however when divided by sex, there was no significant preference for the sucrose over the 

cocaine port (Supplementary Fig. S3c). When both cocaine- and sucrose-paired cues were 

presented simultaneously in a subset of mice, they reinstated to both rewards (i.e., nose 

poked significantly more than during extinction), but had a preference for the cocaine port 

(Fig. 3j). This preference became a trend when mice were divided by sex (Supplementary 

Fig. S3d).

Cocaine and sucrose seeking ensembles were segregated in the NAcore

After undergoing dual cocaine and sucrose self-administration (Fig. 4a), the 4-OHT tagged 

cocaine-seeking ensemble was similar in size (~0.9% of NAcore neurons) to the seeking 

ensembles for cocaine or sucrose self-administered in Figs. 1 and 2 as single rewards (Fig. 

4b). However, the sucrose-seeking ensemble was smaller than the cocaine ensemble when 

mice were exposed to dual self-administration (Fig. 4b). Behavioral responses of the mice 

used to quantify Tom+ tagging are shown in Supplementary Fig. S4a. Immunoreactive 

c-Fos expressing neuron number was similar when mice were sacrificed after cocaine- or 

sucrose-seeking (Fig. 4c). Reward-specific seeking behavior for the second test is shown in 

Supplementary Fig. S4b. Tom+ and c-Fos+ cells were expressed in function of the number 

of cells expressing the neuronal marker NeuN, which did not significantly differ between 

groups (Supplementary Fig. S4c). Notably, the number of cells co-expressing Tom and c-Fos 

was significantly higher in the group undergoing two cocaine-cue reinstatements than the 

group exposed first to cocaine-cues followed by sucrose-cues (Fig. 4d). When expressed in 

percentages of Tom+ neurons, the overlap between Tom+ and c-Fos+ cells reached ~60% 

when mice sought cocaine twice and decreased to less than 30% when mice were exposed 

to the two opposing sucrose or cocaine cue (Supplementary Fig. S4d). Similar to cocaine, 

co-expression of Tom and c-Fos was significantly higher when repeated exposure to sucrose­

cues induced seeking repeatedly compared to alternative exposure to sucrose-paied followed 

by cocaine-paired cues (Fig. 4e). Likewise, the overlap between sucrose-seeking ensembles 

reached 69%, while the overlap between sucrose- and cocaine-seeking ensembles when the 

sucrose ensemble was tagged with TdTomato only overlapped by 23% (Supplementary Fig. 

S4e). When the percentage of overlap between Tom+ and c-Fos+ cells was normalized 

by chance, the significant decrease between same or different rewards was maintained 

(Supplementary Fig S4f, g). We found a significant negative correlation between the extent 

of the cocaine- and sucrose-seeking ensembles overlap expressed as cell counts (Fig. 4f) or 

percentages of Tom+ cells (Supplementary Fig S4h) and the strength of cocaine seeking, 

measured as NPs in the cocaine-paired port during cue-induced cocaine reinstatement. A 

similar trend was observed for sucrose seeking, although the correlation did not reach 

significance (Fig. 4g, Supplementary Fig S4i).
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Discussion

Using a semi-automated confocal microscopy acquisition strategy in c-Fos-TRAP mice we 

identified 0.5–0.9% of neurons in the NAcore that form ensembles in the NAcore and were 

associated with cocaine or sucrose seeking and extinction. To compare drug- to sucrose­

seeking within the same mouse, we developed a model wherein mice self-administered 

both rewards on alternate days and reward-specific seeking was triggered by distinct reward­

specific cues. The data showed that cocaine and sucrose seeking formed distinct ensembles 

that overlap only partially (up to 30%). Importantly, the percentage of ensemble overlap 

was negatively correlated to reward seeking responses, implying that overlapping ensemble 

neurons may be cells that either do not contribute to seeking or may actively blunt seeking 

behavior.

Seeking ensembles after single reward SA

Using cocaine or sucrose self-administration as single rewards, we found that there was 

one distinct ensemble that associated with seeking. In mice trained to self-administer only 

cocaine, a separate extinction ensemble seemed to emerge (Fig. 1f), but its size failed to 

show statistical significance compared to the home cage control group (p = 0.17). This 

was also the case in sucrose-trained mice, for which the sucrose-seeking ensemble was 

significantly larger than the cells activated during extinction (Fig. 2e). The overlap between 

the cells activated during extinction learning and seeking ensembles likely involves neurons 

encoding memories of the operant context, while the neurons forming distinct ensembles 

more likely code for the different behaviors initiated by the extinguished context versus the 

context when seeking was reinstated by cocaine-paired cues.

We found the cocaine- and sucrose-seeking ensembles in the NAcore recruits mainly D1­

MSNs (Figs. 1k, 2i), while D2-MSNs count for half of the composition of the cells activated 

during extinction testing (Fig. 1k). This result converges with the prevalent argument that 

activation of the D1 pathway promotes reward seeking, while D2 pathway activation broadly 

leads to aversion or reduced seeking [31–33]. In addition, we have reported a transient 

potentiation of NAcore D1-MSNs during cocaine seeking [34] and an increase of D2-/D1­

MSNs ratio of AMPA/NMDA associated to extinction learning in the shell subregion of the 

NAc [35]. When evaluating the types of cells activated during extinction testing (Fig. 1k), 

the fact that this cells only show a trend towards a difference with cells activated at baseline 

should be considered (Fig. 1f). While RNAscope data reflecting a majority of D2-MSNs 

fits with the literature, D2-MSNs could be recruited to have a different role than promoting 

extinction training. It is indeed likely that the profile of Tom+ activated at baseline (HC) 

is similar to the D2-MSNs one activated during the extinction session. In support of this 

hypothesis, a study focused on cell-specific LTD in the NAcore showed that, similar to 

the dorsal striatum, basal electrophysiological and synaptic properties differ between D1- 

and D2-MSNs in the NAcore, as the basal frequency of miniature EPSCs is significantly 

greater in D2-MSNs compared to non-D2-MSNs [36]. Similarly, D2-MSNs Ca2+ transient 

frequency at baseline is 5 times higher than D1-MSNs [31]. Other studies however, report 

similar proportions of D1- and D2-MSNs recruited in methamphetamine-seeking ensembles 

[37, 38]. The discrepancy might result from several factors including region specificity, 
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the cited papers focusing on the dorsal striatum whereas here we narrowed ensemble 

characterization to the ventral region of the striatum, where the direct and indirect pathways 

are less clear [39, 40]. Another important distinction between these studies is the presence 

of extinction learning versus forced or voluntary abstinence inducing progressive increase 

of drug seeking, or incubation of craving [41], which we do not test for in our procedure. 

As a whole however, this study (Figs. 1k, 2i) together with others [18, 34, 37, 38] suggest 

that drug-related ensembles recruit primarily MSNs, but no cell type is exclusively recruited 

in one type of ensemble. The non-negligible portion of D2-MSNs in the cocaine-seeking 

ensemble (10.9%) might project to the same glutamatergic, GABAergic or enkephalin­

expressing cell populations in the ventral pallidum as D1-MSNs [39, 40, 42] and thus have 

a similar impact on drug seeking, or it could be part of the 20% overlap of cells between 

the cocaine-seeking ensemble and the cells activated during extinction reported in Fig. 1h 

and Supplementary Fig. 1g. Along with MSNs, reward-seeking ensembles likely include 

other specific cell types commonly found in the NAc such as parvalbumin, somatostatin or 

cholinergic interneurons [18].

Note that Tom+/c-Fos+ overlap correlates with cocaine seeking but not sucrose seeking 

behavior. We believe this might reflect the stronger codification of the drug ensemble 

(cocaine) compared to the one linked to the natural reward (sucrose). In support of this 

idea, mice undergoing single cocaine self-administration display a higher percentage of 

Tom+/c-Fos+ compared to mice undergoing single sucrose self-administration, indicating 

that more Tom+ cells are reactivated during the second cocaine-seeking test than during 

the sucrose-seeking one. Cocaine-seeking behavior was also found to be more robust than 

sucrose-seeking (Figs. 1e, 2d), an assessment previously observed in our hands [43].

In addition to the accumbens, other studies using different biomarkers for ensembles find 

that the prefrontal and orbitofrontal cortices encode context-induced operant responding 

for heroin during reinstatement and after extended abstinence inducing incubation of 

craving, respectively [44, 45]. Ensembles mediating extinction of reward seeking have 

been identified in the prefrontal cortex as distinct from ensembles controlling reward 

self-administration [10–13]. Although further work needs to be done, the fact that these 

cortical regions project to NAcore opens the possibility that a circuit ensemble exists where 

these cortical ensembles are projecting to and stimulating ensembles in the NAcore. This 

possibility is supported by recent findings showing preferential functional and synaptic 

connectivity between neuronal ensembles in the CA1 region of the hippocampus and the 

NAcore, both ensembles coding for cocaine conditioned place preference [14].

Dual cocaine and sucrose self-administration and reward-specific seeking

The cocaine and sucrose self-administration model we developed adds to designs of dual 

self-administration that have been previously reported [17, 46–50]. A few studies examined 

the specificity of ensembles after exposure to several rewards. In a series of studies 

comparing in vivo neuronal firing in the NAc during self-administration of cocaine or 

different types of natural rewards such as water, regular chow or sucrose [17, 19–22], 

authors tracked the proportion of neurons responding to one specific reward or to the 

two different available rewards. They report that between 21–33% of recorded neurons 
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show the same pattern of discharge for sucrose or cocaine rewards at different stages of 

self-administration, and conclude that most neurons display non-overlapping patterns of 

activity during responding for sucrose vs. cocaine [17]. In contrast, another study using 

fluorescence in situ hybridization reports a 50% overlap between neurons activated by 

both ethanol- and saccharin-paired cues in the infralimbic prefrontal cortex, concluding 

that ensembles underlying cue-induced seeking of these different rewards largely overlap 

[23]. Our procedure, in combination with the c-Fos-TRAP mice, similarly allowed within 

subjects comparisons between the cocaine and sucrose cue-induced seeking ensembles, and 

characterized ensembles in the NAcore activated by cues in absence of rewards, thereby 

preventing the latter from directly influencing ensemble-tagging [51].

While cocaine was delivered i.v. and sucrose pellets are ingested, reward intake was similar 

for both cocaine and sucrose (Fig. 3e). Achieving equivalence in the intensity of active 

NP operant responding during self-administration acquisition was important because the 

non-rewarded seeking response is in part regulated by the intensity of the rewarded seeking 

response [52]. A significant preference for the cocaine-paired port over the sucrose-paired 

port when both reward-specific cues were available simultaneously (Fig. 3j) corroborates 

a previous study showing that although mice choose food over cocaine when rewards are 

available, following extinction training the cue previously associated with cocaine becomes 

more salient [47]. The relative greater motivational value of cocaine compared to sucrose­

associated stimuli is also indicated by the saw-tooth shape of responding on the inactive port 

(Fig. 3b) produced by a higher level of nose pocking in the cocaine port (i.e., the inactive 

port during sucrose sessions) throughout sucrose sessions (Fig. 3c and Supplementary Fig. 

S3a, b).

Notably, the cocaine- and sucrose-seeking ensembles were similar in size in the dual reward 

model (~1% of NAcore) when mice self-administer the rewards separately. However, while 

the cocaine-seeking ensemble remained at ~1%, the sucrose-seeking ensemble shrank to 

~50% the size of the cocaine ensemble (Fig. 4b). This difference in the seeking ensemble 

sizes parallels the stronger seeking response induced by cocaine cues compared to sucrose 

cues (Figs. 3h, i), and corroborates our previous study reporting low cue-induced seeking for 

sucrose in mice, despite strong self-administration acquisition [43].

Ensemble targeting strategies and impact on reward-specific ensembles

Cell populations tagged with immunohistochemistry (i.e., c-Fos+ cells, ~4%) were larger 

than those measured by targeted recombination (i.e., Tom+ cells, ~1%), which is similar 

to what has been reported in the literature [7, 25, 53, 54]. The possibility of the 

ensemble expanding in neuron number between reinstatements seems unlikely, since c-Fos 

expression decreases with repeated exposure to the same context or experience [26, 27]. 

We hypothesize c-Fos dependent Cre-recombination during RST#1 is less efficient than 

direct c-Fos protein expression during RST#2, since Cre detection requires expressing Cre 

linked to the estrogen receptor (ER), ER-4-OHT binding, Cre translocation to the nucleus, 

and subsequent recombination of floxed STOP codon to disinhibition of Tom expression 

[7]. Additionally, c-Fos protein synthesis requires consistent high levels of Ca2+ influx [4], 

suggesting that only strong consistent activity will induce expression. Different intensities of 
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immunoreactive c-Fos expression are seen in Fig. 1a, posing the possibility that in cells with 

low c-Fos expression the process leading to tdTomato expression may not be completed.

Notably, the percentage of Tom+ cells consistently correlated with seeking behavior 

(Supplementary Fig S1j, S2i), while c-Fos immunoreactive cells that remained equivalent 

between seeking groups across all experiments (Figs. 1g, 2f, 4c) did not (Supplementary 

Fig S1k, Fig S2j). This suggests that the TRAP tagging approach might present a 

greater sensitivity to identify behavior-specific neuronal ensembles relative to c-Fos 

immunostaining, as proposed in the original study using this technique [7]. To account 

for this difference, we included counterbalanced exposure to reinstatements to tag different 

reward-specific ensembles in the dual paradigm and found a similar effect on Tom+/c­

Fos+ overlap regardless of reinstatement order (Figs. 4d, e, Supplementary Fig. S4d, e). 

Interestingly, when mice were exposed to the two rewards, the percentage of overlap within 

a reward (groups cocaine/cocaine and sucrose/sucrose, Supplementary Fig. S4d, e) was 

higher than for single rewards. We interpret this result as a more stable allocation of the 

ensemble cells (Tom+ cells in our study) when discrimination between multiple rewards is 

needed.

Regarding the overlap between cocaine- and sucrose-seeking ensembles, we found that 

30% of the cells activated during cocaine seeking are also activated during sucrose seeking 

and vice-versa (Figs. 4d, e, Supplementary Fig. S4d, e). This overlap could be due to a 

presumptive “context ensemble” activated when the mouse is in the box, where everything 

but the nose pokes is similar between a cocaine and a sucrose-seeking reinstatement test, or 

to the neurobiological changes induced by cocaine exposure.

Conclusions

To conclude, we developed a novel dual cocaine and sucrose self-administration mouse 

model that allowed within-subject characterization of reward-specific ensembles. We 

showed that cocaine-seeking ensembles recruit ~1% of cells in the NAcore, mostly 

constituted of D1-MSNs. In parallel to seeking ensembles, an extinction learning ensemble 

recruiting a majority of D2-MSNs seemed to emerge, although its small size prevented it 

from being statistically distinct from control groups when analyzing the results per mouse. 

The described seeking ensembles are specific to and correlate with seeking behavior, with 

very similar results found for sucrose-seeking ensembles. We further established a ~70% 

distinction between cocaine- and sucrose-seeking ensembles in the NAcore. Similarly, we 

observed a ~80% distinction between cocaine- or sucrose-seeking ensembles and the cells 

activated during extinction learning in the extinguished context. These data show that despite 

many common features between the protocols, notably being in an identical operant context, 

NAcore ensembles are largely formed in response to more nuanced aspects of the protocol 

that affect motivation to behave and behavior selection. For example, the ensembles are 

coding the difference between cocaine and sucrose cues, and the relative motivation of mice 

to seek reward depending on the motivational valence of the context (i.e., extinction learning 

versus seeking).
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Since constitutive and transient plasticity in the NAcore has been shown to be critical 

to reward-seeking behaviors [55], it is important for future studies to investigate the 

electrophysiological properties of the cells recruited by the different reward-specific seeking 

ensembles. Although it has been established that cells included in these ensembles 

display robust reward-induced plasticity, some discrepancy remains about ensemble-specific 

potentiation, via potentiated AMPA/NMDA ratios [14], spine diameter [14] and neuron 

excitability [56–58], or synaptic scaling via increase of silent synapses and decreased 

AMPA/NMDA ratios due to prolonged activity [59–61]. Furthermore, in light of reward­

memory ensembles emerging throughout the brain [62, 63] and considering the well­

described role of the afferent cortico-striatal and efferent striato-pallidal pathways on 

goal-directed behaviors, dissecting these connections in an ensemble-specific fashion [8, 

14, 64] will presumably identify not only preferential inter-regional connectivity between 

ensembles, but possibly between reward-specific ensembles as well [24]. While further 

research is needed, if the distinct ensembles are shown to harbor distinct neuronal subtypes 

it may be possible to use cell-selective targeting approaches to specifically modulate drug 

reward seeking while leaving natural reward seeking intact.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Cocaine seeking ensembles in the NAcore.
See Supplementary Table ST1 for full statistical analysis. a Experimental timeline. 4-OHT 

was injected in mice remaining in the home cage (HC), immediately after an extinction 

(EXT) session or the first cued-seeking reinstatement (RST). b Visualization of ensembles 

(Tom+ cells) and colocalization with c-Fos and NeuN immune-labeling. Automatic 3 × 

3 tiles scanned the tissue to create a 0.5 mm2 mosaic of a portion of the NAcore. The 

micrograph shows tdTomato filling the soma and dendrites of cells activated during cocaine 

seeking (Tom+ in red), c-Fos expression in the nucleus (c-Fos+ in green), the overlap 

between the two in yellow and NeuN as a neuronal marker (NeuN+ in blue). Bar = 

50 μm. c Male and female c-Fos-TRAP mice cocaine self-administration (0.5 mg/kg/inf) 

and extinction responding, *p < 0.05 comparing inactive NP between sexes. d Male and 

female c-Fos-TRAP mice cocaine intake. e Male and female c-Fos-TRAP mice active nose 

pokes during cue-induced reinstatement for cocaine, *p < 0.001 for extinction/reinstatement 
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factor. f Percentage of Tom+ cells for No 4-OHT (− 4-OHT), Home cage (HC), EXT 

and RST groups, *p < 0.05 comparing to HC group. g Percentage of cells expressing 

c-Fos for − 4-OHT, HC, EXT and RST groups. h Cell count of cells co-expressing Tom 

and c-Fos in − 4-OHT, HC, EXT and RST groups, *p < 0.05 comparing to HC group. 

i Correlation between the number of cells co-expressing Tom+ and c-Fos+ and cocaine 

seeking measured as number of active nose pokes (NP) during reinstatement #1 (RST#1) for 

the RST/RST group (n = 7), *p = 0.003. j RNAscope representative pictures of Tom+D1+, 

Tom+D2+ and Tom+D1−D2− cells. Bar = 20 μm. k Proportion of D1+, D2+ and D1−D2− 

subpopulations in the seeking (n = 116 Tom+ cells, 7 mice) and extinction (n = 49 Tom+ 

cells, 4 mice) ensembles, *p < 0.0001 comparing seeking ensembles to the cells activated 

during extinction using Chi2 test as in Chi Square, NOT REFERENCE #2). Single cocaine 

self-administration behavior of the subset of mice used for RNAscope is included in Figs. 

1c–e, S1a, b. Quantifications are presented as number of mosaics/animal, all statistical 

analysis are performed per animal.
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Fig. 2. Sucrose seeking ensembles in the NAcore.
See Supplementary Table ST2 for full statistical analysis. a Experimental timeline. b Male 

and female c-Fos-TRAP mice sucrose self-administration and extinction training, *p < 0.001 

for active nose pokes, sex factor. c Male and female c-Fos-TRAP mice sucrose intake. d 
Male and female c-Fos-TRAP mice active nose pokes during cue-induced reinstatement 

for sucrose, *p < 0.001 for extinction/reinstatement factor. e Percentage of Tom+ cells 

for − 4-OHT, HC, EXT, RST groups, *p < 0.05 comparing to HC group. f Percentage 

of cells expressing c-Fos for − 4-OHT, HC, EXT, RST groups. g Cell count of cells 

co-expressing Tom and c-Fos for − 4-OHT, HC, EXT and RST groups, *p < 0.05 comparing 

to HC group. h Correlation between the number of cells co-expressing Tom+ and c-Fos+ 

and sucrose seeking measured as number of active nose pokes (NP) during reinstatement 

#1 (RST#1) for the RST/RST group (n = 7), p = 0.228. i Proportion of D1+, D2+ and 

D1−D2− subpopulations in the sucrose-seeking ensemble (n = 131 Tom+ cells, 6 mice). 
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Quantifications are presented as number of mosaics/animal, all statistical analysis are 

performed per animal.
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Fig. 3. Dual cocaine and sucrose self-administration and cue-induced reward-specific seeking.
See Supplementary Table ST3 for full statistical analysis. a Experimental timeline of the 

dual cocaine (coc) and sucrose (suc) self-administration and reinstatements (RST). b Dual 

cocaine (coc) /sucrose (suc) self-administration, *p < 0.05 comparing active to inactive 

NP. c Nose Poke discrimination during stable SA (n = 40), *p < 0.05 comparing ports. 

d Extinction training following dual cocaine and sucrose self-administration, *p < 0.05 

comparing extinction sessions. e Cocaine and sucrose intake pooling male and female c-Fos­

TRAP mice, *p < 0.05 comparing SA sessions. f Comparison of cocaine intake between 

male and female c-Fos-TRAP mice, *p < 0.05 comparing SA sessions. g Comparison 

sucrose intake between male and female c-Fos-TRAP mice, *p < 0.05 comparing SA 

sessions, #p < 0.05 comparing sexes. h After undergoing dual cocaine and sucrose self­

administration and extinction (Ext), a subset of mice were reinstated the cocaine-cue only 

(cocaine-cue RST), *p < 0.05 comparing extinction to reinstatement, #p < 0.05 comparing 
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cocaine to sucrose port. i After undergoing dual cocaine and sucrose self-administration and 

extinction (Ext), a subset of mice were reinstated the sucrose-cue only (sucrose-cue RST), 

*p < 0.05 comparing extinction to reinstatement, #p < 0.05 comparing cocaine to sucrose 

port. j Simultaneous cue reinstatement in a subset of mice (n = 19), where an NP in any 

port results in presentation of the cue inside the port. Despite the lack of significance for the 

port factor, the significant interaction allowed for a Sidak’s multiple comparisons post hoc 

test that revealed a preference for the cocaine port during all cues reinstatement, *p < 0.05 

comparing extinction to reinstatement, #p < 0.05 comparing cocaine to sucrose port.
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Fig. 4. Within subject reward-specific ensembles in the NAcore.
See Supplementary Table ST4 for full statistical analysis. a Experimental timeline of 

the dual cocaine (coc) and sucrose (suc) self-administration, reinstatements (RST) and 

subsequent reward-specific ensemble tagging. b Percentage of Tom+ cells after cocaine 

(coc) or sucrose (suc) seeking during RST#1 (Test#1), *p = 0.005. c Percentage of cells 

expressing c-Fos after cocaine (coc) or sucrose (suc) seeking during RST#2 (Test#2), 

p = 0.59. d Cell count of cells expressing Tom and c-Fos in mice that underwent two 

cue-induced reinstatements for cocaine (Coc/Coc) or a first cue-induced reinstatement for 

cocaine and a second for sucrose (Coc/Suc), unpaired t test, *p = 0.03. e Cell count of 

cells expressing Tom and c-Fos in mice that underwent two cue-induced reinstatements for 

sucrose (Suc/Suc) or a first cue-induced reinstatement for sucrose and a second one for 

cocaine (Suc/Coc), *p = 0.004. f Correlation between the number of cells co-expressing 

Tom+ and c-Fos+ and cocaine seeking measured as number of active nose pokes (NP) 
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during reinstatement #1 (RST#1) for the Test #1 Cocaine/Test #2 Sucrose group (n = 5), 

*p = 0.03. g Correlation between the number of cells co-expressing Tom+ and c-Fos+ and 

sucrose seeking measured as number of active nose pokes (NP) during reinstatement #1 

(RST#1) for the Test #1 Sucrose/Test #2 Cocaine group (n = 4), p = 0.16. Quantifications are 

presented as number of mosaics/animal, all statistical analysis are performed per animal.
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